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Page  469,  line  25,  for  "It  is  essential  that  streams  and  lakes  be  protected 
against  pollution,  as  in  the  future,  all  large  public  water  supplies  are,  or 
must  be,  derived  from  surface  sources",  read  "It  is  essential  that  streams 
and  lakes  be  protected  against  pollution  as  all  large  public  water  supplies 
are,  or  in  the  future  must  be,  derived  from  surface  sources''. 

Page  1141,  line  4  from  bottom,  strike  out  the  words,  "as  to". 

Page  1142,  line  IT,  insert  the  word  "reliable''  after  the  word  "less",  making  the 
sentence  read  "The  tests  quoted  by  Mr.  Wegmann  *  *  *  vary  so 
greatly  that  even  the  mean  value  is  less  reliable  than  the  former  tests." 

Page  1142,  line  3  from  bottom,  for  "it  is  carried  along"  read  "carries  it 
along". 


AMERICAN  SOCIETY  OF  CIVIL  ENCmEERS 

INSTITUTED    1852 


TRANSACTIONS 


This   Society   is  not   responsible  for   any  statement   made   or   opinion   expressed 
in  its  publications. 


Paper  No.   1509 

ENGINEERING  GEOLOGY 
OF  THE  CATSKILL  WATER  SUPPLY* 

By  Charles  P.  Berkey,!  Esq.,  akd  James  F.  Sanborn,:}:  M.  Am.  Soc.  C.  E. 


With  Discussion  by  Messrs.  Alfred  D.  Flinn,  George  G.  Honness,  Lazarus 
White,  Walter  E.  Spear,  Arthur  S.  Tuttle,  Louis  L.  Tribus,  E.  G. 
Haines,  X.  Henry  Goodnough,  William  W.  Brush,  Thomas  H.  Wiggin, 
Joel  D.  Justin,  James  F.  Kemp,  Thaddeus  Merriman,  and  Charles  P. 
Berkey  and  James  F.  Sanborn. 


Synopsis 

This  paper  deals  with  the  geological  features  involved  in  the  location,  design, 
and  construction  of  the  Catskill  Water  Supply  System  of  the  City  of  New 
York. 

The  purpose  is  to  discuss  the  intimate  relation  of  applied  geology  and  cer- 
tain phases  of  engineering  work,  to  present  illustrations  of  the  method  used 
by  the  engineers  in  solving,  through  the  correct  use  of  geological  information, 
some  of  the  problems  involved,  and  to  show  the  relations  of  these  engineering 
problems  to  the  natural  features  and  conditions  of  the  country  in  which  the 
work  is  located. 


General  Conditions 

•  In  planning  the  construction  of  a  water-works  system  comprising  an  aque- 
duct more  than  100  miles  long,  together  with  several  dams  and  other  struc- 
tures, the  choice  of  location,  design  of  structures,  and  details  of  construction 
were  greatly  influenced  by  the  form,  relief,  and  underground  condition  of  the 

*  Presented  at  the   meeting  of  October  4,  1922. 
t  Prof,  of  Geology,  Columbia  Univ.,  New  Y'ork  City. 
}  Cons.   Engr.,  New  York  City. 
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country  traversed.  Seldom  in  a  large  public  enterprise  of  this  kind,  has  so 
much  trouble  been  taken  to  discover  and  to  work  out  the  important  relations 
of  topographic  form  and  underground  structure,  and  to  apply  the  results  of 
these  studies  to  the  problems  of  location,  design,  construction,  and  operation 
of  the  completed  system.  Indeed,  it  was  necessary  to  success  that  all  the  con- 
ditions be  known  in  detail.  The  selection  of  proper  dam  sites,  with  foundations 
sound  enough  to  support  the  enormous  weight  of  the  dams  and  impervious 
enough  to  prevent  leakage,  demanded  a  careful  investigation  and  study  of  all 
the  intricacies  of  the  physical  condition  and  behavior  of  the  ground.  The 
expedient  of  conveying  water  in  tunnels  driven  deep  in  bed-rock,  under  great 
hydrostatic  pressure,  was  adopted  only  after  sufficient  information  was  avail- 
able to  give  confidence  in  the  general  stability  of  local  geological  conditions. 

The  importance  of  these  conditions  in  controlling  the  location  of  the 
aqueduct  is  well  illustrated  in  the  choice  of  the  crossing  of  the  Hudson  River, 
the  final  selection  of  which  involved  a  change  in  the  position  of  the  entire 
aqueduct  line  west  of  the  river.  Fig.  1  is  a  map  of  the  Catskill  Water  Supply 
System.  The  principal  types  of  construction  included  in  the  project  are,  as 
follows : 

(a)  Three  high  masonry  dams; 

(h)   Several  miles  of  earth  dikes  with  core-walls;  and 

(c)  An  aqueduct,  made  up  of  the  following  parts: 

Cut-and-cover  aqueduct 51.0  miles 

Grade  tunnel  (including  Shandaken  Tunnel) .  . .         31.7      " 

Pressure  tunnel 35.6      " 

Pressure  aqueduct 4.8      " 

Steel  pipe  siphons 6.2      " 

Pipe  conduit 15.4     " 

Total 144.7  miles 

In  the  construction  of  pressure  and  grade  tunnels,  sixty-seven  working 
shafts,  from  150  to  1 100  ft.  in  depth,  were  sunk. 

Geological  Investigations 

The  development  of  the  Catskill  Water  Supply  System  has  been  influenced 
by  geological  factors  to  a  greater  extent  than  is  usual  in  most  engineering 
enterprises.  This  is  due  in  part  to  the  great  distance  the  water  must  be  car- 
ried to  reach  ISTew  York  City,  the  topographic  and  structural  complexities  and 
peculiarities  of  the  intervening  country,  and  the  general  plan  of  operation 
chosen  for  this  particular  system.  Because  of  the  type  of  design  of  the 
Catskill  Aqueduct  and  the  peculiar  relief  of  the  country,  it  was  evident  early 
in  the  work  that  many  grade  tunnels  would  be  required  to  pierce  the  mountain 
ridges  standing  above  hydraulic  grade  along  any  possible  route.  It  was  also 
found  that  it  would  be  more  economical,  and  would  result  in  a  more  successful 
and  permanent  public  work,  if  the  valleys  and  river  courses  which  lie  much 
below  hydraulic  grade,  were  crossed  by  pressure  tunnels  constructed  in  the 
bed-rock. 
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The  earliest  studies  indicated  certain  places  where  thorough  exploration 
would  be  needed.  One  such  place  was  the  trough  or  inner  valley  of  the 
Hudson  Eiver,  which  presented  an  unusual  problem  in  the  question  of  depth 
to  bed-rock.  To  collect  and  to  state  the  broad  facts  relating  to  this  situation 
and  many  others,  the  services  of  Professor  W.  O.  Crosby,  of  the  Massachusetts 
Institute  of  Technology,  and  of  Professor  J.  F.  Kemp,  of  Columbia  University, 
were  obtained  as  Consulting  Geologists.  The  studies  undertaken  by  the 
geologists  covered  a  wide  range,  bearing  on  the  origin  of  the  rocks,  the  proc- 
esses which  modified  or  preserved  them,  the  influence  of  climatic  changes, 
the  effect  of  former  elevation  and  depression  of  the  earth's  crust,  the  inter- 
pretation of  surface  features,  and  many  other  factors  which  tend  to  modify, 
preserve,  or  to  destroy  the  rocks. 

In  projects  of  this  kind  it  is  important  for  the  engineer  to  submit  to  the 
geologist  certain  rather  definite  questions  relating  to  the  engineering  require- 
ments. It  is  not  practicable  to  investigate  wholly  unrelated  matters  in  the 
early  stages  of  the  work.  In  the  beginning,  the  geologist's  advice  was  sought 
in  directing  the  exploratory  work,  to  supplement  the  data  already  secured  as 
the  boring  work  developed.  In  the  course  of  the  investigations  and  studies 
for  the  engineering  design  and  location  of  the  Catskill  System,  information 
was  secured  relating  to  the  suitability  of  materials  of  construction,  comparison 
was  made  of  factors  affecting  the  cost  of  excavation,  facts  relating  to  the  water- 
bearing quality  of  the  rocks  and  soils  to  be  penetrated  were  obtained,  and  the 
influence  of  the  rock  on  the  structures  contemplated  was  noted.  One  question 
studied  was  whether  the  tunnels  far  below  the  surface  may  be  damaged  by 
earthquake  shock,  or  are  otherwise  unstable,  and  whether  there  are  special 
sources  of  trouble  or  weakness  in  the  rock,  such  as  acid-bearing  waters  with 
their  own  peculiar  destructive  influence.  The  range  of  information  ultimately 
required  covered  such  special  features  as  a  comprehensive  regional  study  of 
pre-glacial  topography  and  drainage,  and  the  distribution  of  the  glacial  drift 
as  a  basis  for  indicating  the  location  and  probable  depth  of  the  buried  gorges 
of  pre-glacial  streams,  the  contour  of  the  bed-rock  surface,  a  discussion  of  the 
condition  of  the  several  formations  to  be  met,  their  behavior  under  excava- 
tion, underground  water  circulation,  the  occurrence  of  zones  of  weakness 
indicating  the  probable  extent  of  tunnel  roof  support  required,  the  location 
of  folds,  faults,  and  other  rock  features,  with  a  consideration  of  their  effects 
on  the  construction  operations  and  permanence  of  the  work. 

General  Questions. — The  engineering  questions  involving  geological  facts 
and  interpretation  which  arose  in  connection  with  the  Catskill  Aqueduct 
project  may  be  grouped  as  relating  to: 

A. — Topographic  features; 

B. — Over-burden,  or  glacial  drift; 

C. — Kind  and  character  of  the  rock;  and 

D. — Advisory  matters. 

Under  Item  A,  the  following  questions  were  studied : 

1. — Based  on  the  available  contour  maps,  where  are  the  most  promising 
sites  for  the  particular  structures  under  consideration,  for  example,  the  main 
dams  for  storage  reservoirs? 
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2. — Do  the  surface  features  indicate  whether  the  relief  is  controlled  hy  the 
glacial  drift  or  by  erosion  of  bed-rock? 

3. — Considering  the  larger  topographic  features,  such  as  the  main  valleys 
and  their  origin,  is  there  any  likelihood  of  finding  deep  buried  gorges  requiring 
extensive  exploration? 

Under  Item  B,  the  following  questions  arise: 

1. — What  is  the  thickness  and  distribution  of  the  over-burden,  or  drift,  in 
the  area  involved? 

2. — Is  there  unusually  deep  cover  at  any  particular  place,  or  a  pre-glacial 
gorge  of  uncertain  depth? 

3. — What  is  the  character  of  the  over-burden?  Is  it  residuary  soil,  stream 
deposit,  or  glacial  drift?  Is  it  impervious  or  very  porous?  Will  it  be  firm  or 
cave  in  excavation  ?     Are  extensive  exploratory  borings  or  test-pits  required  ? 

Under  Item  C,  some  of  the  questions  are : 

1. — What  is  the  probable  rock-floor  contour  or  profile?  What  is  the  rock 
formation  or  kind  of  rock  forming  the  floor,  its  quality,  and  structural  char- 
acter ?     Is  it  porous  or  reasonably  impervious  ? 

2. — Is  there  danger  of  weathering,  disintegrating,  or  swelling  of  the  rock 
in  tunnel  excavation  or  open  cuts?  Is  there  likely  to  be  considerable  depth 
of  decayed  or  weathered  rock  on  top  of  the  ledge  proper? 

3. — Is  the  rock  massive  or  bedded?  If  sedimentary,  what  is  the  structural 
attitude?  Is  it  faulted  and  folded?  If  the  rock  formation  at  a  particular 
location  or  depth  is  questionable,  is  there  a  possibility  of  finding  more  satis- 
factory conditions  either  by  a  shift  of  line  to  a  new  location,  or  a  change  in 
depth  ? 

Under  Item  D,  the  following  questions  may  arise : 

1. — Where  should  the  exploratory  work  be  located  and  the  borings  placed, 
and  to  what  depth? 

2. — Is  the  proposed  project  feasible  from  a  geological  standpoint,  or  are 
the  natural  difficulties  insurmountable? 

3. — Are  there  any  special  precautions  to  be  taken  at  certain  points  during 
construction?    What  special  points  must  be  covered  in  the  contracts? 

4. — Is  the  locality  capable  of  producing  suitable  stone  for  use  in  con- 
struction ? 

5. — Is  there  any  likelihood  of  the  disturbance  of  local  conditions  by  the 
work  of  construction,  such,  for  example,  as  change  of  water  level,  interference 
with  local  water  supply,  or  weakening  of  foundations?  Are  the  geological 
conditions  such  as  to  expect  claims  for  either  temporary  or  permanent  damages 
due  to  construction? 

The  most  economical  method  of  exploration  as  far  as  it  can  be  stated  in 
general  terms  is  to  base  it  first  on  a  thorough  geological  study,  to  check  and 
interpret  all  data  as  gathered,  and  modify,  if  necessary,  any  additional  explor- 
atory work  in  accordance  with  the  results  already  secured.  A  working 
hypothesis  is  essential.  The  engineers  found  it  helpful  to  obtain  the  advice 
of  a  geologist  in  the  interpretation  of  the  exploratory  borings  as  these  were 
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made,  so  that  the  next  hole  could  be  located  at  the  spot  most  likely  to  give 
further  results  in  the  light  of  the  existing  knowledge.  By  this  method,  much 
time  was  saved  and  the  borings  were  made  to  give  useful  information.  The 
methods  of  securing  underground  data  included,  in  addition  to  surveys  and 
mapping,  the  use  of  (1)  test-pits,  shafts,  and  trenches;  (2)  tunneling;  (3) 
borings  of  various  kinds;  (4)  pumping  and  pressure  tests  of  drill  holes;  (5) 
laboratory  tests,  and  microscopic  examination;  and  (6)  chemical  analysis. 

Geology  of  the  Eegion  Traversed  by  the  Catskill  Aqueduct 

The  relief  features  and  geologic  structure  of  the  country  traversed  by  the 
Catskill  Aqueduct  is  more  complex  than  is  generally  the  case  in  such  a  limited 
area.  This  region  has  been  affected  by  mountain  foldings  and  accompanying 
dynamic  disturbances  at  least  three  times.  The  area  extends  from  the  undis- 
turbed interior  plateau  type  of  country  (as  represented  by  the  Catskill  Moun- 
tains), across  the  entire  belt  of  Appalachian  folds  (as  represented  in  the  Middle 
Hudson  Valley  of  New  York),  and  the  still  earlier  Taconic  deformation  belt 
(as  represented  in  the  older  sedimentary  rocks,  especially  the  Hudson  River 
slates  north  of  the  Highlands),  the  mountainous  belt  of  very  ancient  geological 
formations  (as  represented  by  the  Highlands  with  the  Piedmont  belt  of  crys- 
talline rocks),  to  the  Coastal  Plain,  including  the  newer  formations  along  the 
present  seashore.  It  is  a  complex  region  of  a  long  and  involved  history. 
Fig.  2  shows  the  geologic  column,  representing  the  succession  and  variety  of 
rocks  encountered  in  the  Catskill  Water  Supply  development.  Plate  I 
shows  a  block  diagram  of  the  physiographic  features,  together  with  the  under- 
ground geologic  structure  of  the  Lower  Hudson  region  and  the  course  of  the 
Catskill  Aqueduct. 

Beginning  with  the  areas  occupied  by  the  water-sheds,  the  chief  types  of 
country  are,  as  follows: 

The  Catskill  Plateau,  characterized  by  an  elevated  upland  of  little  disturbed, 
rather  flat-lying  sediments,  dipping  gently  westward,  made  up  mostly  of  fine- 
grained sandstones  and  still  finer  shales. 

South  of  the  Catskill  area  is  the  Appalachian  Province  forming  a  belt 
running  northeast-southwest,  paralleling  the  eastern  edge  of  the  Continent. 
This  belt  has  shared  in  the  folding  and  other  movements  which  have  been 
responsible  for  the  structural  complexity  of  the  strata  and  have  controlled  the 
relief  habit  of  the  present  surface.  A  part  of  this  belt,  now  somewhat  lower 
and  apparently  less  ridged  than  the  remainder,  forms  what  is  known  as  the  Great 
Valley.  The  compressive  or  mountain-building  forces  which  produced  the 
Appalachian  belt,  acted  in  a  general  northwesterly  direction  and  produced  folds 
of  remarkable  continuity,  accompanied  by  a  series  of  great  faults  running 
parallel  with  the  main  ridges  and  valleys,  or  generally  northeast  and  southwest. 
The  whole  province  is  crossed  by  the  Catskill  Aqueduct. 

Still  farther  south  the  country  changes  again,  and  one  finds  there  the 
ancient  Archean  land  mass,  represented  to-day  by  the  gneisses  and  granites  of 
the  Highlands.  In  this  belt,  all  the  rocks  are  crystalline.  They  belong  to  an 
extremely  old  series,  possibly  the  oldest  known  in  the  eastern  part  of  the  United 
States.     Doubtless,  originally  many  of  them  were  sediments  similar  to  those 
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occupying  the  districts  farther  north,  already  described;  but,  subsequently,  they 
were  affected  by  metamorphism  and  invaded  by  igneous  intrusions  of  many 
kinds,  especially  by  granites,  and  thus  became  not  only  much  modified  from 
their  original  condition,  but  also  much  disturbed  and  distorted.  In  their  pres- 
ent condition,  they  form  the  most  complex  belt  with  which  this  work  has 
had  to  deal. 

Although  the  Highlands  proper  is  a  narrow  belt  not  more  than  20  miles 
wide,  the  same  kinds  of  rocks  to  a  large  degree  extend  continuously  on  the  east 
side  of  the  Hudson  River  to  New  York  City.  For  50  miles,  the  aqueduct 
has  been  located  through  and  over  these  complex  rocks.  The  southerly  part  of 
this  unit  has  more  moderate  relief  than  the  Highlands  proper,  and  its  surface 
gradually  becomes  lower  and  lower,  passing  beneath  sea  level  in  the  vicinity 
of  Long  Island  Sound  and  New  York  Bay,  only  the  Highlands  Belt  being 
mountainous. 

The  last  of  the  distinctly  different  districts  follows  the  immediate  border 
of  the  Atlantic  between  Long  Island  Sound  and  the  sea,  including  also  a  part 
of  Staten  Island.  It  is  the  northerly  extension  of  the  great  coastal  belt  which, 
farther  southward,  becomes  much  wider  and  much  more  prominent  as  a  physical 
unit.  This  belt  is  characterized  by  simple  sedimentary  strata  of  clay,  sand,  and 
gravel  which  lie  almost  flat,  but  really  dip  gently  toward  and  beneath  the  sea. 
They  are  the  simplest  of  the  formations  with  which  this  work  has  been  con- 
cerned, but  are  of  prime  importance,  especially  in  connection  with  the  water 
sources  of  Long  Island.  These  great  provinces  differ  strikingly  in  physical 
make-up,  structure,  and  age.  Each  is  complex,  is  structurally  a  group  of 
physical  units  or  formations  distinguishable  among  themselves,  and  each  pre- 
sents its  own  peculiarities  of  behavior  and  geological  significance. 

Geological  History. — The  oldest  of  all  the  rocks  are  certain  parts  of  the  crys- 
tallines of  the  Highlands.  These  rocks  are  doubtless  old  sediments  formed  in  the 
sea  and  by  running  water.  They  were  a  great  series  which  was  folded  into  moun- 
tain ranges  in  ancient  times.  Subsequently,  they  were  invaded  by  immense 
floods  of  igneous  material,  which  literally  swallowed  large  parts  of  the  solid 
foundations  of  that  time  and  formed  huge  igneous  masses  now  appearing  as 
granites  and  other  massive  rocks.  Hocks  of  intermediate  composition  were 
formed,  doubtless  by  a  mixture  of  the  two  original  types — the  sediments  and 
the  invading  igneous  material.  This  is  well  shown  on  the  geologic  profile, 
Plate  II,  from  the  Catskill  Mountains  to  New  York  City  along  the  aque- 
duct line. 

These  changes  took  place  at  great  depth.  The  superficial  formations  of 
that  time  have  been  carried  away  by  erosion.  Only  the  roots  of  this  ancient 
mountain  range  are  now  exposed,  and  they  are  the  crystalline  rocks  of  the 
Highlands.  How  much  erosion  took  place  no  one  can  say,  but  after  ages  of 
erosion,  so  long  indeed  that  the  rivers  of  that  time  and  the  sea  had  cut  away 
all  the  superficial  material  and  had  exposed  the  already  cooled  and 
crystallized  igneous  masses,  the  sediments  that  now  form  the  other  rocks 
began  to  accumulate.  The  land  area  lay  along  the  Atlantic  border  and 
extended  an  undetermined  distance  into  the  present  Atlantic  Ocean.  The  sea 
lay  to  the  west  and  in  it. were  deposited  the  sediments  carried  down  from  this 
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land  area,  first  the  sandstone,  limestone,  and  shale  of  the  present  Hudson  Val- 
ley, and  after  several  thousand  feet  of  these  sediments  had  accumulated  a  new 
mountain  folding  and  another  period  of  erosion  took  place. 

When  deposition  began  again,  it  formed  the  great  series  of  sediments 
that  now  lie  above  the  Hudson  Eiver  shale  series.  The  Shawangunk  conglom- 
erate was  the  first,  and  on  it  were  accumulated,  one  after  another,  the  shales, 
limestones,  and  sandstones  that  now  constitute  the  rocks  of  the  Rondout 
Valley  and  the  Catskill  Mountains.  Then  came  the  Appalachian  Mountain- 
making  period,  the  last  great  folding  movement  to  affect  this  region.  Since 
that  time,  conditions  have  been  completely  reversed.  The  region  to  the  Avest 
became  a  continental  area  and  the  re-adjusted  drainage  from  this  new  con- 
tinental area  carried  the  sediments  of  subsequent  time  toward  the  east  into 
the  Atlantic.  A  long  period  of  erosion  followed,  and,  with  the  shifting  of 
levels,  the  Atlantic  gradually  encroached  from  the  east,  covering  a  part  of 
the  old  land  area  that  originally  furnished  most  of  the  earlier  sediments. 

In  this  long  period  of  erosion  and  unchanged  sea  level,  there  was  oppor- 
tunity for  the  streams  of  the  new  Continent  to  wear  the  whole  region  down 
almost  to  a  plain.  The  development  in  this  "almost-plain"  took  place  in  the 
Cretaceous  period,  and,  therefore,  is  referred  to  as  the  "Cretaceous  peneplain." 
During  part  of  this  time  and,  subsequently,  sediments  have  been  accumulating 
on  the  Atlantic  Coast.  These  are  simple  beds  that  are  not  much  distorted. 
The  Cretaceous  peneplain  still  persists  in  a  somewhat  fragmentary  form, 
because  of  much  subsequent  erosion.  From  a  high  elevation  it  can  be  plainly 
seen  in  distant  landscape,  as,  for  example,  in  the  level  sky-line  of  the  Hudson 
Highlands,  the  Shawangunks,  and  parts  of  the  Catskills,  and  more  definitely 
in  the  remarkably  uniform  seaward  slope  of  the  crystalline  rocks  south  of 
the  Highlands  passing  under  Long  Island  out  beneath  the  sea.  Its  existence 
is  shown  by  the  boring  profiles  across  Long  Island  to  depths  of  1  000  ft.  and 
more  below  sea  level,  where  the  soft  Cretaceous  beds  of  the  Coastal  Plain  lie 
on  the  old  erosion  floor  of  that  time. 

An  elevation  of  the  Continent  of  from  1 000  to  2  000  ft.,  during  the 
Tertiary  period,  gave  the  streams  a  steeper  slope  toward  the  sea,  with  greatly 
increased  velocity  and  cutting  power,  so  that  the  old  Cretaceous  surface  was 
deeply  dissected  by  the  streams  cutting  new  valleys  along  the  more  easily 
eroded  rocks.  In  the  course  of  time,  a  new  base  level  of  erosion  was  reached 
in  places  where  the  rocks  were  comparatively  soft,  such  as  limestones  and 
slates.  This  new  peneplain,  however,  was  never  finished.  The  region  was 
elevated  again  before  the  erosion  was  completed,  and  new  trenches  began 
to  be  cut  by  the  streams.  Traces  of  this  Tertiary  peneplain  are  readily  seen, 
however,  in  the  rather  even  stretches  of  ground,  at  300  to  500  ft.  above  sea 
level,  in  the  broad  valleys  of  the  Hudson  and  its  tributaries.  The  importance 
of  the  questions  previously  discussed  relates  closely  to  the  problems  in  the  loca- 
tion of  the  Catskill  Aqueduct,  in  the  depths  of  old  buried  stream  valleys 
and  their  effect  on  the  location  of  tunnels.  The  Tertiary  peneplain  was  a 
feature  of  great  significance  in  determining  the  course  and  hydraulic  grade 
of  the  aqueduct.  The  15-mile  section  of  cut-and-cover  aqueduct  from  the 
Wallkill  to  the  Hudson  River  is  made  possible  at  its  present  grade  by  the 
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existence  of  this  old  peneplain.  The  subsequent  continental  elevation  that 
ended  the  development  of  the  Tertiary  peneplain  and  caused  the  renewal  of 
trenching,  finally  started  the  glacial  epoch,  and  an  entirely  new  set  of  conditions 
were  thus  established,  which  led  to  changes  of  far-reaching  importance.  This 
elevation  probably  ultimately  amounting  to  several  thousand  feet,  at  first  simply 
increased  the  cutting  power  of  the  streams  and  resulted  in  renewed  trenching 
of  the  valleys,  with  the  development  of  rather  narrow  deep  gorges,  extending 
far  below  the  general  Tertiary  base  level.  These  gorges  still  remain  beneath 
the  glacial  drift  cover,  some  of  them  extending  several  hundred  feet  below 
sea  level. 

The  Glacial  Period- — The  ice  invasion  that  followed,  covered  the  entire 
region,  including  the  Catskills  and  the  Highlands,  the  ice  occupying  even  the 
highest  summits  and  spreading  southward  to  Long  Island.  There,  the  ice 
melted,  forming  the  Terminal  Moraine  which  extends  the  length  of  the 
Island  and  crosses  the  Narrows  to  Staten  Island,  thus  marking  the  southern 
limit  of  the  great  continental  ice  sheet.  At  the  height  of  its  activity,  as  it 
moved  southward,  the  planing  action  of  the  ice  mass  smoothed  the  tops  of 
hills  and  ridges,  ploughed  deeper  in  some  of  the  softer  material  of  the  valleys, 
and  scraped  hard  against  all  exposed  northerly  slopes.  At  the  same  time, 
particularly  as  the  ice  finally  thawed,  the  deeper  canyons  and  valleys  were 
buried  with  glacial  drift,  thus  modifying  greatly  the  surface  contour  of  the 
country  and  tending  by  these  processes  of  erosion  and  deposition,  to  smooth 
the  more  rugged  earlier  topography.  One  of  the  results  of  this  action  is 
the  buried  channels  and  drift-filled  gorges.  The  present  streams  scarcely 
anywhere  flow  in  their  original  channels,  nor  even  on  the  old  valley  bottoms. 
On  this  account  it  was  necessary  repeatedly  to  determine,  by  boring,  the 
location  and  the  depth  of  these  old  pre-glacial  channels. 

The  damming  of  valleys  by  glacial  ice  and  drift  created  lakes  and  gave 
opportunity  for  the  development  of  silt  deposits  in  them.  Subsequent  partial 
or  complete  removal  of  such  barriers  and  final  drainage  of  these  temporary 
reservoirs  are  factors  of  important  bearing  in  this  region.  The  Ashokan 
Eeservoir  occupies,  in  part,  one  of  these  glacial  lake  basins.  The  material 
left  behind  by  the  ice  sheet  is  a  mixture  of  mineral  and  rock  matter  derived 
from  the  removal,  transportation,  and  deposition  of  former  residuary  soils 
and  partly  disintegrated  rock  gathered  up  as  the  glacier  moved  slowly  over 
the  surface  of  the  country.  Some  of  it  is  a  mixture  of  pebbles,  boulders, 
sand,  and  clay,  which  was  not  assorted  by  the  action  of  water.  This  is  the 
so-called  "glacial  till",  also  known  as  "hardpan",  when  consolidated.  Other 
parts  of  the  drift  were  worked  over  by  the  water  from  the  thawing  ice  and 
thus  were  more  or  less  assorted  so  that  the  materials  became  separated  as 
deposits  of  sand,  gravel,  and  silt  or  clay.  These  deposits  constitute  the  so- 
called  "modified  drift"  deposits,  which,  unlike  the  till,  are  generally  loose  and 
unconsolidated. 

It  would  be  a  comparatively  simple  matter  to  classify  these  glacial  materials 
and  judge  their  behavior  if  they  were  as  distinct,  continuous,  and  uniform 
from  top  to  bottom  as  the  average  rock  stratum.  However,  they  are  much 
more  likely  to  be  variable  in  every  respect  and  the  different  types  of  these 
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materials  grade  one  into  another  in  a  most  confusing  manner.  They  exhibit 
important  differences  in  their  capacity  for  holding  water.  Thus,  the  character 
of  the  drift  becomes  an  important  factor  in  the  choice  of  location  for  dams 
and  dikes.  In  fact,  they  were  controlling  factors  in  the  location  of  the 
Ashokan  Dam. 

Ancient  Drainage. — In  a  study  of  the  possible  crossings  of  the  Catskill 
Aqueduct  under  the  Hudson  and  its  tributary  streams,  the  old  courses  of  the 
pre-glacial  channels  and  particularly  their  depths,  were  vital  factors  in  the 
design  and  location  of  the  pressure  tunnels. 

In  this  district  there  is  only  one  main  drainage  channel,  the  Hudson  River, 
to  which  all  the  other  streams  are  tributary.  These  tributaries  have  attained 
their  present  courses  by  the  general  northeast-southwest  strike  of  the  rock 
formations,  the  different  members  of  which  are  strongly  contrasted  in  their 
resistance  to  erosion.  It  thus  happens  that  whereas  all  the  tributaries  on  the 
east  side  of  the  Hudson  are  direct,  those  on  the  west  side  are  retrograde, 
that  is,  flow  somewhat  opposite  to  the  direction  of  flow  of  the  master  stream 
and  join  it  at  an  obtuse  angle.  The  Wallkill  River  is  a  remarkable  example 
of  this.  It  rises  within  40  miles  of  New  York  Bay,  and  flows  northeasterly, 
following  the  formational  direction  for  75  miles,  getting  farther  and  farther 
away  and  finally  reaching  the  Hudson  nearly  90  miles  from  the  sea.  On 
account  of  the  glacial  drift  cover,  many  of  these  stream  valleys  are  heavily 
filled  and  the  present  stream  courses  diverge  greatly  from  these  former  lines. 
Still,  the  old  courses  were  of  greatest  importance  in  the  problems  of  the 
aqueduct.  Thus,  it  happens  that  a  working  knowledge  of  the  origin  and 
habit  of  the  pre-glacial  drainage  has  been  of  greater  practical  service  than 
the  simple  statement  of  its  features  would  lead  one  to  expect. 

The  Catskill  Mountain  Water-Sheds 

The  selection  of  the  Catskill  Mountains  as  a  source  of  the  new  water  supply 
of  New  York  City  was  made  because  this  area  was  found  to  be  the  one 
which,  by  reason  of  its  large,  sparsely  inhabited,  and  well-wooded  mountain 
slopes,  is  certain  to  yield  an  adequate  quantity  of  water  of  exceptional  softness 
and  purity.  The  site  chosen  for  the  main  storage  reservoir,  100  miles  from 
New  York  City,  in  the  southern  edge  of  the  Catskill  Mountain  area,  is  at 
such  an  elevation  that  the  water  from  it  can  flow  by  gravity  through  the 
aqueduct  and  distribution  systems,  thus  eliminating  the  cost  of  pumping. 
Because  of  the  steep  mountain  slopes,  the  water  runs  rapidly  down  the  rocky 
stream  beds,  encountering  on  its  way  almost  no  swampy  ground  or  stagnant 
ponds.  Even  almost  all  the  water  that  sinks  into  the  soil  and  enters  bed- 
rock returns  clear  and  pure  to  the  regular  drainage  courses  at  the  lower  levels 
in  the  immediate  district,  because  the  beds  lie  nearly  flat  and  have  many 
interbedded  tight  shale  members  to  obstruct  the  downward  course  of  the  water. 

The  gathering  ground  in  the  Catskills  lies  entirely  in  a  region  of  sand- 
stones and  shales,  without  much  admixture  of  limy  fossil  remains  and  no 
limestone  beds.  Such  rocks  are  very  resistant  to  solution  and,  for  this  reason, 
the  water  which  flows  over  and  percolates  through  them,  dissolves  so  little 
mineral  salts  that  a  water  unusually  soft  and  pure  is  supplied. 
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The  sedimentary  beds  consist  of  alternate  layers  of  hard  sandstone  and 
soft  shale,  with  wide  variations  in  the  quality  and  thickness  of  individual 
beds.  In  many  places,  the  sandstone  is  of  the  quality  known  as  bluestone, 
and  has  been  extensively  quarried.  Generally,  the  strata  dip  to  the  west  at 
a  small  angle,  and  there  is  no  marked  deformation.  In  a  broader  view,  the 
region  may  be  regarded  as  a  deeply  dissected  plateau  of  which  the  rocks  of 
different  hardness,  lying  in  beds  dipping  gently  westward,  give  form  to  the 
back  slope  of  the  uplands,  whereas  the  edge  of  the  Catskills  toward  the 
Hudson  Valley  presents  a  pronounced  eastward-facing  scarp,  rising  abruptly 
several  hundred  feet  above  the  valley  floor.  Erosion  has  been  carried  so  far 
that  the  most  elevated  remnants  have  a  mountainous  aspect.  Below  these 
high  peaks,  the  country  is  more  open  and  uniform,  being  part  of  an  old 
base  level,  or  peneplain,  judged  to  be  the  Cretaceous  peneplain  referred  to 
previously.  Deep  canyons  and  high  cliffs  are  common,  with  piles  of  broken 
rock  at  their  bases.  Glaciation  has  modified  the  original  rugged  features, 
especially  the  minor  details  to  some  extent,  and  glacial  deposits  have  changed 
the  drainage  in  many  of  the  valleys,  so  that  the  present  streams  do  not 
follow  the  courses  of  the  old  pre-glacial  channels. 

The  dark  sandstones,  locally  known  as  bluestone,  with  the  associated  shales, 
are  simple  sedimentary  formations  of  great  lateral  extent  and  thickness. 
They  were  laid  down  as  delta  deposits,  the  sedimentary  material  varying  from 
coarse  sand  and  even  small  pebbles  to  the  finest  silt.  The  shifting  of  depositing 
currents  and  changes  in  the  supply  of  materials  resulted  in  a  complex  struc- 
tural relation  of  the  beds  with  frequent  variations  in  the  grade  of  the  rock. 

This  variability  in  the  quality  of  the  rock  within  short  distances  is  a 
striking  feature  in  this  formation,  and  was  important  in  the  selection  of 
quarries  for  construction  materials.  The  variation  in  the  grade  of  the  rock 
also  has  an  important  bearing  on  questions  of  value,  as  was  illustrated  in 
several  large  claims  for  damages  where  lands  were  condemned  and  taken  by 
the  City  for  the  Ashokan  site.  The  bluestone,  shown  in  Fig.  3,  is  a  rather 
fine-grained,  dense,  and  impervious  sandstone,  very  resistant  to  weathering. 
Blocks  of  the  bluestone  were  used  in  the  Cyclopean  masonry  of  the  Olive 
Bridge  Dam,  and  the  Gilboa  Dam  and  Spillway  will  be  faced  with  this 
material,  which  is  as  durable  as  the  best  granite.  Bluestone  is  commonly 
used  in  New  York  City  for  curbs  and  sidewalk  flags. 

The  Ashokan  EESER^x)IR 

The  main  storage  reservoir  of  the  Catskill  System  has  an  available  capacity 
of  128  000  000  000  gal.  The  principal  structures  which  form  this  reservoir 
are  the  Olive  Bridge  Dam,  built  of  masonry,  across  Esopus  Creek,  the  earth 
dikes  which  close  the  gaps  between  the  hills  forming  the  sides  of  the  reservoir, 
the  dividing  dike  and  weir,  which  separates  the  reservoir  into  two  basins, 
and  the  waste  weir. 

The  west  basin  of  the  Ashokan  Reservoir  in  the  Catskills,  is  shown  in 
Fig.  4.  The  level  top  of  the  old  plateau,  deeply  dissected  by  streams,  is  well 
shown;  the  stratified  rocks  dip  to  the  west  (left)  at  a  low  angle.  The  flow- 
line  elevation  of  the  reservoir  is  600  ft.  above  tide  and  the  maximum  elevations 


Fjg.  3._Sandstone  Used  on  Catskill  Water  Supply  System. 


Fig.   4. — View  of  West  Basin  of  Ashokan  Reservoir. 
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of  the  mountains  in  this  view  are  about  3  500  ft.     Slide  Mountain  is  4  200 
ft.  in  elevation. 

Its  geologic  setting  is  as  follows:  The  continental  ice  sheet,  following  the 
trend  of  the  Appalachian  Valley,  moved  in  a  southwesterly  direction,  as  shown 
by  glacial  scratches.  Local  glaciers  originating  in  the  Catskills  may  have 
moved  down  through  some  of  the  main  valleys  such  as  the  Esopus,  but  their 
effects  are  not  very  pronounced,  and  the  general  ice  movement  was  transverse 
to  this  part  of  the  valley.  The  character  of  the  glacial  deposits  shows  that 
the  ice  must  have  stood  in  the  vicinity  of  Olive  Bridge  for  a  long  time  in 
the  closing  stages,  forming  an  extensive  dam,  while  the  melting  ice  produced 
a  glacial  lake  in  the  valley  up  stream  from  this  dam,  where  silt  and  mud 
were  deposited  in  the  form  of  stratified  sand  and  clay. 

Heavy  till  deposits  still  form  an  effective  dam  at  Olive  Bridge,  but  the 
waters  of  the  lake  escaped  along  the  western  edge  of  the  valley  and  cut 
through  the  drift,  finally  reaching  bed-rock  and  cutting  a  new  gorge  in  it. 
At  the  same  time,  the  stream  farther  up  the  valley  carried  off  great  quantities 
of  the  soft  and  easily  removed  lake  deposits  originally  laid  down  in  the 
glacial  lake,  thereby  further  emphasizing  the  basin-like  form  of  the  reservoir 
site. 

Geologic  Conditions  Affecting  Dams. — The  influence  of  geologic  factors 
in  the  selection  of  dam  sites  is  always  considerable.  A  dam  project  is  seldom 
too  thoroughly  studied  or  a  site  too  carefully  explored.  Frequently,  it  is 
taken  for  granted  that  conditions  are  acceptable,  which  subsequent  development 
prove  to  be  dangerous.  Expensive  explorations,  also,  may  be  made,  which 
intelligent  judgment  would  show  were  unnecessary. 

Studies  of  the  dam  sites  of  the  Catskill  project  included  investigation  of 
the  following  subjects: 

1. — Enough  of  the  geology  of  the  region  to  be  certain  that  no  important 

geologic  influences  were  overlooked. 
2. — Detailed  topography  over  the  site  and  adjacent  areas. 
3. — Bed-rock  contour. 
4. — Character  of  material  overlying  the  rock  floor,  particularly  in  regard 

to  porosity  and  behavior  under  construction  disturbance. 
5. — Character  of  bed-rock.     Kind  and  quality  of  rock.     Condition  of  the 
rock  with  respect  to  solution  or  decay  or  disintegration.     Structural 
features,    such    as   joints,    bedding   planes,    faults,    or    crush    zones. 
Porosity  of  the  rock  and  nature  of  the  water  circulation,  whether 
through  the  body  of  the  rock  or  only  along  the  bedding  planes  or 
joints. 
6. — Exploration  of  underground  conditions  by  borings  or  other  means,  with 
directions  as  to  their  location  and  order.     Interpretation  of  boring 
data  with  tests  of  the  ground  through  the  borings  themselves. 
7. — Related  questions.     Local  sources  of  material  for  construction,   and 
comparison   as  to   quality  and  cost,  with  other   available  materials. 
Need  of  treatment  of  foundation  by  grouting  or  otherwise.     Prob- 
ability   of   earth    movements    of    such    magnitude    as   to    injure   the 
structures.     Possibility  of  claims  for  damages. 
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In  the  selection  of  a  site  for  the  Ashokan  Reservoir  several  locations  were 
investigated.  The  number  of  practicable  sites  was  finally  reduced  to  two, 
the  "Olive  Bridge"  and  the  "Tongore"  sites. 

The  Olive  Bridge  Site. — The  nature  of  the  drift  in  the  trenches,  shafts, 
and  surface  exposures  of  the  vicinity  indicated  that  the  drift  at  the  Olive 
Bridge  site  had  been,  at  one  stage  in  the  glacial  history  of  the  locality,  a 
natural  dam  and  that  water  had  been  successfully  held  above  it  to  an  elevation 
of  530  ft.,  and  perhaps  more.  The  lowest  materials  in  contact  with  the  bed- 
rock are  heavy  stony  till,  laminated  till,  and  stony  laminated  clays,  all  good 
impervious  material  making  tight  contact  with  the  rock,  and  although  a 
deep  pre-glacial  gorge  lies  underneath,  at  one  side  of  the  valley,  it  is  filled 
with  this  tight  drift,  and  there  is  no  question  whatever  about  its  water- 
tightness. 

Sands  and  laminated  clays  are  extensively  developed  immediately  up 
stream  from  the  site.  These  looser  materials  grade  into  the  heavy  till  material 
of  the  site  proper  and  approach  so  close  that  occasional  pervious  streaks 
extend  well  into  the  westerly  edge  of  the  site.  They  do  not  at  any  point 
extend  continuously  through  this  ground,  however,  and,  consequently,  the 
present  barrier,  as  it  stands,  is  practically  impervious.  On  account  of 
the  poorer  quality  of  the  drift  up  stream,  the  dam  site  was  located  as  far 
down  stream  as  engineering  considerations  permitted. 

The  Tongore  Alternative  Site. — At  the  Tongore  site,  the  bed-rock  floor 
in  the  buried  gorge  is  at  least  100  ft.  deeper  than  at  Olive  Bridge.  In  the 
deeper  parts,  below  the  400-ft.  elevation,  the  deposits  as  indicated  by  the 
wash  borings,  are  interpreted  as  a  fairly  continuous  succession  of  stony  drift, 
stratified  sands  and  gravels,  and  laminated  sands  and  clays  belonging  to 
two  or  three  different  early  stages  of  accumulation.  On  this  material,  the 
heavy  upper  till  was  laid  down.  These  overlying  deposits  are,  as  a  whole, 
essentially  impervious,  but  the  lower  150  ft.  will  allow  ready  movement  of 
water,  especially  laterally.  This  seems  to  be  indicated  also  by  the  rather 
persistent  occurrence  of  springs  and  soft  wet  places  along  the  creek  bank  at 
about  this  level,  both  above  and  below  the  site. 

Because  of  the  higher  bed-rock  at  the  Olive  Bridge  site,  the  more  uniform 
and  impervious  quality  of  drift  deposits,  the  more  massive  cross-section  of  the 
barrier  of  drift  on  the  north  side  of  the  site,  and  the  glacial  geology  connected 
with  the  development  of  these  features,  that  site  was  considered  the  preferable 
location  for  the  dam  on  Esopus  Creek.  After  the  site  was  selected,  the  rock 
beneath  the  proposed  dam  was  explored  in  detail  by  numerous  core  borings, 
and  the  holes  were  tested  for  the  purpose  of  locating  the  position  and  permea- 
bility of  seams  in  the  rock.  The  bearing  power  and  permanence  of  the  blue- 
stones  and  shales  beneath  the  heavy  masonry  structure  and  the  possibility  of 
creep  of  the  softer  shale  members  were  also  investigated. 

The  Schoharie  Development 

To  complete  the  Catskill  Water  Supply  System,  the  Schoharie  water-shed 
is  being  developed  by  the  construction  of  the  Gilboa  Dam  which  will  form 
the   Schoharie  Reservoir.     From  this  reservoir,  the  water  is  to  be  diverted 
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through  the  Shandaken  Tunnel,  now  under  construction,  and  will  flow  down 
the  channel  of  Esopus  Creek  into  the  Ashokan  Reservoir.  Schoharie  Creek 
lies  on  the  north  side  of  the  divide  from  Esopus  Creek,  in  the  higher  region 
of  the  Catskill  Mountains.  The  Esopus  flows  out  of  the  Catskills  through 
the  southerly  gateway  toward  Kingston,  N.  Y.,  and  the  Hudson  River,  and  the 
Schoharie  flows  north  to  the  Mohawk  River,  near  Amsterdam,  N.  Y. 
The  water-shed,  314  sq.  miles  in  area,  is  similar  in  character  to  that  of  the 
Esopus,  chiefly  steep  mountain  slopes  covered  with  forest  growth.  The 
underlying  rock  consists  of  sandstones  and  shales  through  which  the  18-mile 
Shandaken  Tunnel  is  driven. 

Several  sites  were  investigated  for  the  location  of  a  dam  on  Schoharie 
Creek.  The  controlling  geological  features  in  the  selection  of  such  a  site 
were  the  relation  of  a  deeply  buried  inner  gorge  cut  down  into  bed-rock  by 
the  interglacial  stream  and  the  quality  and  structure  of  the  glacial  drift 
deposits  above  the  rock. 

The  Devasego  Falls  Alternative  Site. — Of  all  the  sites  examined,  that  at 
Devasego  Falls  at  first  appeared  to  be  the  most  promising  from  the  standpoint 
of  economy,  on  account  of  the  favorable  topography.  At  this  location,  a 
ridge  of  glacial  drift  extends  into  the  main  valley  from  the  west  and  seems 
to  have  formed  part  of  a  dam  across  Schoharie  Creek  in  late  glacial  time,  caus- 
ing a  lake  to  form  on  the  up-stream  side  to  the  south.  The  modern  stream  has 
trenched  through  this  drift  ridge,  but  at  this  point  it  is  lodged  far  to  the 
east  side  of  the  valley,  where  it  soon  cut  into  the  rock  of  the  valley  side  and 
is  still  cutting  in  this  narrow  post-glacial  gorge  with  its  inevitable  water 
fall.     This  is  known  as  Devasego  Falls. 

As  the  stream  cut  deeper  and  deeper  through  the  drift  obstruction,  it 
drained  the  lake  and  has  since  carried  out  most  of  the  loose  fine  sediment 
which  formerly  partly  filled  the  basin.  This  easy  erosion,  together  with  the 
usual  tendency  to  meander  where  the  stream  was  free,  has  widened  the  valley 
above  Devasego  considerably,  whereas  the  stream  at  the  proposed  dam  site 
had  become  lodged  in  a  rock  cut  at  one  side  and  the  valley  bottom  was  left 
still  heavily  obstructed  with  drift.  It  was  proposed  at  first  to  take  advantage 
of  this  natural  barrier  of  glacial  drift,  which  crosses  and  almost  closes  the 
valley,  and  to  form  a  reservoir  by  building  a  short  dam  to  close  the  gap  made 
by  the  modern  stream.  As  the  depth  of  water  in  the  reservoir  thus  formed 
would  have  been  nearly  100  ft.,  the  main  question  was  to  determine  the 
degree  of  porosity  of  the  material  in  the  rather  narrow  drift  ridge  which 
would  have  to  retain  the  water.  The  ridge  is  essentially  a  "kame  deposit", 
formed  at  the  edge  of  the  ice  during  a  melting  stage.  The  material  is,  in 
part,  transported  and  assorted  and  must  have  been  laid  down  by  water  flowing 
from  the  mass  of  melting  ice,  and,  in  part,  it  is  residual  till  probably  frozen 
originally  in  blocks  of  ice,  left  to  thaw  in  their  present  position.  The  whole 
is  capped  by  impervious  clay,  a  remnant  of  the  later  lake  deposit.  Formerly, 
the  clay  was  undoubtedly  much  more  extensive,  constituting  the  topmost 
beds  formed  in  the  standing  waters,  but  the  stream  has  carried  it  nearly  all 
away,  except  on  top  of  this  protected  ridge. 
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It  was  anticipated  that  the  mixed  materials  deposited  by  both  water  and 
ice  would  be  in  part  porous  and  in  part  impervious.  This  condition  was 
found  on  examination  of  the  dry  samples  taken  at  frequent  intervals  in  the 
borings.  Furthermore,  the  sandy,  porous  material  and  the  dense,  impervious 
parts  of  the  ridge  were  found  to  lie  in  no  regular  relation  to  each  other. 
At  first,  it  was  hoped  that  these  materials  of  different  qualities  might  be  so 
interlocked  and  so  limited  in  lateral  extent  that  no  strata  of  porous  material 
would  extend  continuously  through  the  ridge.  It  was  observed,  however, 
during  the  drilling  operations  that  the  behavior  of  the  ground-water  was 
unusual.  The  water-table  was  very  low  and  did  not  maintain  even  the 
general  elevation  of  Schoharie  Creek  on  the  up-stream  side  of  the  ridge. 
There  was  also  a  tendency  to  lose  water  below  the  water-table  as  freely  as 
above  it.  As  the  imperviousness  of  the  ground  was  a  vital  factor,  it  was 
decided  to  investigate  further  the  porosity  of  the  material  and  the  under- 
ground circulation  by  pumping  tests.  For  this  purpose,  the  casings  were 
left  in  many  of  the  holes.  Water  was  pumped  into  one  hole  continuously  for 
a  period  and  the  rise  in  the  water  was  noted  in  the  other  holes.  Prior  to 
testing,  all  the  casings  were  lifted  from  the  rock  floor  to  the  first  pervious 
layer,  as  indicated  by  the  original  records  of  each  hole,  and  as  the  casing 
was  raised  the  space  was  plugged  with  clay.  This  prevented  the  water  from 
escaping  down  to  and  into  the  rock  which  was  badly  fissured.  Water  was 
then  pumped  into  a  centrally  located  hole,  and  the  position  of  the  water- 
table  in  the  other  holes  was  ascertained  by  soundings. 

The  geological  sections  previously  developed  by  the  borings  had  indicated 
certain  pervious  zones,  and  the  results  from  the  pumping  tests  confirmed 
the  existence  of  these  zones  and,  in  addition,  made  it  possible  to  trace  them 
more  or  less  successfully  either  to  their  limits  or,  at  least,  to  establish  their 
continuity.  In  general,  a  broad  and  extensive  pervious  zone,  1  000  ft.  wide, 
1  200  ft.  long,  and  30  ft.  thick,  the  top  of  which  is  about  Elevation  1 100, 
was  found  to  extend  in  a  northwesterly  direction,  reaching  through  the  ridge 
to  the  under  strata  of  the  Bearkill.  As  a  result  of  this  investigation,  and 
for  the  additional  reason  that  investigations  at  the  alternative  site  at  Gilboa 
have  shown  decidedly  better  conditions  there,  the  Devasego  site  was  definitely 
abandoned. 

The  Gilboa  Dam. — After  investigating  several  favorable  locations  on 
Schoharie  Creek,  it  was  decided  to  locate  the  dam  at  Gilboa,  N.  Y.,  and 
create  a  storage  reservoir  in  the  valley  of  that  stream.  A  line  of  borings 
across  the  valley  showed  that  the  bed-rock  on  the  east  side  of  the  river  is  thinly 
covered  with  glacial  drift  and  slopes  gently  to  the  west,  and  that  the  west 
side  of  the  valley  is  filled  with  compact  glacial  till  which  fills  the  pre-glacial 
bed-rock  gorge  with  impervious  material.  Although  here,  also,  there  is  a 
much  deeper  old  rock  gorge  beneath  the  drift  of  the  west  side  of  the  valley, 
the  natural  obstruction  now  filling  it,  represented  by  the  clay  and  till,  is 
so  effective  a  barrier  that  advantage  can  be  taken  of  it  in  constructing  the  dam. 

At  Gilboa  (Fig.  5),  as  at  Olive  Bridge  on  Esopus  Creek,  the  present 
stream  flows  in  a  new  rock  channel  in  the  side  of  the  valley,  made  since  the 
ice   of  the  glacial  period  withdrew,  and  the  old  channel  is  buried  under  a 
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great  load  of  compact  material.  This  is  the  ideal  location  for  a  dam  in 
glaciated  regions,  but  it  is  seldom  that  better  conditions,  even  of  this  kind, 
are  found  than  those  presented  at  Gilboa.  To  meet  the  conditions,  the  dam 
at  Gilboa  will  consist  of  a  masonry  section  of  Cyclopean  concrete  founded  on 
rock  in  the  present  stream  and  the  east  end,  and  will  join  the  till  barrier 
of  the  west  bank  by  means  of  a  substantial  earth  dam  with  a  core-wall  deeply 
seated  in  the  compact  earth.  As  the  form  of  the  valley  is  a  deep  and  narrow 
trench,  the  masonry  section  of  the  dam  will  be  constructed  as  an  over-fall 
spillway.  The  down-stream  face  will  be  made  in  large  steps  faced  with 
natural  stone.  The  face  of  the  Ashokan  Dam  is  formed  of  concrete  blocks. 
The  durable  bluestone  bed-rock  of  the  gently  sloping  east  bank  will  be  stripped 
to  form  the  over-flow  channel,  and  the  water  will  thus  flow  down  the  dip 
slope  of  the  beds,  parallel  with  the  face  of  the  dam,  discharging  into  the  gorge. 

At  the  several  quarries  investigated,  there  are  beds,  2  to  3  ft.  thick,  suitable 
for  supplying  blocks  for  the  facing  of  the  dam.  In  a  general  way,  all  of 
them  are  more  quartzose  than  the  average  bluestone  and  some,  therefore, 
are  more  nearly  related  to  quartzites  than  to  the  simpler  bluestones  such  as 
were  used  for  the  blocks  in  the  Cyclopean  masonry  of  the  Olive  Bridge  Dam. 
There  are  no  constituents  that  readily  decay  or  develop  stain  or  are  likely 
to  exhibit  weakness.  The  mineral  composition  is  as  stable  as  the  constituents 
of  the  best  types  of  rocks. 

The  rock  has  a  roughly  granular  structure  and  undoubtedly  was  a  very 
granular  accumulation  when  it  was  deposited.  Microscopic  examination,  how- 
ever, discloses  that  many  of  the  original  grains  are  fragments  of  rock  rather 
than  fragments  of  simple  minerals,  and,  therefore,  are  complex  in  their  own 
structural  make-up  and  mineralogy,  each  fragment  containing  quartz,  sericite, 
and  sometimes  chlorite.  This  fact  makes  the  rock  look  more  complex  than  the 
usual  sandstone,  but  all  the  fragments  are  of  durable,  firm  materials  and  no 
detrimental  quality  is  introduced  by  the  fact  of  their  complex  structure.  It 
would  be  difficult  to  find  better  rock  for  exposed  structures  than  the  bluestones 
of  the  Catskills.  Even  a  granite  resists  weathering  no  better,  and  some  varie- 
ties of  granite,  because  of  their  different  structure,  are  not  as  durable. 

Location  of  the  Catskill  Aqueduct 

In  the  early  investigations  of  a  water  supply  for  New  York  City,  sources 
east  of  the  Hudson  River,  as  well  as  the  ground-waters  of  Long  Island,  were 
considered.  As  these  studies  were  extended,  it  became  evident  that  the  streams 
of  the  Catskill  Mountains  were  the  best  available  sources.  A  storage  reservoir 
site  of  great  promise  was  shown  to  exist  at  Ashokan,  and  rather  early  in  the 
studies  it  became  evident  that  the  aqueduct  must  start  from  the  Ashokan 
Basin.  The  problem  was  one  of  conveying  a  large  quantity  of  water  from 
the  Esopus  water-shed  to  New  York  City.  It  was  also  necessary  to  develop 
a  considerable  storage  basin  near  the  city,  on  the  line  of  the  aqueduct,  and, 
for  this,  the  Kensico  Eeservoir  site  was  selected. 

The  r^ion  traversed  by  the  aqueduct  may  be  divided,  for  convenience,  into 
the  following  districts : 
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(1)  The  elevated  easterly  margin  of  the  Catskill  Plateau,  extending  from 
the  Ashokan  Reservoir  to  the  Rondout  Valley; 

(2)  A  part  of  the  Great  Appalachian  Yalley,  extending  from  the  Rondout- 
Esopus  border  of  the  Catskill  Mountains  to  the  Highlands  of  the  Hudson ; 

(3)  The  mountainous  Hudson  Highlands; 

(4)  The  Piedmont  region  of  Westchester  County,  south  of  the  Highlands, 
extending  to  Long  Island  Sound;   and 

(5)  Part  of  the  Coastal  Plain,  represented  by  Long  Island. 

Each  of  these  types  of  country  presented  problems  peculiar  to  its  own 
structure  and  history,  so  that  a  great  variety  of  factors  is  involved.  The  type 
of  structure  selected  and  economy  required  that  as  much  of  the  aqueduct  as 
possible  should  be  constructed  on  the  hydraulic  grade,  but  where  the  country 
rises  above  the  hydraulic  grade,  it  was  clear  that  such  heights  must  be 
penetrated  by  tunnels  at  grade,  whereas  valleys  or  depressions  could  be  crossed 
by  pressure  tunnels  at  considerable  depth  in  sound  rock. 

Geologic  Features  Affecting  Location. — The  geologic  factors  entering  into 
the  location  of  the  aqueduct  take  into  account  such  large  features  as  the 
structural  basis  and  origin  of  the  topography  with  its  variety  of  relief  forms, 
modifications  of  drainage,  and  changes  in  topography  due  to  glaciation,  the 
genera"  structural  trend  of  the  formations,  with  their  attendant  folds,  faults, 
joints,  cleavage,  and  the  general  physical  condition  of  the  rocks  of  the  region. 
All  these  geological  factors  contribute  to  an  understanding  of  the  present 
and  former  topography  and  the  general  rock  condition  and  behavior  of  the 
ground.  They  affect,  therefore,  the  general  problem  of  location.  For  example, 
the  Tertiary  peneplain  in  its  gradual  descent  from  the  inland  country  toward 
the  sea  practically  fixes  the  hydraulic  grade  across  the  broad  tracts  bordering 
the  Hudson  River.  In  like  manner,  the  trend  of  formational  structure  is 
in  direct  control  of  the  courses  of  the  valleys  and  ridges,  and  thus,  also, 
governs  the  choice  of  possible  courses  the  aqueduct  might  follow. 

The  first  aqueduct  route  to  be  investigated  began  at  the  east  end  of 
Ashokan  Reservoir  near  West  Hurley,  N.  Y.  Shortly  after  this  line  was  sur- 
veyed, detailed  studies  showed  that  a  change  in  the  out-take  of  the  reservoir 
from  the  location  studied  near  West  Hurley  at  the  east  end  to  a  point  near  the 
Olive  Bridge  Dam  had  certain  advantages  in  the  operation  of  the  aqueduct. 
In  addition,  the  shifting  of  the  line  farther  west  made  available  certain 
topographic  features  favorable  to  its  location.  Investigations  by  borings 
in  the  Hudson  River  near  New  Hamburg,  N.  Y.,  early  established  the  fact  that 
the  rock  gorge  there  is  very  deep.  Furthermore,  on  the  New  Hamburg  route, 
a  crossing  of  the  Hudson  Valley  from  the  vicinity  of  Marlboro,  N.  Y.,  to 
the  Highlands  near  Fishkill  Village,  would  have  required  a  pressure  tunnel 
about  9  miles  long,  penetrating  the  limestone  beneath  the  river.  The 
uncertainties  of  behavior  of  the  limestone  under  siich  conditions  early 
led  to  suspicion  of  all  lines  along  which  these  dubious  formations  were 
prominent.  In  addition,  several  faults  would  have  to  be  crossed  by  such  a 
tunnel,  and  it  was  believed  that  some  of  them  might  prove  to  be  troublesome 
either  in  construction  or  maintenance.  Consequently,  attention  was  called 
to  the  possible  advantages  of  crossing  the  stream  between  Storm  King  and 
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Anthony's  Nose  where  the  old  crystalline  rocks  of  the  Highlands  assured 
a  much  i5rmer  medium  for  a  tunnel  and  the  avoidance  of  most  of  the  uncer- 
tainties and  known  difficulties  of  the  New  Hamburg  route. 

Choice  of  the  Storm  King  Line. — The  work  of  exploration  was  finally 
concentrated  at  Storm  King  on  the  northern  margin  of  the  Highlands,  where 
the  river  was  narrow,  the  rock  sound,  and  the  conditions  generally  favorable 
for  deep  shafts.  Preliminary  to  the  adoption  of  this  location,  four  lines 
were  investigated,  namely,  the  Storm  King,  the  Little  Stony  Point,  the  West 
Point,  and  the  Anthony's  Nose  lines. 

The  objection  to  the  Anthony's  Nose  line  was  that  a  great  part  of  the  route 
through  the  Highlands  would  be  in  tunnel,  with  several  deep  shafts,  in  places 
far  back  in  the  hills  difficult  to  reach,  with  a  long  pressure  tunnel  beneath 
the  river  itself.  On  the  West  Point  line,  although  the  river  is  only  2  100  ft. 
wide,  the  distance  between  hydraulic  grade  points  is  1.6  miles.  Furthermore, 
a  wide  crush  zone  and  a  belt  of  ancient  limestones  are  believed  to  lie  beneath  the 
river,  which  was  judged  to  be  less  favorable  for  tunneling  than  a  more  substan- 
tial rock.  The  Little  Stony  Point  line  had  the  disadvantage  of  requiring  some 
cut-and-cover  on  the  west  side  of  the  river,  in  glacial  drift,  along  an  exceedingly 
steep  mountain  side,  where  land  slides  of  soft  material  might  endanger  the 
stability  of  the  aqueduct.  On  the  route  finally  chosen  at  Storm  King,  the 
river  is  2  900  ft.  wide,  with  excellent  rock  on  both  shores.  Favorable  and 
accessible  shaft  sites  near  the  edge  of  the  river  were  an  important  advantage 
in  this  location,  and  the  "cut-and-cover"  country  on  the  east  side  of  the 
river  through  Breakneck  Valley  made  for  additional  economy.  The  deter- 
mination of  the  depth  to  bed-rock  under  the  river  was  a  critical  problem 
by  any  route,  as  that  depth  would  control  the  depth  of  the  pressure  tunnel. 
It  thus  became  practical  to  concentrate  work  at  a  definite  point  so  that  this 
investigation  could  be  made.  Boring  operations  for  this  purpose,  in  the  gorge 
of  the  Hudson,  were  carried  on  for  about  two  years.  This  location  is  described 
subsequently  in  more  detail. 

After  the  Hudson  River  crossing  was  once  established,  the  route  to  the 
south  of  it  became  fairly  well  fixed,  the  first  objective  being  Kensico  Reservoir 
and  the  second  one,  Hill  View.  The  controlling  features  were  the  topography 
of  the  region  and  the  economy  of  the  project.  No  sufficiently  objectionable 
conditions  were  found  to  warrant  great  changes  of  course  after  it  was  once 
laid  out.  South  of  Hill  View,  however,  within  New  York  City  proper,  many 
alternatives  were  presented,  which  required  detailed  study  and  exploration. 
This  part,  which  is  known  as  the  City  Tunnel,  is  discussed  subsequently  in 
more  detail. 

CUT-AND-CoVER   AqUEDUCT   SoUTH   OF  ASHOKAN  ReSERVOIR 

From  the  main  head-works  of  the  Ashokan  Reservoir  at  Brown's  Station, 
N.  Y.,  the  aqueduct  follows  the  post-glacial  valley  of  the  Beaverkill,  along  a 
drumlin,  as  a  cut-and-cover  structure  as  far  as  the  gorge  of  Esopus  Creek 
which  cuts  at  right  angles  to  the  course  of  the  aqueduct.  On  the  north  side  of 
this  gorge,  a  boring  was  made  to  determine  the  depth  to  the  bluestone  ledge 
which  outcrops  in  the  stream  bed  and  across  the  valley  of  the  creek  to  the  south. 
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It  was  expected  that  this  valley  would  be  crossed  by  a  pressure  tunnel 
deep  in  the  rock,  but  as  the  borings  in  the  north  bank  showed  that  the  bed- 
rock was  deep  and  sloped  downward  to  the  north  beneath  the  drift  hills  into 
the  buried  gorge  of  the  pre-glacial  Esopus,  the  plan  for  a  tunnel  was  abandoned, 
as  the  down-take  shaft  would  be  in  earth  to  a  prohibitive  depth.  A  steel  pipe 
siphon,  therefore,  was  adopted  instead  of  a  tunnel  in  rock,  for  the  crossing 
of  the  Esopus  trench. 

An  inspection  of  the  topographic  map,  particularly  at  Elevation  500, 
shows  that  the  south  side  of  the  Esopus  Yalley,  for  a  distance  of  several 
miles  south  of  Ashokan  Dam,  is  much  smoother  and  less  broken  by  tributary 
gullies  than  the  north  side.  This  difference  is  due  largely  to  the  effect  of 
glacial  action  in  smoothing  the  south  bank  in  the  southwestward  movement 
of  the  ice  during  the  main  ice  advance,  whereas  the  roughness  of  the  north 
bank  is  due  to  the  gullying  action  of  the  glacial  waters  discharging  from 
the  northeast  into  the  Esopus  gorge  in  the  retreat  or  melting  stage  of^  the 
ice.  Because  of  this  greater  smoothness  of  contour,  the  south  side  of  the 
valley  was  chosen  for  the  location  of  the  aqueduct.  The  only  considerable 
depression  on  this  line  for  several  miles  is  the  gully  of  Tongore  Creek  near 
Davis  Corners,  N.  Y.,  where  a  pronounced  trench  is  cut  in  the  glacial  till  by 
waters  discharging  from  the  drift-filled  valley  to  the  southwest.  It  was  crossed, 
as  in  the  case  of  Esopus  Creek,  by  a  short  steel  pipe  siphon. 

At  the  "Atwood  Cliffs",  still  farther  south,  the  aqueduct  was  carried  along 
the  face  of  the  precipitous  escarpment  for  900  ft.  with  a  deep  cut  in  the 
rock.  In  the  much  jointed,  horizontally  bedded  shales  and  bluestones  of 
the  Hamilton,  which  form  the  bed-rock  in  this  section  of  the  line,  it  was 
found  that  the  explosives  used  shattered  the  rock  so  badly  that  the  trench 
broke  wider  than  had  been  expected,  thus  increasing  the  work  involved, 
particularly  where  the  surface  material  was  affected  considerably  by  weathering. 

Peak  Tunnel  was  driven  through  the  bold  hill  at  the  point  of  leaving 
the  Esopus  Valley,  thus  making  a  short-cut  course  to  the  much  smoother 
country  along  the  edge  of  the  Hamilton  escarpment  which  forms  the  westerly 
margin  of  Eondout  Valley.  Eor  the  cut-and-cover  portion  south  of  Peak 
Tunnel,  hard,  well  compacted,  glacial  till  was  encountered,  which  was  suc- 
cessfully excavated  to  the  narrow  base  and  steep  slopes  prescribed,  effecting 
a  material  saving  over  the  wider  trench  in  the  horizontally  bedded  and 
weathered  rock  north  of  Atwood,  N.  Y.  At  the  southeasterly  end  of  this 
stretch  of  cut-and-cover  construction,  the  Rondout  Valley  is  reached,  and  a 
pressure  tunnel  in  bed-rock  was  adopted  for  this  crossing. 

General  Considerations  Relating  to  Design  of  Pressure  Tunnels 

Of  all  the  types  of  aqiieduct,  the  pressure  tunnel,  perhaps,  was  given  the 
most  study,  as  there  was  no  precedent  for  tunnels  operating  under  such 
high  heads.  Pressure  tunnels  had  been  used  to  some  extent,  but  none  of 
them  was  subjected  to  an  unbalanced  head  much  greater  than  100  ft.,  whereas 
on  the  Rondout  Pressure  Tunnel  the  unbalanced  head  is  about  400  ft.  and 
the  ground-water  head  on  the  Hudson  Pressure  Tunnel  is  1 100  ft.  when  the 
tunnel  is  empty.  The  pressure  tunnels  are  designed  with  vertical  waterway 
shafts  and  a  tunnel  deep  in  the  rock  to  carry  the  water  from  one  side  of  the 


24  ENGINEERING  GEOLOGY,  CATSKILL  WATER  SUPPLY 

valley  to  the  other.  The  strength  and  water-tightness  of  the  rock  is  mainly 
depended  on  to  retain  the  water  without  undue  loss.  The  tunnel  excavation, 
which  is  circular  in  form,  is  lined  with  concrete,  to  serve  not  only  as  a 
support  to  the  rock  and  to  provide  a  high  coefficient  of  flow,  but  also  to 
obstruct  the  escape  of  water  from  the  tunnel.  This  last  function  of  the 
concrete  is  aided  by  grout,  which  was  forced  under  high  pressure  into  all 
openings  between  the  concrete  and  the  rock  and  also  into  all  water-bearing 
joints  and  porous  openings  of  the  rock  itself,  within  reach  of  the  operation. 
The  concrete  lining,  therefore,  supplemented  by  the  grout  filling  of  all  adjacent 
spaces  is  depended  on  to  make  a  reasonably  water-tight  conduit.  The 
advantages  of  this  type  of  construction  may  be  enumerated  as: 

(1)  Great  permanence; 

(2)  Very  low  maintenance  cost; 

(3)  Cheaper  original  cost  than  any  other  equally  efficient  conduit;  and 

(4)  Convenience  in  operation. 

The  last  two  considerations  may  be  illustrated  by  the  18  miles  of  pressure 
tunnel  in  ISTew  York  City  where  sixteen  lines  of  steel  pipe  of  large  diameter 
would  have  been  required  to  carry  and  distribute  a  supply  equivalent  to  the 
single  pressure  tunnel. 

Permanence  is  a  matter  that  has  been  most  carefully  considered.  In  the 
case  of  other  pressure  tunnels  where  relatively  low  pressures  have  been  used, 
the  rocks  are  stable  and  little  disturbed  by  folding  and  faulting.  In  the 
country  traversed  by  the  Catskill  Aqueduct,  serious  local  movements  have 
disturbed  the  strata,  but  the  rocks  are  generally  of  such  an  insoluble  and 
permanent  character  that  there  is  little  fear  of  their  deterioration.  This  sound 
character  of  the  rock  is  a  decidedly  favorable  condition.  It  appears  also  that 
the  lower  New  York  region  is  now  comparatively'  stable  as  compared  with 
most  of  the  Rocky  Mountain  or  Pacific  Coast  regions.  One  must  recognize 
that  movement  might  occur  here,  or  for  that  matter  anywhere  else;  but  few 
known  regions  have  so  little  evidence  of  recent  disturbance  as  this,  although 
in  an  earlier  period  such  movements  were  common  and  extensive.  Some  of 
the  most  important  effects  of  these  earlier  disturbances  may  now  be  seen  in 
the  faults  and  crush  zones  encountered  in  many  places.  At  such  points,  the 
rock  is  much  weaker  than  usual  and  is  also  less  stable  during  and  after 
construction,  and,  furthermore,  it  is  believed  that  if  a  new  movement  should 
affect  the  region,  it  would  be  likely  to  follow  some  of  these  old  weaknesses. 
Therefore,  the  line  with  the  fewest  known  faults  is  the  most  desirable,  not 
only  because  of  the  wish  to  avoid  bad  ground,  but  also  because  of  possible 
further  shifting. 

In  order  to  prevent  bursting  of  the  tunnel  subjected  to  high  pressures, 
which  would  result  in  leakage  and  loss  of  water,  it  is  essential  that  the 
rock  be  strong  enough  to  meet  the  severe  demand  made  on  it.  Therefore, 
a  proper  understanding  of  the  condition  of  the  rock  became  of  prime  im- 
portance. Zones  of  disturbance,  or  decay  of  the  rock,  and  zones  of  weakness 
induced  by  deformation  were  carefully  considered.  It  was  deemed  to  be 
very  important  to  place  the  tunnel  at  an  adequate  depth  beneath  the  surface 
of  sound  rock  in  order  to  escape  the  influence  of  superficial  weaknesses.    There- 
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fore,  in  all  cases,  a  cover  of  not  less  than  150  ft.  of  sound  rock  was  provided, 
except  for  comparatively  light  heads. 

The  circular  shape  was  adopted  for  pressure  tunnels  and  permanent  shafts, 
because  of  the  external  pressure  to  which  they  may  be  subject,  in  places,  when 
the  tunnel  is  under  construction  or  out  of  service.  The  pressure  from  ground- 
water depends  on  the  relative  porosity  of  the  rock  and  the  concrete.  Thus, 
with  a  tight  lining  arid  porous  rock,  the  lining  would  receive  nearly  the 
full  ground-water  head;  whereas,  with  a  tight  rock  and  an  equally  impervious 
lining,  the  lining  would  get  little  pressure.  It  was  thought  that  porous 
or  seamy  rock  would  be  made  tight  by  grouting  and  that  the  rock  itself 
would  constitute  the  main  reliance  against  inward  or  outward  leakage.  The 
lining  of  the  tunnel  was  made  of  such  thickness  as  to  withstand  the  static 
ground-water  head  and  the  grouting  pressure,  and  the  grouting  of  all  openings 
back  of  the  concrete  lining  was  depended  on  to  cut  off  outward  leakage. 
This  provision  is  very  important,  as  water  can  escape  wherever  it  can  enter  a 
tunnel  and  in  much  greater  quantities,  because  the  unbalanced  heads  producing 
outward  flow  from  the  full  aqueduct  under  pressure  are  much  greater.  Ground- 
water pressures  of  20O  to  475  lb.  per  sq.  in.  have  been  measured  by  means  of 
gauges  applied  to  grout  pipes  in  the  tunnels. 

The  Eokdout  Pressure  Tunnel 

The  comparatively  low  Eondout  Valley  is  crossed  by  a  pressure  tunnel 
4J  miles  long,  which  was  driven  from  eight  working  shafts  about  500  ft. 
below  the  general  floor  of  the  valley.  The  tunnel  has  an  inside  diameter  of 
14J  ft.,  and  the  concrete  lining  averages  22  in.  in  thickness.  The  excavation 
averaged  about  10  cu.  yd.  per  lin.  ft. 

Summary  of  the  Rondout  Prohlem. — The  main  problem  presented  in  the 
study  of  the  tunnel  location  related  to  the  proper  depth  of  the  tunnel  in  the 
rock,  which,  in  turn,  was  influenced  by  the  location  and  depth  of  the  pre- 
glacial  drift-filled  gorges,  and  the  attitude  of  the  several  rock  formations 
penetrated,  especially  the  location,  thickness,  and  inclination  of  the  Shawan- 
gunk  grit  with  reference  to  its  intersection  by  the  tunnel.  General  studies 
and  explorations,  made  to  determine  the  choice  of  tentative  lines  crossing 
the  valley  at  a  number  of  places  between  Hurley  and  High  Falls,  showed  that 
the  geological  formations  at  the  location  chosen  were  less  disturbed  by  fold- 
ing and  faulting  than  at  any  other  part  of  the  entire  valley,  and  other  con- 
siderations made  the  High  Falls  location  the  most  desirable.  A  comparison 
of  the  cost  of  rock  tunnels  with  the  cost  of  pipe  lines  and  other  structures, 
showed  the  tunnels  to  be  the  cheapest,  even  with  shafts  more  than  1 000 
ft.  deep  and  allowance  for  special  construction  in  case  unusually  bad  ground 
should  be  encountered. 

Earlier  exploratory  borings  in  the  valley  at  Hurley  revealed  the  rock  in 
the  bottom  of  the  same  ancient  valley  at  a  depth  of  70  ft.  below  sea  level,  and 
showed  that  it  is  overlaid  by  a  layer  of  sand  about  220  ft.  in  thickness.  This 
valley,  following  the  Hamilton  escarpment  along  the  easterly  margin  of  the 
Catskills,  is  bottomed  by  the  Onondaga  limestone.  The  line  was  finally 
moved  several  miles  farther  south,  beyond  the  reach  of  the  Esopus  proper, 
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where  a  much  heavier  drift  cover  badly  obscures  the  topography  of  the  rock 
floor.  From  a  study  of  the  outcrops,  applying  the  recognized  principles  of 
erosion  effects  on  dipping  strata,  it  vpas  expected  that  the  borings  on  the 
crossing  at  High  Falls  would  discover  a  gorge  in  a  corresponding  position 
along  the  westerly  margin  of  the  valley  at  the  border  of  the  Hamilton  flag 
formation.  This  was  indeed  the  case.  In  addition,  another  gorge  Avas  dis- 
closed by  the  borings  near  the  middle  of  the  valley,  deeply  buried,  and  so 
masked  by  deposits  of  glacial  drift  that  its  existence  is  not  indicated  in  the 
present  relief. 

The  first  general  geological  cross-section  of  the  valley,  however,  based  on 
surface  indications,  was  a  fairly  close  approximation  to  the  structure  finally 
developed  in  much  more  detail  by  the  borings.  Two  buried  pre-glacial  stream 
gorges,  and  the  fact  that  the  rock  in  places  was  broken  by  faulting  and  was 
porous,  controlled  the  depth  of  the  tunnel.  Near  the  east  end  of  the  tunnel, 
also,  a  fold  involving  the  very  hard  Shawangunk  grit  made  it  desirable  to 
place  the  tunnel  so  deep  that  it  would  pass  beneath  the  grit  and  lie  entirely 
in  the  more  easily  excavated  Hudson  River  shale  below. 

The  geologic  complexity  of  this  valley  is  due  chiefly  to  the  number  and 
variety  of  rock  formations,  including  many  beds  of  limestone,  shale,  and 
grit,  and  to  their  folded  and  faulted  condition.  On  these  strata  of  different 
resistances  to  erosion,  a  topography  consistent  with  the  detail  of  the  structure 
has  been  developed.  Where  the  more  indestructible  beds,  such  as  the  Shawan- 
gunk grit  occur,  there  are  ridges,  and  where  the  less  resistant  beds  form  the 
floor,  erosion  has  cut  deeper  and  there  are  valleys.  The  relief  features  of  the 
rock  floor,  chiefly  erosion  channels,  represent  the  work  of  streams  due  to  the 
uplift  preceding  the  Ice  Age.  These  minor  features,  however,  are  much 
obscured  by  the  drifH  It  is  these  later  channels,  especially  their  great  depth, 
that  became  critical  factors  in  determining  the  depth  of  the  tunnel.  The 
following  formations  are  penetrated  by  the  Rondout  Tunnel,  the  Hamilton 
flags  being  at  the  top  on  the  west  side  of  the  valley,  and  the  Hudson 
shales,  the  lowest  of  the  series,  being  on  the  east  side  of  the  valley: 

Thickness, 
in  feet. 

Hamilton  flags  and  Marcellus  shales TOO 

Onondaga    limestone    200 

Esopus  gritty  shales   800 

Oriskany  sandstone  (not  separately  developed) 

Port     Ewen     shaly     limestone,     including     the     Oriskany 

transition 200 

Becraf t  crystalline  limestone  75 

New   Scotland  shaly  limestone 100 

Coeymans  limestone 75 

Manlius     limestone,     including    the     Cobleskill,     and     the 

Eosendale  and  Rondout  cement  beds 100 

Binnewater    sandstone 50 

High  Falls  shale,  including  thin  limestone  layers 75 

Shawangunk   conglomerate 300 

Hudson  River  slates;  thickness  unknown,  probably  more 

than 2  000 

Approximately    4  775 
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Factors  Affecting  the  Tunnel  Grades. — The  tunnel  profile  was  fixed  by  the 
f 0 1 1  o  w  i  ng  requirements : 

(1)  To  pass  beneath  the  buried  Kripplebush  Gorge,  at  the  west  side 

of  the  valley,  with  a  sufiicient  rock  cover; 

(2)  To  pass  safely  under  the  buried  Eondout  Gorge,  near  Station  500, 

in  the  center  of  the  valley; 

(3)  To  avoid,  as  far  as  possible,  the  Shawangunk  grit,  in  the  Coxing- 

kill  syncline,  at  the  east  side  of  the  valley; 

(4)  To   pass   through   the   porous    Binnewater   sandstone    in    as    short 

a  distance  as  possible; 

(5)  To  drive  up-hill  at  a  high  angle  through  the  heaviest  water-bearing 

members  for  the  purpose  of  draining  the  water  away  from  the 
heading ; 

(6)  To  avoid  driving  up-hill  on  grades  of  more  than  2%  where  lower 

grades  are  possible;  and 

(7)  To  have  the  entire  tunnel  drain  toward  the  sump  at  the  drainage 

shaft  near  Rondout  Creek. 

These  requirements  were  met  by  placing  the  northerly  half  of  the  tunnel 
at  Elevation  — 100  in  tlie  vicinitj^  of  the  most  porous  strata.  There,  a  15% 
incline  through  the  wet  ground  connects  with  the  southerly  half  which  was 
put  at  Elevation  —  250  so  as  to  keep  the  tunnel  below  the  Shawangunk  grit 
and  in  the  Hudson  River  shales. 

Question  of  Soluhility  of  Limestones. — The  question  of  the  possible  solu- 
bility of  the  limestones  was  considered  with  great  care.  Certain  caverns,  due 
to  the  solution  of  these  limestones,  can  be  seen  at  the  surface,  and  others  were 
indicated  by  the  borings,  and  it  seemed  not  improbable  that  many  solution 
channels  may  have  been  formed  in  earlier  times  to  considerable  depth  in  both 
the  Onondaga  and  the  Helderberg  limestones.  Fig.  6  is  a  view  in  the  Rondout 
Siphon  Tunnel,  which  shows  the  solution  effects  on  bedding  planes  of  Helder- 
berg limestone,  causing  wild  breakage  at  "mud  seams",  requiring  7  ft.  of 
concrete  in  the  roof. 

If  these  limestones,  which  have  proven  to  be  soluble  when  exposed  to 
ordinary  meteoric  water  circulation,  should  yield  in  the  same  way  to  the 
tunnel  waters,  not  only  would  the  concrete  lining  be  subject  to  disintegration, 
but  the  supporting  rock  immediately  outside  of  them  might  be,  in  part, 
removed  and  the  escape  channels  enlarged,  seriously  increasing  the  loss  of 
water  from  the  tunnel.  These  considerations  led  to  the  tunnel  being  placed 
below  the  zone  most  affected  by  surface-water  circulation,  avoiding  as  far  as 
possible  the  most  susceptible  strata.  It  led  also  to  the  rejection  of  limestone 
aggregate  in  the  concrete  lining. 

Factors  Affecting  Construction. — Under  the  subject  of  design,  the  general 
condition  of  the  rocks  of  this  region  and  their  structural  relations  have  been 
discussed.  The  hard  or  soft  character,  porous  or  fractured  condition,  and 
resultant  permeability,  the  chemical  changes  to  which  they  have  been  sub- 
jected, all  have  a  bearing  on  the  methods  of  tunnel  driving  and  the  design  of 
tunnel  adopted.  Although  the  rocks  are  mostly  hard,  durable,  and  sound, 
the  earth  movements  to  which  they  have  been  subjected  have  resulted  in  the 
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formation  of  folds,  joints,  occasional  faults,  and  crush  zones.  Such  condi- 
tions may  result  unfavorably  by  causing  an  unsafe  roof  in  places,  requiring 
scaling  or  the  use  of  temporary  wooden  timber  or  even  permanent  steel  roof 
support.  In  other  cases,  small  folds  or  intersecting  fracture  planes  produce 
blocky  and  caving  ground.  In  the  soluble  limestones,  the  circulation  of  under- 
ground water  tends  to  dissolve  parts  of  the  beds  and  to  produce  openings  by 
the  enlargement  of  joint  planes,  with  the  result  that  the  rock  is  weakened 
and,  in  places,  cavernous.  Conditions  such  as  these  required  enlargement  of 
the  excavation  in  unsound  rock,  reduced  the  speed  of  excavation  and  the 
placing  of  concrete,  and,  in  a  few  places,  introduced  an  added  cost  for  steel 
or  timber  roof  support. 

Since  the  lining  has  been  placed,  an  opportunity  has  been  given  to 
observe  the  effect  of  ground-water  on  the  concrete.  The  concrete  shows  no 
tendency  to  deteriorate  and  tests  of  the  aqueduct  in  service  have  shown  the 
pressure  tunnels  to  be  tight  against  outward  leakage. 

The  Rondout  Pressure  Tunnel  affords  a  good  illustration  of  the  influence 
of  underground  conditions  on  the  progress  of  tunnel  work.  Fig.  8  is  a  progress 
diagram  of  the  Eondout  Tunnel  and  illustrates  the  influence  of  adverse 
geological  conditions  on  the  progress  of  the  work.  Where  the  rock  was  fairly 
uniform  in  quality,  as  in  the  shales  and  limestones,  rapid  and  consistent 
progress  was  made  in  excavating,  the  average  progress  in  these  rocks  being 
350  ft.  per  month.  Because  of  the  hardness  of  the  rock,  the  progress  in 
driving  through  the  Shawangunk  grit  was  much  slower,  averaging  160  ft. 
per  month.  The  longest  delay  in  the  construction  of  this  tunnel  was  at 
Shaft  4  and  in  the  tunnel  between  Shafts  3  and  4.  The  difficulties  there 
were  due  to  the  large  inflow  of  water  in  the  Binnewater  sandstone  and  High 
Falls  shale.  Shaft  4  was  flooded  several  times  and  the  sinking  of  it  was 
delayed  about  a  year  on  account  of  the  troubles  caused  by  water.  An  account 
of  the  sinking  of  this  shaft  has  been  given  in  a  paper*  by  John  P.  Hogan, 
M.  Am.  Soc.  C.  E. 

The  large  mud  seams  and  broken  cavernous  ground  encountered  in  excavat- 
ing the  tunnel  south  of  Shaft  3  necessitated  special  methods  in  driving  and 
lining.  Special  provisions  were  made  there  for  reinforcing  the  tunnel  with  a 
steel  shell.  These  extra  precautions  and  the  provisions  made  for  curing  the 
natural  weaknesses  caused  much  additional  delay.  Hj'drogen  sulphide  gas  in 
the  Binnewater  sandstone  and  High  Falls  shale  made  it  difficult  for  men  to 
work,  as  their  eyes  were  affected  by  the  gas,  and  to  remedy  this  trouble,  ventila- 
tion by  blowers  was  provided.  The  acid  water  and  gas  also  attacked  the  switch- 
board equipment  of  the  electric  pumps,  making  special  protection  necessary. 

Fig.  7  is  a  view  in  the  Rondout  Pressure  Tunnel,  which  shows  the  wet 
ground  encountered  in  the  High  Falls  shale  and  the  Binnewater  sandstone 
where  these  rocks  were  penetrated  by  the  tunnel  at  the  overthrust  fault  near 
Shaft  4. 

Although  the  water-bearing  beds  on  the  incline  gave  so  much  trouble,  most 
of  the  water  entered  in  a  stretch  only  175  ft.  long,  half  way  up  the  incline 

*  "Sinking  a  Wet  Shaft",  Transactions,  Am.   Soc.  C.  E.,  Vol.  LXXIII    (1911),  p.  398. 


F^G.  6. — View  in  Rondout  Siphon  Tunnel,  Showing  Solution  Effects  on  Bedding 
Planes  of  Helderbeeg  Limestone. 


Fig.   7. — View  in  Rondout  Pressure  Tunnel,  Showing  Wet  Ground  in  High  Falls 
Shale  and  Binnewater  Sandstone. 
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Shafts   PROGRESS  OF  SHAFT  EXCAVATION  6  MONTHS 
AFTER   BEGINNING  OF  WORK 
Completed  excavation  shown  in  solid 
black  thus     j 
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PROGRESS  OF  SHAFT  EXCAVATION  30  MONTHS 

AFTER   BEGINNING  OF  WORK 

Stretch  on  incline  between  Shafts  3  and  4 

completed  4  months  later 


DIAGRAMS  SHOWING  PROGRESS  OF  EXCAVATION 
RONDOUT  PRESSURE  TUNNEL 

The  slow  progress  in  sinking  Shaft  4.  and  in  excavating  the 
Tunnel  between  Shafts  3  and  4.  was  due  to  (1)  The  excessive 
quantity  of  water  encounteI:ed.(2)  the  effects  of  HoS  Gas  and 
(3)the  Crushed  and  Broken  Ground  Penetrated  in  the  Tunnel 

F^G.   8. 
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in  the  High  Falls  shale,  where  these  beds  were  much  distorted  along  a  strong 
thrust  fault  which  seemed  to  furnish  the  way  of  escape  for  all  the  overlying 
porous  beds.  To  prevent  outward  leakage  from  the  tunnel  which  is  subject  at 
this  point  to  a  head  of  about  700  ft.,  the  concrete  lining  was  made  3  ft.  thick. 
This  lining  was  placed  inside  a  steel  shell  to  protect  the  concrete  during  placing 
and  setting.  Dry  packing  placed  outside  the  steel  was  grouted  and  the  sur- 
rounding porous  rock  was  impregnated  with  grout  under  high  pressure.  The 
water  entering  the  tunnel  just  before  closing  all  leakage  in  this  stretch 
amounted  to  1  000  gal.  per  min.  Ground-water  was  drawn  down  to  Elevation 
—  55,  and  after  all  pumping  was  stopped,  it  took  40  days  to  restore  it  to  Eleva- 
tion -\-  65,  a  rise  of  120  ft.,  representing  a  volume  in  the  tributary  underground 
reservoir  of  64  000  cu.  ft.  per  vertical  foot.  In  the  earlier  stages  of  construc- 
tion, the  inflow  was  much  heavier,  reaching  a  maximum  of  about  1  900  gal. 
per  min. 

Although  250  000  cu.  yd.  of  solid  rock  was  excavated-  in  driving  this  tunnel, 
none  was  suitable  for  concrete  aggregate  except  the  grit.  Two  quarries  were 
opened  in  the  Shawangunk  grit  outcrops  situated  east  of  Kondout  Creek,  mak- 
ing long  hauls  necessary  in  transporting  the  crushed  stone  to  the  several  shafts. 
The  rock  excavated  from  the  tunnel  was  examined  by  the  geologists,  who 
investigated  the  permanence  of  the  stone  used  in  the  concrete  lining  of  the 
deep  tunnels  and  the  possible  solution  or  disintegration  of  the  material  com- 
posing the  concrete.     Their  conclusions  are  summed  up  as  follows : 

The  pressure  tunnels  are  necessarily  the  weakest  links  in  the  whole  Catskill 
System.  They  present  not  only  special  difficulties  in  construction,  but  they 
will  be  continuously  subjected  to  greater  strain  by  reason  of  pressures,  and 
greater  attack  from  the  solvent  action  of  water  than  other  parts  of  the  aqueduct 
line.  If  the  work  is  to  be  permanent  or  even  reasonably  durable,  every  con- 
sideration affecting  the  matter  as  a  public  enterprise  of  importance  is  on  the 
side  of  caution  in  the  use  of  materials.  This  applies  with  most  force  to  the 
pressure  tunnels.  Not  only  is  it  injudicious  to  use  stone  of  uncertain  or  doubt- 
ful resisting  quality,  but,  in  view  of  the  fact  that  others  of  safe  character  are 
available,  such  action  would  be  open  to  severe  criticism.  The  additional 
expense  involved  in  the  use  of  the  better  material  would  amount  to  such  a 
small  proportion  of  the  whole  cost  as  to  lose  much  of  its  seeming  importance. 

The  weak  shales  were  condemned  because  of  their  low  strength  and  marked 
tendency  to  dry  out  and  crumble  on  exposure  to  the  air.  The  limestones, 
although  strong  and  hard  enough,  were  considered  as  too  susceptible  to  solu- 
tion. Of  all  the  formations  in  the  Rondout  Valley  the  Shawangunk  grit, 
because  of  its  hardness,  strength,  and  insolubility,  was  regarded  as  the  best  of 
the  local  rock  available  for  concrete  material.  The  cost  of  drilling  this  very 
hard  rock  was  high,  because  of  the  wear  on  the  drills.  The  rock  is  strongly 
bound,  and  came  out  of  the  quarry  in  large  masses,  jagged  and  difficult  to 
handle.  The  wear  on  the  manganese  steel  crusher  parts  exposed  to  the  cutting 
action  of  the  hard  quartzites  was  great,  and  renewals  were  frequent. 

Failure  of  the  RocJc  Under  the  First  Hydrostatic  Test. — After  the  tunnel 
had  been  completed,  and  the  construction  shafts  sealed  with  concrete  plugs, 
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the  tunnel  and  end  shafts  were  filled  with  water  and  subjected  to  the  working 
pressure.  Under  this  test  the  concrete  lining  was  ruptured  for  several  hundred 
feet  between  Shafts  3  and  4,  making  repairs  necessary. 

The  tunnel  lining  had  been  cracked  where  the  cavernous  ground  in  the 
Helderberg  limestones  had  been  encountered,  and  also  on  the  incline  in  the 
Binnewater .  sandstone.  The  limestones  in  particular  had  been  weakened  by 
solution  along  joints  and  bedding  planes.  These  caverns  and  mud  seams  are 
not  isolated,  but  are  doubtless  connected  and  irregular,  following  the  pattern 
of  the  original  joints.  Evidently,  the  pressure  in  the  tunnel  had  overcome  the 
resistance  of  the  surrounding  rock,  which  was  not  everywhere  solid  and  con- 
tinuous, but  in  effect  had  become,  in  some  places,  a  series  of  blocks  separated 
by  soft  and  yielding  clay.  It  was  necessary,  therefore,  to  repair  the  damage 
and  make  the  tunnel  water-tight.  Steel  shells  had  been  used  originally  at  cer- 
tain points  of  well  recognized  rock  weakness,  and  at  none  of  these  places  was 
there  any  movement  or  damage.  Accordingly,  it  was  decided  to  repair  about 
700  ft.  of  the  cracked  tunnel  in  a  similar  manner.  This  was  done  in  three 
stretches  by  reinforcing  the  lining  with  a  steel  shell  about  1  in.  thick,  made 
up  of  rings  composed  of  15-in.  channels  with  their  flanges  riveted  together. 
The  cracks  in  the  rock  caused  by  the  movement  of  the  ground  were  then  grouted 
under  high  pressure,  to  prevent  the  escape  of  water.  This  repair  was  successful 
and  no  further  difficulty  has  developed.  When  the  tunnel  was  designed,  the 
possibility  of  such  failures  was  recognized,  but  it  was  thought  better  to  dis- 
cover points  of  weakness  by  test,  and  to  strengthen  those  parts  that  required 
it,  than  to  reinforce  all  parts  of  the  tunnel  about  which  there  might  be  some 
question. 

The  Wallkill  Valley 

From  Shaft  8,  the  terminus  of  the  Eondout  Pressure  Tunnel  at  the  western 
slope  of  the  Shawangunk  Mountain,  the  aqueduct  pierces  the  mountain  about 
Elevation  450  by  a  tunnel  which  is  driven  in  the  easily  excavated  Hudson  River 
shale  beneath  the  cap  of  hard  grit  covering  the  north  end  of  the  mountain 
ridge.  This  tunnel  emerges  below  Bonticou  Crag  on  the  east  slope  at  a  favor- 
able point  for  a  portal.  A  tunnel  through  this  mountain  at  any  other  location 
would  have  been  much  longer,  or  would  have  encountered  the  resistant  grit 
bed,  in  either  case  greatly  increasing  the  difficulty  of  driving  and  the  cost. 

Freer  Cut. — On  the  eastern  slope  of  the  Shawangunk  Mountain  (Fig.  9), 
where  the  rock  ledges  are  sparsely  covered  by  glacial  drift,  the  aqueduct  fol- 
lows the  contour  southward  at  grade  for  a  distance  of  4  miles.  Here,  the 
excavation  encountered  the  shales  of  the  Hudson  River  series  which  were 
excavated  rapidly  and  cheaply  by  blasting  and  steam  shovels,  except  in  the  deep 
Freer  Cut,  where  difficulty  was  encountered  through  a  stretch  of  2  000  ft. 
The  strike  of  the  rock  formation  here  is  nearly  parallel  with  the  center 
line  of  the  aqueduct  and  the  dip  is  about  40°  in  the  direction  of  the 
general  eastward  slope  of  the  mountain.  (Fig.  10  is  a  view  of  the  cut-and- 
cover  aqueduct  in  Freer  Cut,  in  the  Hudson  River  shale,  which  shows  wide 
breakage  due  to  the  dip  of  bedding  planes  at  the  west  (right)  side  (1:1  slope). 
Note  the  steep  slope  (6:1)  of  the  cut  on  the  opposite  side). 
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Trouble  was  had  from  the  beginning  on  the  west  side  of  the  Freer  Cut 
by  the  sliding  of  the  rock  on  its  bedding  planes.  As  the  cut  increased  in 
depth,  the  shale  slid  down  in  great  masses  into  the  cut,  burying  the  track  and 
steam  shovel.  The  right  or  east  side  was  self-sustaining,  because  the  dip  of 
the  beds  on  that  side  was  away  from  the  excavation.  The  greatest  single  slide 
amounted  to  about  2  000  cu.  yd.  of  rock.  Because  of  the  great  widening  of  the 
cut  on  the  west  side  by  these  slides,  it  was  necessary  to  re-locate  the  aqueduct 
structure  after  the  excavation  had  been  in  progress  for  some  months,  moving 
the  center  line  to  the  east  so  as  to  keep  the  excavation  within  the  property  lines 
of  the  city.  The  contractor's  railroad  for  the  stone  supply  from  the  quarry  at 
Bontecou  was  also  affected,  and  was  rebuilt  for  a  distance  of  several  thousand 
feet.  The  conditions  at  Freer  Cut  increased  the  excavation  from  an  estimate 
of  85  000  cu.  yd.  to  155  000  cu.  yd.  actual,  besides  requiring  a  substantial  modi- 
fication in  the  design  of  the  concrete  structure,  in  order  to  avoid  possible 
damage. 

Geology  of  the  Wallhill  Valley. — The  Wallkill  River  is  a  striking  example 
of  a  retrograde  stream.  It  flows  northeasterly  from  its  source  in  New 
Jersey  a  total  distance  of  about  Y5  miles  in  a  direct  line,  to  the  southward- 
flowing  Hudson  which  it  joins  at  an  obtuse  angle.  This  fact  alone  is  sufficient 
to  indicate  that  its  present  channel  is  composite,  and  that  a  part  of  the 
drainage  has  been  reversed  in  comparatively  recent  geologic  time.  A 
reversal  of  the  drainage  means  that  the  modern  river  is  at  some  point  flowing 
across  a  former  divide  or  water-parting;  and  the  approximate  location  of  this 
divide,  if  it  is  not  too  far  from  the  normal  course  of  the  aqueduct,  is  of  prac- 
tical importance,  as  it  would  furnish  a  crossing  with  the  highest  possible 
rock  floor  and  the  least  gorge  development.  The  determination  of  the  latitude 
of  the  buried  divide  and  the  location  and  depth  of  the  pre-glacial  gorge  were 
given  special  study. 

North  of  the  New  Jersey  boundary,  the  geological  structure  of  the  Wallkill 
Valley  is  as  simple  as  that  of  the  Rondout  Valley  is  complex,  because  from 
this  section  of  the  Great  Valley,  erosion  has  removed  the  entire  series  of 
Silurian  and  Devonian  strata  down  to  the  Hudson  River  slate  and  sandstone. 
On  the  northwest,  the  Hudson  River  slate  rises  in  the  steep  slope  of  Shawan- 
gunk  Mountain  capped  by  the  heavy  protecting  bed  of  Shawangunk  grit. 
Much  of  the  floor  of  the  Wallkill  Valley  is  referable  to  the  Tertiary  base 
level ;  but  north  of  New  Paltz,  N.  Y.,  the  immediate  or  inner  valley  of  the  Wall- 
kill,  li  or  2  miles  wide,  close  to  the  base  of  Shawangunk  Mountain  is  sunk 
below  this  level.  To  this  inner  valley,  the  Tertiary  peneplain  holds  the  relation 
of  a  broad  uneven  terrace  stretching  between  it  and  Marlboro  Mountain 
to  the  east.  The  Hudson  River  beds  are,  throughout,  strongly  folded  and 
characterized  by  a  marked  cleavage  structure  dipping  to  the  east.  Throughout 
the  area  of  the  Hudson  River  formation,  there  is  less  agreement  between  the 
topography  and  the  geological  structure  than  with  the  other  strata,  but  even 
in  this  series,  wherever  marked  differences  of  hardness  exist,  this  fact  is 
reflected  in  the  topography. 

The  absence  of  much  boulder  clay  in  this  part  of  the  valley  greatly 
facilitated  the  making  of  test  borings.     South  of  Libertyville,  N.  Y.,  however. 


Fig.  9. — Grade   Pressure   Tunnel   Emerging   Below   Bontecou   CraGj   on   Eastern   Slope 

OF  Shawangunk  Mountain. 


Fig.   10. — ViEAv  OF  Cdt-and-Cover  Aqueduct  in  Freer  Cut. 


Fig.   11. — View  in  Wallkill   Pressure   Tunnel,   Showing   Structure  of  Hudson 
RrvER  Shale.     Concrete  Arch  Forms  in  Background. 
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the  drift  is  largely  boulder  clay  for  about  8  miles,  to  the  vicinity  of  Walden, 
N.  y.  The  favorable  character  of  the  Hudson  River  shales  for  aqueduct  tunnel 
construction  was  always  recognized,  because  of  the  sound  unweathered  con- 
dition of  these  sandy  mudstones.  Although  folded  and  faulted  considerably, 
they  are  largely  self-healing  and  tight,  even  along  zones  of  strong  movement. 
Almost  the  only  purpose  of  the  borings  was  to  determine  the  position  of  the 
bed-rock  floor  and  the  depth  and  position  of  the  buried  pre-glacial  channel 
of  the  Wallkill.  The  first  and  most  northerly  line  of  borings  was  made  at 
Springtown,  N.  Y.,  where  the  old  buried  bed-rock  gorge  was  found  near  the 
Wallkill  Valley  Railroad  Bridge  and  was  shown  to  be  at  a  depth  of  270  ft., 
extending  79  ft.  below  sea  level.  Southward,  the  elevation  of  bed-rock  in  the  old 
stream  bed  rises  rapidly  until,  at  Libertyville,  the  bed-rock  floor  was  at  Eleva- 
tion 67,  or  a  rise  of  147  ft.  in  5  miles,  an  average  of  about  30  ft.  per  mile. 

Design  and  Construction  of  Wallkill  Pressure  Tunnel. — The  design  of 
this  tunnel  was  simplified  by  the  fact  that  the  rock  to  be  penetrated  was 
entirely  Hudson  River  shale  of  almost  uniform  character.  It  was  not  neces- 
sary to  consider,  as  in  the  case  of  the  Rondout  Tunnel,  the  rates  of  excava- 
tion progress  to  be  expected,  and  the  difficulties  to  be  encountered  in  various 
broken  and  porous  formations.  The  principal  consideration  in  establishing 
the  depth  below  the  bed-rock  surface  was  to  provide  adequate  rock  cover 
along  the  entire  length  of  the  tunnel. 

The  probable  depth  to  which  the  rock  might  be  decomposed  and  the  general 
strength  of  the  rock  as  it  lies  in  the  ground  were  also  regarded  as  of  prime 
importance.  This  kind  of  rock  is  not  deeply  affected  by  weathering,  and 
although  the  ground-water  level  was  doubtless  much  lower  in  pre-glacial 
times,  there  is  no  evidence  that  the  rock  was  materially  weakened  except 
superficially.  The  ice  sheet  removed  nearly  all  the  loose  and  decomposed  rock 
of  that  time,  leaving  the  surface  generally  fresh  and  polished.  This  shale 
formation  may  be  regarded  as  generally  rigid  enough  to  sustain  itself  and 
yet  sufBciently  yielding  to  make  many  open  seams  or  joints  improbable  at 
the  depth  of  the  pressure  tunnel.  The  great  body  of  gravel  and  sand  filling 
the  main  part  of  the  buried  gorge  is  indicative  of  a  large  water  storage 
and  suggests  caution.  Even  so,  a  cover  of  150  ft.  of  slate  would  seem  to  afford 
ample  protection  to  the  tunnel,  because  at  this  deepest  point  the  rock  is  likely 
to  be  exceptionally  fresh  and  sound. 

The  tunnel  was  accordingly  designed  with  a  pump  shaft  in  the  rock,  with 
a  minimum  depth  in  earth,  just  east  of  the  buried  gorge,  for. convenience  in 
discharging  the  drainage  into  the  Wallkill  River  when  emptying  the  aqueduct. 
The  tunnel  grade  beneath  the  lowest  point  of  the  bed-rock  of  the  pre-glacial 
gorge  was  covered  by  150  ft.  of  bed-rock.  The  drainage  shaft  for  the 
Wallkill  Tunnel  was  placed  near  the  Wallkill  River  and  the  spacing  of  the 
five  other  shafts  was  balanced  in  accord  with  this  location  of  the  drainage 
shaft.  Although  six  shafts  were  sunk  for  this  4i-mile  tunnel,  eight  of  them 
were  found  to  be  tiecessary  for  the  more  complex  conditions  at  the  Rondout 
Tunnel,  which  was  about  the  same  length. 

The  general  uniform  quality  and  attitude  of  the  thin  beds  of  the  Hudson 
River  shale,  together  with  the  absence  of  open  joints  or  porous  beds  carrying 
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heavy  flows  of  water,  made  for  comparatively  rapid  progress  and  low  expense 
in  the  construction  of  the  Wallkill  Tunnel.  The  contract  price  per  linear 
foot  in  the  Wallkill  Pressure  Tunnel,  including  shafts,  was  $146.31,  compared 
with  $248.46  per  lin.  ft.  in  the  Kondout  Pressure  Tunnel.  This  difference  in 
price  was  due  mainly  to  the  difference  in  the  geologic  structure  in  the  two 
valleys.  Fig.  11  is  a  view  in  the  Wallkill  Pressure  Tunnel,  showing  the  pre- 
vailing structure  of  the  Hudson  River  shale  and  its  habit  of  breakage  in  the 
tunnel  excavation.    Concrete  arch  forms  may  be  seen  in  the  background. 

The  only  hard  rock  encountered  was  for  a  distance  of  several  hundred 
feet  near  the  south  end  of  the  tunnel.  It  was  very  hard  quartzitic  sand- 
stone, and  it  required  from  20  to  24  hours  to  drill  the  heading  as  against  4  to 
5  hours  in  the  shale.  The  water  encountered  during  the  excavation  of  this 
tunnel  amounted  to  500  gal.  per  min.  entering  through  joints,  with  no  great 
flows  at  any  one  place.  It  was  noticed  that  the  inflow  remained  about  constant 
for  the  entire  siphon  during  the  working  period.  This  was  supposed  to  be 
due  to  the  great  depth  of  the  tunnel  below  ground-water  level,  so  that  at  no 
point  was  the  water-table  depressed  to  the  tunnel  level,  and  also  because 
there  was  slow  circulation  and  no  abnormal  conditions. 

As  the  Hudson  River  shale  from  the  tunnel  was  not  considered  a  satisfac- 
tory aggregate  for  concrete,  the  specifications  excluded  its  use,  and  the  con- 
tractor opened  a  quarry  in  the  Shawangunk  grit  at  Bonticou  Crag,  at  the 
north  end  of  the  line,  the  nearest  source  of  concrete  stone.  This  quarry 
proved  to  be  an  expensive  source  as  it  was  situated  high  on  the  steep 
slopes,  making  access  difficult;  there  was  no  level  bottom  for  loading  cars; 
the  steep  down-hill  dip  of  the  grit  strata  made  it  difficult  to  operate  drills; 
and  the  hard  and  abrasive  quality  of  the  quartzite  caused  rapid  wear  in 
drills  and  crushers.  The  sand  for  the  concrete  was  secured  from  the  Rosen- 
dale  sand  plain  near  the  Wallkill  "Valley  Railroad  track,  a  haul  of  9  miles. 
Sand  deposits  near  the  line  of  the  tunnel  were  explored,  and  although  the 
material  was  generally  coarser  than  the  fine  water-washed  Rosendale  deposit, 
it  contained  enough  fine  material  to  make  it  necessary  to  remove  the  silt  by 
washing. 

Hydrostatic  Test. — When  this  tunnel  was  first  filled  with  water  to  the 
hydraulic  grade,  the  outward  leakage  was  about  1 100  gal.  per  min.  This 
leakage  rapidly  diminished  and,  after  several  years,  it  became  as  low  as  30 
gal.  per  min.  for  the  4^  miles  of  tunnel,  the  reduction  being  due  probably 
to  the  closing 'of  the  fine  seams  in  the  slate.  When  the  first  test  was  made, 
the  water  came  to  the  surface  at  several  places,  particularly  from  drill  holes 
which  penetrated  to  the  tunnel  level.  These  holes  formed  active  springs 
between  Shafts  1  and  2,  and  softened  the  drift  for  considerable  areas,  but 
they  finally  ceased  to  flow. 

CUT-AND-COVER  AqUEDUCT  IN  THE  WaLLKILL  VaLLEY 

The  Tertiary  peneplain  on  the  easterly  side  of  the  Wallkill  Valley  is  an 
open  gently  rolling  country,  the  average  elevation  of  which  adapted  it  for  the 
construction  of  the  aqueduct  in  open  cut  for  a  distance  of  22  miles,  extending 
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from  the  uptake  shaft  of  Wallkill  Pressure  Tunnel  to  the  northwest  margin 
of  Moodna  Valley  which  is  also  crossed  by  a  deep  pressure  tunnel.  Through 
this  intervening  upland,  which  forms  a  base-leveled  divide,  the  deposits  left 
by  the  glaciers  presented  favorable  and  easily  excavated  materials  for  the 
aqueduct  trench.  In  these  22  miles,  there  were  only  two  deep  and  heavy  cuts, 
although  the  line  is  remarkably  direct.  Such  a  condition  is  due  to  the  per- 
fection of  the  base  leveling  or  planation  in  Tertiary  time,  that  is,  the  wearing 
down  of  the  country  to  a  plane,  due  to  the  long  continued  and  unchanging 
level  with  reference  to  the  sea. 

Throughout  the  stretch,  the  prevailing  material  overlying  the  Hudson 
River  shale  is  compact,  glacial  till,  frequently  requiring  the  use  of  explosives, 
except  for  3  miles  at  the  northerly  end,  between  Ireland  Corners  and  New 
Hurley,  N.  Y.,  where  the  east  side  of  the  valley  is  covered  with  kame  deposits, 
evidently  laid  down  while  the  center  of  the  valley  was  occupied  by  a  mass  of 
ice.  For  3  miles  the  aqueduct  trench  was  excavated  in  this  washed  gravelly 
drift,  as  far  south  as  New  Hurley,  where  the  line  swings  to  the  eastward, 
leaving  the  soft  deposits  and  continuing  south  for  many  miles  in  hard 
glacial  till.  This  difference  in  quality  of  materials  affected  the  type  of  con- 
struction, the  compact  drift  proving  the  more  economical  in  cost  of  construc- 
tion. For  example,  at  the  north  end  in  the  loose,  water-deposited  ground, 
an  aqueduct  with  a  wide  base  was  required,  and  the  payment  lines  for  exca- 
vation were  fixed  on  a  slope  of  1:1;  whereas,  in  the  solid  ice-compacted  till 
to  the  south,  the  structure  was  built  with  a  narrower  base  and  the  trench 
was  excavated  to  side  slopes  of  6 :1.  The  cost  per  foot  of  the  completed 
aqueduct  in  the  modified  or  loose  drift  was  $58.73,  whereas  in  the  adjacent 
compact  glacial  till,  the  cost  was  $48.06  per  ft. 

The  Moodna  Tunnel 

Before  it  was  decided  to  cross  the  Hudson  River  somewhere  within  the 
Highlands,  there  had  been  no  Moodna  problem.  A  crossing  in  the  open 
valley  region  such  as  that  originally  proposed  farther  north  at  New  Hamburg, 
would  have  avoided  the  whole  Moodna  section.  As  soon,  however,  as 
the  crossing  of  the  Hudson  became  fixed  so  much  farther  south,  the  line 
of  the  aqueduct  was  thereby  established,  approaching  the  Highlands  on  the 
west  side  of  the  river,  and  the  crossing  of  the  Moodna  Valley  assumed  con- 
siderable importance.  The  Moodna  is  a  comparatively  small  stream  entering 
the  Hudson  just  north  of  the  Highlands,  with  its  lower  course  lying  across 
the  most  direct  aqueduct  line.  The  nature  of  this  tributary,  together  with 
the  character  of  the  material  through  which  it  flows,  suggests  considerable 
drift  filling. 

By  the  time  this  problem  came  to  be  considered,  it  was  known  that  the 
Hudson  itself  was  very  deep,  several  hundred  feet  at  least.  It  seemed 
reasonable,  therefore,  to  expect  that  a  tributary  such  as  this  would  have 
cut  down  to  a  somewhat  similar  grade.  It  was  also  appreciated  from  the 
studies  of  the  Wallkill  Valley,  that  the  pre-glacial  Moodna  had  probably  been 
a  larger  stream  draining  some  of  the  present  upper  Wallkill  territory.  In 
that  case,  the  ancient  Moodna  must  have  been  a  more  important  stream  than 
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the  present  one  and  probably  had  a  somewhat  different  course.  All  this  argued 
for  a  valley  or  gorge  of  much  greater  prominence  than  the  present  surface 
channel,  but  what  its  forms  and  profile  was,  no  one  could  tell.  The  alterna- 
tive Hudson  River  crossings  in  the  Highlands  involved  corresponding  changes 
in  the  location  of  the  Moodna  Tunnel,  the  lines  farther  south  allowing  the 
Moodna  crossing  to  be  located  farther  up  stream.  The  Storm  King  crossing, 
however,  which  was  finally  adopted,  gave  preference  to  a  line  across  the 
Moodna  at  its  farthest  down-stream  position  and  permitted  comparatively 
little  chance  for  shifting. 

It  was  planned  at  first  to  reach  the  Highlands  margin  with  a  pressure 
tunnel  and  to  connect  with  the  Hudson  River  Tunnel  by  a  cut-and-cover 
aqueduct  at  grade  along  the  northerly  face  of  Storm  King  Ridge.  It  was 
finally  decided,  however,  to  construct  the  Moodna  Pressure  Tunnel  on  a 
more  direct  line  and  to  continue  at  a  suitable  depth  the  entire  distance  to 
the  Hudson  River.  This  plan  made  it  desirable  to  locate  the  tunnel  as  far  to 
the  north,  down  stream,  on  the  Moodna,  as  natural  conditions  would  permit, 
and  explorations  were  conducted  to  determine  the  facts  in  detail.  The  early 
borings  were  rather  widely  spaced,  but  they  soon  disclosed  that  the  deeper 
valley  floor  was  abnormally  flat  for  a  distance  of  at  least  i  mile  and  was 
covered  with  300  ft.  of  very  bouldery  drift.  Such  a  profile  raised  much 
speculation,  the  opinion  prevailing  that  considerably  greater  irregularity 
probably  existed  than  the  borings  had  yet  revealed. 

It  was  known  at  this  time  that  the  gorge  of  the  Hudson  was  from 
500  to  600  ft.  deep,  and,  as  the  floor  of  the  Moodna  Gorge,  only  2  miles 
distant,  was  shown  by  the  borings  to  be  only  50  ft.  lower  than  the  present 
water  level  of  the  Hudson,  the  argument  was  felt  to  be  strong  in  favor  of  a 
deeper  inner  notch  somewhere  in  the  Moodna  Valley  floor.  The  borings 
showed  that  there  could  be  no  notch  in  the  floor  wider  than  200  ft.,  and  it 
was  decided  that  a  very  deep  canyon  need  not  be  considered.  It  is  surprising 
to  find  so  flat  a  valley  bottom  at  this  elevation,  in  view  of  the  fact  that  the 
Hudson  Gorge  is  at  least  700  ft.  deeper  only  a  short  distance  away.  The 
stream  ought  to  have  cut  a  deeper  notch  within  this  bottom.  It  is  probable 
that  at  least  two  causes  unite  to  develop  this  abnormally  flat  form.  Glacial 
scouring  doubtless  aided,  and,  probably,  also  the  ancient  course  lay  more 
nearly  parallel  to  the  line  of  borings  than  that  of  the  present  Moodna.  On 
the  whole,  however,  the  Moodna  profile  appears  to  be  the  most  abnormal 
of  any  on  the  aqueduct  line. 

It  was  necessary  to  determine  the  character  of  the  rock  of  the  valley 
floor,  in  addition  to  the  depth  of  the  gorge,  but  this  of  itself  did  not  require 
a  very  extensive  series  of  borings.  It  was  easily  found  that  the  chief  forma- 
tion was  the  Hudson  River  shales  and  sandstones  and  that  although 
beneath  them  and  above  the  basal  gneisses,  there  must  be  1 000  ft. 
of  limestones  and  500  to  600  ft.  of  quartzite,  only  very  short  stretches  of 
tunnel  would  penetrate  either  formation.  No  quartzite  was  encountered  in 
the  tunnel  excavation  and  only  about  200  ft.  of  limestone.  At  places  where 
these  formations  would  normally  be  expected,  they  have  been  cut  out  on  the 
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tunnel  line  by  faulting.  Only  one  stretch  of  ground  exhibited  a  change  in 
formations  or  any  unusual  structural  relation.  It  was  discovered  in  one 
of  the  earlier  borings  that  crystalline  rock  like  that  of  the  Highlands  occurred 
in  the  floor  of  the  Moodna,  under  the  deep  cover  of  drift,  but  the  adjacent 
borings  showed  only  Hudson  River  sandstones  and  slates.  Normally,  the 
quartzite  and  limestone  should  lie  between,  but  no  such  occurrences  were  dis- 
covered. 

When  the  tunnel  was  driven,  it  was  found  that  the  stretch  of  crystalline 
rock  was  less  than  200  ft.  wide,  that  it  was  bounded  on  both  sides  by  fault 
crush  zones  in  which  the  rock  was  so  weak  that  it  required  timbering,  and 
that  the  formation  immediately  in  contact  on  both  sides  is  Hudson  River 
shale.  Undoubtedly,  this  crystalline  strip  is  a  remnant  left  stranded  after 
two  periods  of  faulting,  and  it  is  reasonably  certain  that  it  does  not  extend 
up  from  the  granite  basement,  but  instead  is  completely  cut  off  below  by 
these  two  faults.  Doubtless,  it  would  be  possible,  at  somewhat  greater  depth, 
to  pass  beneath  such  a  block  as  this  and  not  encounter  the  granite. 

The  Great  Thrust  Fault. — At  the  margin  of  the  Highlands  where  the 
tunnel  line  passes  from  the  Hudson  River  slates  and  associated  rocks  to  the 
Highlands  granites  and  gneisses,  the  transition  is  sharp.  A  short  distance  north 
of  the  line,  limestone  may  be  seen  along  the  contact  within  a  few  feet  of  the 
granite.  A  short  distance  south  of  the  line,  the  limestone  does  not  appear,  but 
slate  lies  near  the  granite  contact.  North  of  the  line,  i  mile  or  more,  slate  and 
granite  can  be  seen  in  contact  with  a  crush  zone  strongly  developed  and  with 
the  crystalline  rock  lying  above  the  slate,  the  contact  plane  dipping  at  an 
angle  of  approximately  45°  toward  the  Highlands  beneath  the  granite.  This 
represents  an  overthrust  fault,  the  granite  having  been  pushed  up  over  the 
slate  on  a  45°  plane. 

Borings  placed  so  as  to  develop  this  structural  condition  at  depth  indi- 
cated the  same  fault  on  the  tunnel  line  and  with  about  the  same  angle  of 
dip.  When  the  tunnel  was  constructed,  the  fault  was  encountered  as  indi- 
cated. At  that  depth,  however,  about  200  ft.  of  limestone  intensely  crushed  and 
rehealed,  and  so  deformed  by  that  process  that  its  bedding  could  nowhere 
be  determined,  was  encountered.  On  the  west  side  of  the  limestone,  the 
Hudson  River  formation  continued  and  beyond  the  fault  to  the  east  only 
granite  was  found.  The  rock  was  badly  crushed  and  slickensided  and  sheared 
in  the  vicinity  of  the  granite,  and  a  similar  crush  zone  was  developed  at  the 
contact  between  the  Hudson  River  slates  and  the  limestone  200  ft.  farther 
west.  Except  at  the  two  more  pronounced  crush  zones  referred  to,  the  ground 
in  the  tunnel  was  good  and  sound  for  construction  purposes  and  required 
no  special  or  unusual  attention.  The  great  fault  at  this  point  which  probably 
represents  a  displacement  of  2  000  to  3  000  ft.,  and  perhaps  more,  is  crossed 
by  the  aqueduct  without  any  structural  difficulty.  The  cost  of  construction 
per  linear  foot  of  this  tunnel  was  the  lowest  of  any  pressure  tunnel  on  the 
aqueduct.  It  is  evident  from  the  success  of  the  pressure  tests  and  later 
operation  that  the  depth  of  the  tunnel  is  adequate  and  that  no  danger  exists, 
due  to  structural  weakness  of  the  rock  or  to  erosion  notches,  of  sufficient  con- 
sequence to  interfere  with  the  success  of  operation  and  permanence. 
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The  Hudson  Eiver  Crossing 

A  great  number  of  factors  were  involved  in  fixing  the  location  for  crossing 
the  Hudson  River,  some  of  which  involve  advantages  of  aqueduct  location 
through  the  intervening  country  between  the  Catskills  and  the  Highlands 
and  others  which  apply  in  equal  measure  to  its  southerly  extension  toward 
the  city.  The  vital  and  decisive  factor,  however,  in  selecting  the  exact  loca- 
tion concerned  the  geological  conditions  at  the  crossing  itself. 

The  possible  places  for  crossing  may  be  divided  into  two  groups.  One 
known  as  the  "New  Hamburg  group"  included  all  the  crossings  considered 
in  the  territory  north  of  the  Highlands  where  somewhat  metamorphosed  and 
badly  deformed  sedimentary  rocks  of  the  Cambro-Ordovician  Age,  including 
shales,  slates,  limestones,  and  quartzites,  constitute  the  formations  through 
which  the  tunnel  would  have  to  pass.  The  other  known  as  the  "Highlands 
group"  represented  the  possible  crossings  within  the  limits  of  the  Highlands. 
This  Highlands  region  is  characterized  by  crystalline  rocks,  including  chiefly 
granites  and  gneisses  of  considerable  variety,  more  or  less  disturbed  by  defor- 
mation, but,  in  general,  comparatively  sound.  The  New  Hamburg  group  was 
explored  sufficiently  to  determine  that  there  would  be  a  long  pressure  tunnel 
where  limestone  would  be  encountered  under  conditions  encouraging  to  struc- 
tural weakness.  This  ground  north  of  the  Highlands  is  known  to  be  badly 
disturbed  by  faulting,  and  these  conditions  could  not  be  avoided.  It  is  a 
good  general  principle  to  avoid  such  objectionable  weaknesses  if  it  can  be  done, 
by  locating  in  ground  of  more  favorable  quality.  On  this  account,  in  large 
part,  the  Highlands  group  of  crossings  came  into  additional  prominence.  They 
avoid  the  weakened  and  deformed  sedimentary  series,  except  in  so  far  as  they 
would  be  encountered  iii  crossing  the  Moodna  Valley. 

The  several  possible  lines  within  the  Highlands  were  further  studied  for 
individual  differences.  When  the  locations  were  studied  in  detail,  it  was 
found  that  the  most  southerly  lines,  especially  the  West  Point  line  and  any 
possible  line  farther  south,  would  cross  a  large  fault  and  crush  zone  under 
the  Hudson  Eiver.  It  was  also  certain  that  all  the  southerly  lines  would 
cross  much  more  varied  rock  types,  and  it  was  considered  desirable  to 
avoid  this  complication.  Accordingly,  the  Storm  King  line  at  the  extreme 
northerly  margin  of  the  Highlands  was  finally  adopted  as  the  best  location. 
It  was  the  opinion  of  the  geologists  that  the  M'hole  section  could  be  constructed 
at  this  point  through  granite  of  a  single  type  from  one  side  of  the  river 
to  the  other  without  crossing  any  major  structural  weakness;  whereas  an 
equally  favorable  combination  of  conditions  could  not  be  found  elsewhere. 
It  was  recognized  at  the  outset  that  the  depth  of  the  river  gorge  was  not 
known  and  perhaps  would  be  difficult  to  determine.  This  was  also  true  of  all 
other  points.  It  was  recognized  that  this  particular  location,  by  reason  of 
glacial  action,  might  be  unusually  deep.  This  seems  to  be  fairly  certain 
since  the  final  explorations  were  made,  but  the  argument  in  favor  of  the 
Storm  King  crossing  was  not  offset  by  any  of  these  considerations,  because 
of  the  great  advantage  of  locating  this  critical  section  of  the  aqueduct  at  a 
place  where  the  major  uncertainties  of  rock  quality  and  structural  weakness 
were  reduced  to  a  rtiinimum, 
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Preliminary  explorations  were  made  on  all  the  lines  before  the  final  choice 
of  the  Storm  King  location.  Subsequently,  extensive  explorations  were  con- 
ducted on  the  Storm  King  line.  Borings  were  put  down  in  the  river  under 
extremely  difficult  conditions  and  to  extraordinary  depth.  Fig.  12  is  a 
geologic  cross-section  under  the  Hudson  River,  and  shows  the  deep  pre- 
glacial  drift-filled  gorge  in  the  granite,  the  deep  shaft  and  pressure  tunnel  of 
the  Catskill  Aqueduct,  and  the  inclined  diamond  drill  holes  for  exploring 
the  rock  before  the  question  of  the  depth  of  the  tunnel  was  decided.  A 
depth  of  768  ft.  below  the  surface  of  the  water  was  reached  in  the  middle 
of  the  river  by  the  deepest  boring,  which  even  at  that  depth  did  not  reach  the 
rock  floor.  At  each  side  of  the  center,  borings  penetrated  500  ft.  before 
reaching  rock.  At  this  stage  it  was  believed  that  the  results  obtained  had 
demonstrated  the  feasibility  of  the  crossing,  but  sufficient  data  had  not  been 
secured  to  determine  the  depth  and  detail  of  design  so  that  construction  could 
proceed.  It  was  determined,  therefore,  to  sink  test  shafts  on  both  sides  of  the 
river  and  from  them  to  explore  the  underground  conditions  by  inclined  drill 
holes  under  the  river.  The  first  pair  of  holes,  one  from  each  side,  was 
projected  so  as  to  reach  beneath  the  center  of  the  river  at  a  depth  of  about 
1 400  ft.  Sound  granite  was  obtained  from  the  cores  for  the  entire  depth. 
After  these  holes  were  completed,  a  second  pair  was  projected  to  cross  beneath 
the  river  at  a  depth  of  about  950  ft.  These  holes  likewise  penetrated  sound 
granite.  On  the  basis  of  this  information,  the  tunnel  was  placed  at  a  depth 
of  1 100  ft.  below  river  level,  and  was  constructed  without  special  difficulty. 

The  Hudson  River  Pressure  Tunnel  is  located  at  the  north  edge  of  the 
granitic  Highland  area.  The  large  building,  Fig.  13,  near  river  level  marks 
the  East  Shaft,  1 100  ft.  deep.  The  buried  gorge  is  nearly  800  ft.  deep  to 
rock.  The  top  of  the  hills  marks  the  Cretaceous  peneplain  or  base  level, 
whereas  the  inner  rock  terrace,  which  may  be  noted  about  100  ft.  above  water 
level,  is  the  Tertiary  peneplain. 

It  was  at  first  planned  to  have  the  aqueduct  approach  the  Hudson  River 
section  at  hydraulic  grade  connecting  with  the  tunnel  under  the  river  by  a 
down-take  shaft.  Later  studies  of  the  Moodna  crossing,  however,  led  to  the 
adoption  of  a  continuous  pressv;re  tunnel  connecting  the  Moodna,  Hudson, 
and  Breakneck  Tunnels.  Thus,  the  tunnels  constituted  one  system  at  different 
levels.  At  the  connecting  angles  between  these  pressure  tunnels,  structural 
weaknesses  later  developed  in  the  solid  rock  when  full  pressure  was  applied, 
and  repairs  were  required. 

No  faulting  of  any  consequence  was  discovered  in  excavating  the  tunnel. 
Two  or  three  slips  were  noted  near  the  east  end,  but  the  original  judgment 
that  the  river  could  be  crossed  at  this  point  without  penetrating  any  great 
structural  weakness  such  as  a  crush  zone  or  fault  line  was  substantiated. 
In  certain  zones,  however,  the  rock  is  under  unrelieved  strain,  still  preserved 
from  the  deformations  of  earlier  geologic  time.  In  the  deeper  workings,  this 
strained  rock  at  certain  places  had  a  tendency  to  scale  off  with  violent  explo- 
sions. Sometimes  this  scaling  happened  suddenly,  breaking  from  the  wall  where 
previously  the  rock  appeared  to  be  sound.  This  scaling,  which  was  known  to  the 
workmen  as  "popping  rock",  was  encountered  at  several  places  and  also  in 
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other  tunnels  of  the  aqueduct,  but  nowhere  did  it  give  as  much  concern  as  at 
the  Hudson  crossing.  This  condition  of  the  rock  is  believed  to  have  developed 
the  weakness  in  the  Hudson  River  end  of  the  Moodna  Tunnel  after  full  pres- 
sure was  established,  making  repairs  necessary. 

At  one  stage  of  the  construction  an  unusually  heavy  flow  of  water  from 
the  joints  penetrated  by  the  tunnel  near  the  east  shaft  required  a  large 
emergency  pumping  plant;  the  small  equipment  that  had  served  successfully 
in  sinking  the  east  shaft  was  inadequate  for  the  sudden  flow  of  water  just 
after  turning  the  heading  under  the  river.  Fear  of  water  had  been  expressed 
in  the  consideration  of  the  tunnel  project  beneath  the  Hudson,  and  this 
sudden  appearance  of  a  heavy  flow  was  thought  to  be  ominous.  However, 
after  the  joint  had  been  closed  by  grouting,  no  further  trouble  was  experienced. 
There  was  no  indication  of  a  direct  connection  with  the  Hudson  River  water 
itself  and  the  large  pumping  equipment  was  not  needed,  the  tunnel,  as  a 
whole,  being  fairly  dry.  The  quantity  of  water  for  the  3  000  ft.  of  tunnel 
did  not  exceed  110  gal.  per  niin.  at  ryiy  time  after  passing  the  inrush  of  the 
ground-waters  stored  in  the  joint  system. 

Moodna  Repair. — When  the  Moodna-Hudson-Breakneck  Siphon  was  sub- 
jected to  hydrostatic  tests,  leakage  developed.  Subsequent  examination  showed 
that  the  lining  of  the  Moodna  Tunnel  had  ruptured  at  its  junction  with  the 
down-take  shaft  of  the  Hudson  River  Tunnel  and  that  water  escaped  to  the 
surface  through  joints  in  the  rock.  There  were,  also,  some  cracks  in  the 
lining  in  Breakneck  Tunnel  at  the  river  shaft. 

Special  study  was  given  to  the  probable  cause  of  this  unexpected  weak- 
ness where  the  rock  had  originally  appeared  to  be  sound  and  without  water. 
The  conclusion  was  reached  that  the  rupture  developed  where  the  tunnel 
crossed  one  of  the  zones  in  which  the  rock  is  under  strain.  If  penetrated 
at  a  little  greater  depth,  it  would  have  produced  "popping  rock",  such  as  has 
been  encountered  in  the  deeper  portions  of  the  tunnel  beneath  the  Hudson. 
Perhaps  it  was  not  unstable  enough  at  the  shallow  depth  to  break  without  some 
additional  help.  This  additional  impetus  appears  to  have  been  given  by  the 
bursting  pressure  supplied  by  the  water-filled  tunnel,  when  the  rock  was  sub- 
jected to  the  operating  pressure.  This  unstable  ground  then  yielded  and  the 
tunnel  lining  was  ruptured,  thus  allowing  the  escape  of  water  into  the 
joints  connecting  with  the  surface.  On  the  Moodna  side,  therefore,  where 
this  disturbed  zone  was  apparently  several  hundred  feet  in  width,  it  was 
decided  to  make  repairs  by  abandoning  about  900  ft.  of  the  Moodna  Tunnel 
adjacent  to  the  Hudson  Tunnel  and  constructing  a  connecting  step  400  ft. 
deeper.  Rupturing  under  similar  conditions  was  elsewhere  corrected  by 
caulking  the  cracks  and  by  grouting. 

Nature  of  the  Hudson  Gorge. — Because  of  its  great  depth,  the  Hudson 
Gorge  has  been  a  favorite  topic  for  geologists  and  engineers.  It  is  well 
known  that  the  Hudson  is  a  very  ancient  river  and  that  at  one  time  the  Con- 
tinent stood  higher  than  it  does  at  present.  Under  such  conditions,  the 
river  cut  its  gorge,  which  can  be  followed  by  soundings  nearly  100  miles  out 
to  sea  where  it  is  a  veritable  canyon  from  3  000  to  4  000  ft.  deep. 
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Knowledge  of  these  conditions,  together  with  the  fact  that  hitherto  no 
explorations  had  determined  the  exact  depth  of  the  gorge  anywhere  along  its 
course  below  Albany,  N.  Y.,  gave  especial  uncertainty  to  the  problem  when  the 
work  first  began.  Later  explorations  have  tended  to  show  that  although  the 
Hudson  River  is  very  deep,  more  than  300  ft.  at  New  York  City,  yet  there 
are  certain  abnormal  features  of  the  gorge  at  the  Storm  King  crossing 
that  invite  comment  and  require  some  additional  explanation.  The  Hudson 
Gorge  at  Storm  King  is  too  deep  and  too  wide  to  be  wholly  consistent  with 
the  cross-sections  at  other  points.  In  its  deepest  part,  below  300  ft.,  it  is 
wider  than  at  !N"ew  York  City,  and  it  is  known  to  greater  depth.  It  is  this 
fact,  however,  of  greater  width  below  the  300-ft.  level,  even  though  the  rock 
is  more  substantial,  that  leads  to  the  conclusion  that  the  gorge  has  been 
"over-deepened"  and  enlarged  by  the  glacial  ice  a:t  the  entrance  to  the  High- 
lands. This  is  one  of  the  clearest  cases  in  the  region-  of  glacial  over-deepening 
and  enlargement.  Probably  nowhere  else  along  its  course  is  the  Hudson  so 
deep.  The  ice  seems  to  have  crowded  into  this  notch  between  Storm  King 
and  Breakneck  Mountains,  gouging  out  the  rock  considerably  deeper  than  it 
had  been  cut  by  the  river  itself.  It  appears,  therefore,  that  the  Storm  King 
crossing  may  have  required  a  somewhat  deeper  tunnel  than  would  have  been 
necessary  at  some  other  location,  but  it  had  other  advantages  quite  offsetting 
this  factor,  and  it  was  on  these  that  the  choice  was  based. 

Special  Features  in  the  Highlands 

The  aqueduct  through  the  Highlands  comprises  a  succession  of  grade 
tunnels,  cut-and-cover  aqueduct,  and  steel  pipe  siphons.  A  variety  of  geo- 
logical conditions  was  encountered,  which  were  chiefly  of  scientific  interest 
but  which  had  some  bearing  on  the  original  questions  of  location  and  design. 

At  one  place  in  Foundry  Brook  Valley,  a  crush  zone  was  encountered, 
which,  at  first,  caused  some  concern,  because  the  drill  recovered  only  what 
appeared  to  be  sand,  but  which  proved  later  to  be  crushed  and  decayed 
material.  This  zone  also  carried  much  water,  and  one  of  the  borings  that 
penetrated  it  furnished  an  Artesian  flow,  which  later  was  made  the  basis 
of  a  special  claim  for  enhancement  in  the  value  of  the  land  taken  by  the 
city.  Another  section  of  unusual  character  and  local  importance  was  in 
Garrison  Tunnel,  where  a  long  stretch  of  residual  decayed  rock  was  encoun- 
tered at  the  north  end.  It  was  assumed  in  the  original  survey  that  the  rock 
which  was  a  variety  of  gneiss,  would  be  comparatively  sound.  In  excavating 
the  tunnel,  however,  a  patch  of  pre-glacial  residuary  decay  material  was  found 
at  the  north  end  beneath  the  drift,  which  the  glacier  had  failed  to  remove. 
This  gave  trouble  when  excavated.  A  fault  zone  in  the  middle  of  the 
tunnel  showed  similar  disintegrated  material,  but  did  not  cause  much  trouble. 

Sprout  Brook  Valley  was  thoroughly  explored,  but  on  account  of  the 
depth  required  for  a  tunnel,  a  steel  pipe  siphon  was  adopted  as  more 
economical,  although  a  tunnel  is  feasible  as  far  as  geological  conditions  are 
concerned. 

Fig.  14  is  a  view  of  the  steel  pipe  siphon  across  Sprout  Brook  Valley.  The 
valley  is  eroded  on  a  narrow  band  of  crystalline  limestone  with  granite  hills 
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on  each  side.  The  bottom  of  the  valley  is  filled  to  a  depth  of  100  ft.  with 
glacial  drift.  The  opposite  hill  is  penetrated  by  the  aqueduct  tunnel  (Cat  Hill 
Tunnel)  for  ^  mile. 

In  Peekskill  Valley,  the  formations  previously  encountered  on  the  north 
side  of  the  Highlands  were  found  to  be  closely  folded,  and  affected  by  weather- 
ing and  decay  to  a  considerable  depth.  After  exploration  sufficient  to  map  the 
occurrence,  attitude,  and  condition  of  these  formations,  the  steel  pipe  siphon 
was  adopted  as  the  method  both  for  avoiding  a  deep  pressure  tunnel  and 
some  of  the  uncertainties"  of  behavior  of  these  rocks.  Similar  problems  were 
encountered  at  numerous  places  where  either  small  grade  tunnels  or  short 
pressure  tunnels  were  constructed. 

Kensico  Dam 

At  Valhalla,  N.  Y.,  a  short  distance  north  of  White  Plains,  within  about 
20  miles  of  the  city,  it  was  decided  to  locate  a  storage  reservoir.  This  is 
the  site  of  the  old  Kensico  Reservoir  that  was  already  a  part  of  the  New 
York  City  System,  storing  the  waters  of  the  Bronx  River.  However,  in  order 
to  serve  its  purpose  in  the  Catskill  Project  with  a  storage  adequate  for  a 
three  months'  supply,  it  had  to  be  greatly  enlarged,  and  the  geologic  problems 
of  this  work  were  those  incident  to  the  greater  importance  of  the  high  dam 
necessary  for  the  increased  storage. 

At  Kensico,  the  valley  is  comparatively  narrow  and  deep,  and  its  sides 
are  rocky,  although  the  bottom  is  filled  with  drift.  It  was  known  from  the 
outcrops  in  the  vicinity  that  the  rock  formation  of  the  west  side  of  the 
valley,  at  this  point  is  Manhattan  schist,  that  the  east  side  is  granite  gneiss 
of  considerable  variety  belonging  to  the  so-called  Pordham  gneiss  series,  and 
that  the  Inwood  limestone  formation  must  lie  in  the  bottom  of  the  valley. 
It  was  evident,  therefore,  that  the  dam  would  stretch  across  the  three  im- 
portant formations  of  the  region,-  a  fact  which,  in  itself,  would  present  no 
particular  disadvantages  unless  unusual  weaknesses,  especially  those  relating 
to  fault  movements,  should  be  found.  Fig.  15  is  a  view  of  the  foundation 
of  the  Kensico  Dam.  It  is  a  narrow  V-shaped  gorge,  at  contact  of  Fordham 
gneiss  (left)  and  Inwood  limestone  (right).  The  excavation  is  more  than  100 
ft.  below  the  ground  surface. 

Explorations  showed  that  the  limestone,  which  was  exposed  in  the  bottom 
of  the  valley  (Fig.  15),  is  400  ft.  thick  and  that,  as  a  whole,  it  was  in  no 
poorer  condition  than  the  other  formations.  Perhaps,  it  is  in  better  condition 
than  the  schist,  because  the  latter  is  so  much  more  broken. 

The  chief  problems  to  be  settled  by  detailed  exploratory  work  were: 

First. — The  amount  of  drift  cover  and  its  character,  especially  its  water- 
bearing quality  as  affecting  construction. 

Second. — The  extent  and  distribution  of  weak  zones  or  any  broken  con- 
dition of  the  rock. 

Third. — The  extent  of  weathering  disintegration  and  decay. 

Fourth. — The  perviousness  of  the  rock  itself. 
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All  these  questions  were  determined  within  reasonable  limits  and  were 
consistent  with  the  earlier  general  estimate  of  conditions.  After  all  the 
exploratory  borings  had  been  made  and  the  facts  bearing  on  these  points  had 
been  summarized,  it  became  evident  that  the  more  northerly  lines  had  the  ' 
soundest  rock.  The  dam  was  placed,  therefore,  some  distance  north  of  the 
site  of  the  existing  old  dam.  On  account  of  the  discovery  of  considerable 
rock  decay,  especially  at  the  junction  between  the  gneiss  and  the  limestone, 
and  the  presence  of  considerable  jointing  in  the  rock  itself,  particularly  in 
the  Manhattan  schist,  a  design  was  adopted  that  provided  for  stripping  and 
considerable  excavation  of  the  svirface  rock  and  a  deep  cut-off  trench. 

Of  almost  equal  importance  to  the  question  of  location  and  the  quality 
of  foundation  is  the  problem  of  materials  for  construction.  The  dam  required 
approximately  1  000  000  cu.  yd.  of  structural  material  and  the  decision  to  use 
stone  facing,  if  a  suitable  quality  could  be  found  near  enough  to  be  utilized 
economically,  emphasized  the  problem  of  local  supply.  The  basal  gneiss  series 
on  the  east  side  of  the  reservoir  carries  a  large  quantity  of  igneous  intrusive 
rock  of  essentially  granitic  composition.  This  rock,  the  Yonkers  gneiss,  is  of 
strikingly  granular  habit  in  most  exposures  and  disintegrates  to  a  sand 
under  certain  kinds  of  exposure.  However,  blocks  of  this  stone  used  in 
the  oldest  buildings  of  the  region  are  well  preserved,  and  the  stone  shows  ^ 
high  strength  and  a  satisfactory  resistance  to  the  ordinary  disintegration 
tests.  Even  the  somewhat  weathered  material,  considered  by  no  means  in 
its  best  condition,  shows  surprisingly  good  results  under  the  tests.  The  color 
of  the  stone  and  its  structural  markings  are  considered  to  be  very  attractive. 
No  other  masonry  strvicture  on  the  Catskill  work  has  been  more  successful 
from  the  standpoint  of  the  material  used. 

The  East  View  Concrete  Disintegration. — From  Kensico  Reservoir,  the 
aqueduct  turns  toward  the  city  with  cut-and-cover  and  short  pressure  and 
tunnel  sections  with  comparatively  little  incident  beyond  the  occasional  un- 
certainties regarding  the  quality  of  the  rock  or  the  encountering  of  excep- 
tional decay  and  disintegration.  In  Elmsford  Tunnel  north,  a  long  stretch 
of  excessive  decay  introduced  the  usual  difficulties  in  construction.  The 
only  unusual  feature,  however,  sufficiently  different  from  those  encountered 
in  many  other  places,  to  warrant  special  attention,  was  in  the  East  View  ^ 
Tunnel,  about  midway  between  East  View  and  J^ensico  Reservoir.  After 
this  tunnel  was  completed  and  had  stood  for  some  time,  it  was  discovered 
that,  along  a  considerable  stretch  of  roof  and  side-wall,  the  concrete  lining 
was  badly  disintegrated.  Patches  were  discovered  that  had  softened  completely 
and,  in  a  few  places,  parts  fell  from  the  roof.  It  was  found,  however,  that 
the  trouble  was  not  general,  suggesting  that  there  was  some  particular  cause 
connected  with  the  ground  itself,  rather  than  any  fault  of  construction. 

The  aggregate  used  in  the  concrete  in  this  tunnel  included  a  great  deal 
of  limestone.  At  the  time  of  construction,  the  suitability  of  limestone  aggre- 
gate was  not  questioned,  because  this  tunnel  was  put  under  comparatively 
little  pressure  and  there  was  no  thought  of  particular  difficulty  from  the  sur- 
rounding conditions.  On  investigation  of  the  condition  of  the  concrete,  it 
was  found  that  many  of  these  limestone  fragments  had  been  completely  de- 


F^G.   14. — View  of  Stkel  Pipe  Siphon  Across  Spkout  Brook  Valley. 


Fig.  15. — View  of  Foundation  of  Kensico  Dam. 
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stroyed.  The  experiments  in  this  tunnel  further  emphasized  the  unsuitability 
of  limestone  for  concrete  aggregate  under  miscellaneous  or  uncertain  condi- 
tions, especially  if  there  is  any  probability  of  acid  waters  coming  in  contact 
with  the  concrete. 

An  investigation  showed  that  the  waters  trickling  into  the  tunnel  in  the 
part  affected  were  charged  with  sulphates  and  had  a  destructive  chemical 
action.  Examination  of  rock  that  had  been  thrown  out  from  the  tunnel  and 
from  the  borings  made  in  this  part  of  the  ground  showed  large  quantities  of 
iron  sulphide  as  a  constituent.  Blocks  that  had  been  exposed  at  the  surface 
since  construction  were  badly  oxidized  and  showed  abundant  development  of 
sulphate  of  iron  which  had  been  accompanied  by  the  production  of  free 
sulphuric  acid.  A  spoil  bank  of  this  kind  of  material  had  been  thrown  out 
on  the  surface  almost  directly  over  the  most  seriously  affected  part  of  the 
tunnel.  From  these  facts  it  was  concluded  that  the  real  cause  of  the  trouble 
lay  in  the  oxidization  of  the  sulphide  content  of  the  rock,  and  the  opening  of 
an  underground  escape  for  the  downward  circulating  water  which,  therefore, 
could  leach  these  soluble  matters  out  of  the  rock  dump  and  reach  the  tunnel 
immediately  below  with  the  result  of  continuous  destructive  attack  on  the 
tunnel  lining.  Study  of  the  methods  of  overcoming  the  trouble  emphasized 
the  difficulty  of  removing  the  cause.  It  was  finally  decided  to  reinforce  the 
weakened  part  by  lining  it  with  different  material.  Accordingly,  a  brick  lining 
was  put  in  and  all  voids  were  filled  with  cement  grout  for  a  distance  of  about 
2  000  ft. 

The  City  Tunnel 

The  aqueduct  reaches  Hill  View  just  outside  the  northern  boundary  of 
New  York  City  at  Elevation  295.  At  this  point,  an  equalizing  reservoir  with  a 
capacity  of  900  000  000  gal.  is  located,  which  distributes  directly  to  the  city. 
After  exhaustive  study  of  alternative  methods  a  deep  pressure  tunnel  was 
adopted  to  extend  from  Hill  View  southward  through  the  city  to  Brooklyn,  N.  Y. 
This  was  to  become  the  trunk  line  from  which  water  coul^  be  taken  at  many 
points.  As  finally  worked  out,  the  water  was  also  carried  to  Staten  Island 
and  the  Borough  of  Queens  by  means  of  steel  pipe  extensions.  The  adoption 
of  a  tunnel  plan  emphasized  the  matter  of  natural  ground  conditions  and 
made  it  imperative  to  conduct  extensive  investigations.  The  manner  in 
which  these  were  co-ordinated  with  the  other  engineering  studies  forms  an 
instructive  illustration  of  the  manner  in  which  the  Catskill  Aqueduct  project 
was  handled. 

A  thorough  preliminary  engineering  and  geological  study  was  made  before 
any  steps  toward  exploration  were  taken.  Taking  into  account  chiefly  the 
engineering  works  already  in  place  in  New  York  City  and  the  known  difficulties 
due  to  city  development,  three  trial  lines  were  laid  out  by  the  engineers  between 
the  starting  point  and  objective  in  Brooklyn.  At  this  stage,  the  geologists 
were  asked  to  make  a  study  of  the  surface  conditions  along  these  three  lines 
and  the  adjacent  ground  to  a  considerable  distance  on  each  side.  It  was 
then  necessary  to  decide  whether  a  shift  of  any  one  of  the  lines  would 
materially  improve  these  conditions.     After  careful  study  it  was  found  that  a 
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reasonably  clear  choice  of  a  line  could  be  made,  but  that  certain  unfavorable 
features  could  be  avoided  by  shifting  it  somewhat  from  its  original  course. 
The  choice  was  based  on  ground  conditions,  without  sufficient  knowledge  of 
other  factors  to  be  certain  that  this  new  course  would  be  practicable  from  an 
engineering  standpoint.  Therefore,  it  went  for  the  second  time  to  the 
Engineering  Staff  for  consideration,  with  the  result  that  minor  modifica- 
tions were  suggested  for  re-study.  These  modifications  were  found  to  be  gen- 
erally consistent  with  the  geological  conditions,  and,  thus,  with  very  little 
additional  modification,  the  course  that  the  aqueduct  should  take  through 
the  city  was  tentatively  established. 

These  preliminary  studies  were  siifficiently  detailed  to  determine  the 
points  of  uncertainty  that  would  require  active  exploration,  the  nature  of  these 
uncertainties  of  condition,  the  purpose  of  these  additional  investigations,  and 
something  of  the  amount  of  exploratory  work  required.  All  the  exploratory 
work  was  done  by  borings,  but  no  conditions  were  discovered  after  the  course 
was  fixed  that  required  material  shift  of  the  line. 

General  Questions. — In  conducting  these  studies,  the  following  general 
questions  were  kept  actively  in  the  foreground: 

1. — What  is  the  character  of  the  rock  along  the  projected  conduit  at 
the  proposed  depth? 

2. — Is  the  depth  proposed  an  appropriate  one  for  a  pressure  tunnel  of  this 
character  ? 

3. — Does  the  character  of  the  rock  vary  sufficiently  to  affect  the  cost  or 
the  safety  of  the  tunnel,  and  would  anything  be  gained  in  either  respect  by 
a  change  of  position  or  change  of  depth? 

4. — What  principles  are  most  fundamental  in  weighing  the  evidence  and 
in  judging  these  points? 

5. — What  are  the  most  questionable  points  along  the  proposed  tunnel  and 
where  is  exf)loratory  work  necessary  to  determine  the  local  conditions  fully 
enough  to  satisfy  the  needs  of  this  project? 

6. — What  borings  or  other  field  investigations  should  be  made  to  determine 
the  facts  about  the  uncertainties  along  the  line  and  to  make  certain  of  the 
practicability  of  the  pressure  tunnel? 

Geological  Formations  of  New  York  City. — The  variety  of  rock  types  within 
the  city  limits  is  somewhat  greater  than  along  the  remainder  of  the  aqueduct, 
but  a  knowledge  of  the  three  standard  formations  is  sufficient  to  an  understand- 
ing of  the  nature  of  all  the  local  problems.  Originally,  these  three  formations 
lay  one  above  the  other  to  a  very  great  thickness,  but  they  are  now  folded 
together  so  closely  that  the  parts  exposed  after  long  erosion  stand  almost  on 
edge.  On  this  account,  the  formations  appear  at  the  surface  as  long  strips  with 
a  general  northeast  trend.  The  bottom  and  the  top  formations  are  more  re- 
sistant to  erosion  and  weathering  than  the  one  between  them.  As  a  result, 
the  major  topography  of  Manhattan  and  all  the  regions  lying  to  the  north 
of  the  East  River  and  Long  Island  Sound  have  developed  a  parallel  ridge 
topography  consistent  with  this  structure.  !N"arrow  valleys  or  the  depressions 
lying  parallel  to  this  structural  trend  are  underlain  in  most  cases  by  the 
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softer  rock  (limestone)  and  the  ridges  are  either  one  or  the  other  of  the  two 
resistant  members.  These  formations  are:  (1)  the  Manhattan  schist  at  the 
top  of  the  series;  (2)  Inwood  limestone,  the  intermediate  member;  and  (3) 
the  Fordham  gneiss,  the  basal  member. 

Originally,  these  formations  were  sediments  varying  from  sandstones  and 
limestones  to  simple  mud  shales.  Now,  after  long  metamorphism,  these  are 
gneisses,  marbles,  dolomites,  and  schists,  each  type  presenting  many  varia- 
tions in  minor  character  and  quality.  The  Manhattan  schist,  the  youngest 
member,  is  essentially  a  mica  schist.  It  is  usually  comparatively  coarse  and 
flaky  in  structure  and  inclined  to  be  crumpled  and  somewhat  bunchy.  It  is 
impregnated  with  igneous  material  which  gives  the  rock  a  bunchy  appear- 
ance or  introduces  stringers  or  dikes  of  pegmatite.  Rock  of  this  formation, 
because  it  is  made  up  of  very  durable  minerals  and  has  a  structural  habit 
that  makes  it  work  in  a  massive  form  with  reasonable  satisfaction,  has  been 
considered  suitable  for  tunneling. 

The  Inwood  limestone  is  a  coarsely  crystalline  dolomitic  limestone.  At 
depth,  the  rock  is  sound,  but  at  the  surface  it  crumbles  readily  under  weather- 
ing influence  and  is  comparatively  easily  eroded.  Therefore,  these  belts  of 
limestone  are  the  lines  of  depression  in  the  local  topography.  On  the  general 
principle  that  limestones  of  all  grades  are  less  stable  where  solution  is 
possible  than  rocks  made  up  of  crystalline  silicates,  it  was  considered  that  long 
stretches  of  the  Inwood  limestone  should  be  avoided  if  possible. 

The  Fordham  gneiss  is  a  black  and  white  banded  rock,  made  up  chiefly 
of  schistose  and  granitic  bands.  In  some  places  much  granite  occurs  in  this 
formation,  such  as  the  "Yonkers  gneiss".  On  the  Brooklyn  side,  another 
similar  occurrence  is  known  as  the  "Ravenswood  granodiorite".  It  is  com- 
posed of  durable  material,  but  on  account  of  its  strongly  banded  structural 
habit,  it  tends  to  break  into  slabs,  thus  introducing  a  behavior  somewhat  more 
troublesome  than  that  of  the  Manhattan  schist. 

Principles  of  Judgment. — At  least  one  other  structural  feature  must  be 
considered.  This  is  the  crush  zone  or  fault  zone  along  which  movement  has 
taken  {JTace  and  along  which  rock  is  broken  or  weakened  enough  to  encourage 
deeper  decay  and  alteration  than  at  other  places.  On  the  surface,  these 
weakness  lines  are  indicated  by  depressions.  Relying  on  such  knowledge  of 
the  importance  of  these  conditions  as  was  appreciated  at  the  inception  of 
this  enterprise,  the  following  principles  were  accepted  as  suitable  guides, 
both  in  the  matter  of  choice  of  location  and  exploration: 

First. — It  is  in  general  desirable  to  avoid  location  in  or  near  to  a  con- 
tact between  two  formations,  as  this  is  likely  to  be  a  zone  of  weakness  under- 
ground. 

Second. — ^Nearly  all  fault  lines  and  crush  zones  are  also  lines  of  special 
weakness,  and  on  this  account  it  is  desirable  to  avoid  them  in  the  manner 
indicated  in  Principle  1. 

Third. — The  behavior  of  the  Inwood  limestone  is  more  uncertain  than 
any  of  the  other  formations  and,  therefore,  should  be  avoided  as  much  as 
possible. 
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Fourth.— The  simple  igneous  units  such  as  the  Youkers  gneissoid  granite 
and  the  Ravenswood  granodiorite  are  probably  more  uniform  and  consistent 
in  their  behavior  under  tunneling  than  any  other  formations,  because  of  their 
simple  crystalline  character.  For  somewhat  similar  reasons  the  Fordham 
gneiss  and  the  Manhattan  schist  may  be  considered  comparatively  satisfactory 
formations,  although  neither  of  them  is  as  uniform  in  structure  as  the  other 
two. 

Fifth.. — Along  the  lines  of  contact  between  the  several  rock  formations 
and  along  crush  zones,  superficial  decay  and  disintegration  are  much  deeper 
than  at  other  places.  These  places  are  practically  the  only  points  at  which 
construction  difficulties  are  likely  to  be  encountered.  They  are  also  the 
chief  points  where  the  inflow  of  water  and  falling  rock  may  be  expected  to  be 
greater  than  usual. 

Sixth. — The  deepest  erosion,  marking  pre-glacial  stream  channels,  is  to 
be  expected  also  along  the  lines  of  contact  and  along  the  crush  zones.  The 
depths  that  these  stream  channels  may  reach  cannot  be  determined  without 
exploration.  The  positions  of  the  most  important  spots,  however,  are  indi- 
cated with  reasonable  accuracy  so  that  exploratory  work  can  be  confined  to 
definite  places. 

Seveyith. — The  overlying  glacial  drift  is  variable,  but,  for  the  most  part,  is 
very  porous  and  water-bearing,  especially  where  heavy  cover  is  to  be  expected. 
This  condition  is  a  factor  of  importance  in  considering  methods  of  con- 
struction. 

Tunnel  Location. — Basing  judgment  of  the  advantages  and  disadvantages 
of  the  trial  lines  on  the  principles  just  stated,  it  seemed  reasonably  clear  that 
one  of  the  three  original  alternative  lines  had  decided  advantages  over  the 
others  in  the  proportion  of  better  grade  of  rock  and  avoidance  of  question- 
able zones.  One  of  the  lines  had  an  unnecessarily  long  stretch  in  the  lime- 
stone formation.  A  second  had  a  considerable  length  across  a  part  of  ]*Tew  York 
City  where  the  underground  formations  are  wholly  obscured  by  drift.  On  the 
whole,  the  advantage  seemed  to  lie  with  the  trial  line  that  was  located 
farthest  to  the  west,  running  from  Hill  View  southward  past  JeroBie  Park 
Reservoir,  crossing  the  Harlem  River  and  running  almost  the  entire  lengtli  of 
Manhattan  Island  before  crossing  to  Brooklyn. 

In  this  connection,  all  the  exploratory  data  available  in  the  city  were 
re-studied  and  a  new  geologic  map  was  made  of  that  part  of  the  city  within 
reach  of  the  project.  This  map  showed  considerable  differences  from 
the  standard  geologic  map  of  Folio  83  of  the  U.  S.  Geological  Survey,  some 
of  the  points  being  regarded  as  very  radical  changes.  As  a  guide  to  location 
studies  the  contact  lines  between  the  several  rock  formations  were  re-drawn 
as  accurately  as  possible,  and  special  attention  was  given  to  lines  of  structural 
weakness  and  to  depressions  in  the  rock  floor  marking  pre-glacial  drainage. 
The  course  of  the  City  Tunnel  was  based  on  these  studies.  Although  this  gen- 
eral location  was  made  before  additional  exploratory  work  was  undertaken,  no 
new  conditions  were  discovered  of  sufficient  importance  to  require  material 
modification.  The  question  of  depth,  however,  was  not  settled  iintil  the 
exploratory  data  from  the  borings  were  available. 
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Questionahle  Points. — By  detailed  studies  of  the  ground  along  the  course 
adopted  for  the  City  Tunnel,  it  became  certain  that,  for  the  greater  part  of 
the  distance  of  nearly  18  miles,  the  geological  conditions  were  so  fully  deter- 
mined and  so  satisfactory  that  no  exploratory  work  would  be  necessary. 
Ordinary  geological  interpretation  also  reasonably  established  that  long 
stretches  of  ground,  even  where  direct  observations  of  the  bed-rock  were  not 
frequent,  would  not  present  conditions  of  sufficient  uncertainty  to  warrant 
extensive  investigation.  At  four  points,  however,  it  was  realized  that  not 
only  were  the  actual  conditions  unknown,  but  the  evidence  indicated  greater 
probability  of  weakness  than  at  other  places.  It  was  also  expected  that  in 
places  the  rock  floor  would  be  deeply  eroded  and  show  structural  weaknesses. 
These  spots  would  probably  control  the  depth  of  the  tunnel  and  determine 
the  difficulties  of  construction.  It  was  advised,  therefore,  that  these  points 
should  be  thoroughly  explored.  These  four  places  were : 
1. — The  vicinity  of  the  Mosholu  Parkway; 
2. — The  Harlem  River  crossing; 

3. — The   125th   Street   cross-town   depression   and  its   extension   south- 
ward to  Central  Park;  and 
4. — The  lower  East  Side  from  the  Bowery  across  the  East  River  to 
Brooklyn. 

Certain  surface  conditions  suggested  the  probability  of  a  cross-zone  of 
weakness  at  Mosholu  Parkway.  This  was  not  expected  to  be  of  as  much  im- 
portance as  the  others,  because  of  the  very  substantial  Yonkers  gneiss  type  of 
rock.  Explorations,  however,  showed  satisfactory  conditions  at  this  point 
at  the  depth  adopted. 

At  the  Harlem  River,  the  tunnel  would  cross  from  Fordham  gneiss  through 
the  Inwood  limestone  to  the  Manhattan  schist.  This  was  known  to  be  a 
line  of  depression  and  weakness,  and  although  the  geologic  structure  in 
general  was  well  established,  the  exact  conditions  had  to  be  determined  on 
the  basis  of  which  the  depth  of  the  tunnel  could  be  fixed.  Explorations 
were  conducted,  therefore,  in  sufficient  detail  to  determine  the  exact  boun- 
daries of  the  formations  and  their  condition,  particularly  at  the  contacts. 

The  125th  Street  cross-town  depression  is  a  prominent  feature,  and  it 
was  appreciated  in  the  beginning  that  it  indicated  a  structural  weakness  such 
as  a  crush  or  fault-line  zone.  Explorations  at  this  point  extended  from  125th 
Street  southward  and  showed  the  correctness  of  this  interpretation.  The 
earliest  borings  indicated  not  only  that  crush  zone  conditions  existed,  but 
that  the  rock  floor  was  eroded  to  Elevation  —  190.  The  125th  Street  depression 
is  one  of  the  deepest  erosion  lines  within  the  limits  of  the  city,  and  is  much 
more  pronounced  than  the  course  of  the  East  River.  Exploratory  work,  car- 
ried southward  in  the  vicinity  of  Morningside  Park,  as  far  as  110th  Street, 
indicated  a  somewhat  less  prominent  weakness  extending  parallel  to  the  con- 
tact of  the  formations  with  comparatively  deep  erosion  also  along  that  line. 
It  was  partly  to  avoid  the  worst  conditions  of  this  zone  that  the  tunnel 
was  turned  eastward  at  106th  Street  instead  of  110th  Street.  Explorations 
enabled  an  accurate  map  of  the  boundaries  of  the  formations  to  be  made  and 
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the  major  structural  features  were  determined.  It  was  these  findings  that 
determined  the  course  of  the  aqueduct  and  its  depth. 

The  lower  East  Side  of  the  East  River  Section  also  required  extensive 
study,  partly  because  of  the  greater  extent  of  unknown  or  questionable  ground, 
the  entire  lack  of  outcrops,  and  the  dearth  of  earlier  exploratory  data.  Nearly 
all  the  distance  between  the  Bowery  and  the  Brooklyn  side  of  the  East  River 
required  detailed  exploration.  It  had  always  been  assumed  that  the  East 
River  follows  a  zone  of  considerable  weakness  or  a  change  of  formations. 
The  revised  map  threw  considerable  doubt  on  this  assumption  and  the  ex- 
plorations proved  also  that  the  bed-rock  condition  of  the  East  River  south 
of  30th  Street  to  Brooklyn  Bridge  is  comparatively  simple  and  sound.  A 
little  farther  to  the  west,  however,  between  Forsythe  and  Clinton  Streets, 
lies  a  belt  of  ground  in  which  great  complexity  of  structure  and  very  deep 
decay  were  discovered. 

This  decay  and  disintegration  were  found  to  extend  extraordinarily  deep. 
The  rock  floor  reaches  Elevation  —  200  and  is  below  Elevation  —  100  for  nearly 
the  whole  distance.  In  this  section  of  the  rock  floor,  the  deepest  part  is  more 
than  100  ft.  deeper  than  at  the  East  River  itself.  Doubtless,  the  pre-glacial 
drainage  was  through  this  territory  across  the  lower  East  Side  instead  of  along 
the  present  course  of  the  East  River.  The  present  course  is  evidently  con- 
trolled by  the  accumulations  of  obstructing  glacial  drift  which  filled  the  old 
channel  more  deeply  than  some  of  the  adjacent  ground,  so  that  when  post- 
glacial drainage  was  finally  established,  the  new  watercourses  differed  from  the 
original  ones. 

Additional  exploratory  work  was  done  at  certain  other  points  along  the 
projected  line  as  a  check  on  interpretations  and  as  a  basis  for  contract  speci- 
fications. Three  of  the  four  sections  originally  chosen  for  detailed  investi- 
gation proved  to  be  the  critical  and  controlling  ones  in  determining  the 
nature  of  the  most  questionable  conditions  to  be  encountered  and  in  deciding 
on  the  depth  of  the  tunnel.  iSTo  others  were  discovered,  even  during  construc- 
tion, of  so  great  significance. 

Depth  of  Tunnel. — The  comparatively  sound  conditions  of  the  whole 
northerly  portion  of  the  line  to  the  Harlem  River  made  it  possible  to  con- 
struct the  tunnel  at  a  moderate  depth,  about  Elevation  —  150,  to  that  point. 
The  controlling  feature  of  the  next  section,  however,  was  the  Harlem  River, 
and  as  it  showed  a  weakened  condition  of  the  rock  to  Elevation  160,  it  was 
decided  to  place  the  tunnel  through  this  portion  at  a  depth  of  about  350  ft. 
below  tide  level.  Fig.  16  is  a  geological  profile  of  the  Harlem  River  Tunnel 
of  the  Catskill  Aqueduct,  showing  the  rock  penetrated. 

At  the  125th  Street  depression,  pre-glacial  erosion  extends  to  a  depth 
of  200  ft.  and  the  rock  is  somewhat  broken.  It  became  necessary,  therefore, 
to  place  the  tunnel  still  deeper.  It  was  finally  located  at  about  Elevation  —  850. 
As  the  quality  of  rock  improved,  and  the  floor  was  much  shallower  for 
many  miles  south,  the  design  adopted  allowed  the  tunnel  to  rise  on  an  incline 
to  Elevation  —  250,  and  this  level  was  maintained  as  far  south  as  the  vicinity 
of  the  complex  conditions  of  the  lower  East  Side,  and  the  East  River.  The 
ground  of  the  lower  East  Side,  which  showed  pre-glacial  erosion  deeper  than 
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Elevation  —  200    and   a    weakened   rock   condition    and    decay   to    Elevation 

—  600,  was  regarded  as  so  questionable  in  its  behavior  both  for  construction 
and  permanence  that  it  was  determined  to  depress  this  section  to  Elevation 

—  700  in  order  to  reach  firm  rock.     On  the  Brooklyn  side  of  the  East  River, 
the  tunnel  grade  was  raised  again  to  Elevation  —  250  to  the  terminal. 

Fig.  lY  shows  the  rock  700  ft.  beneath  Delancey  Street.  This  rock  is 
Inwood  limestone,  with  complicated  folding,  crumpling,  and  faulting,  and  is 
cut  through  by  a  granite  dike.  The  folding  is  characterized  by  remarkable 
crumpling  varying  from  small  plications  of  a  few  inches  to  great  arches 
such  as  form  the  major  ridges  of  the  island  and  indicating  a  former  deforma- 
tion of  the  rock  of  considerable  magnitude.  Much  trouble  may  be  experi- 
enced in  tunnels  through  folded  rocks  if  they  show  marked  fracturing,  and 
careful  attention  must  be  given  in  such  cases  to  the  geological  structure. 

Observations  on  the  results  of  construction  and  operation  indicate  that 
the  deeper  positions  are  the  most  successful.  Athough  Elevation  —  700  would 
doubtless  be  excessive  for  the  whole  tunnel,  the  success  of  the  work  at  the 
East  River,  together  with  difficulties  that  arose  in  certain  of  the  shallower 
sections,  have  led  to  the  conviction  that  the  tunnel  is  nowhere  placed  too 
deep.  There  are  weaknesses  in  all  types  of  rock,  and  it  is  not  the  average 
condition  but  the  weak  spots  which  control  the  efficiency  of  the  conduit 
under  operating  conditions.  The  behavior  of  the  rock  formations  under 
construction  and  operating  conditions  has  shown  that  the  limestone  forma- 
tion at  the  depth  of  the  tunnel  has  been  a  satisfactory  type  of  rock,  much 
more  so  than  was  expected.  The  difficulties  expected  from  it  were  perhaps  over- 
stated, because  of  its  behavior  at  the  surface.  There  is  no  reason  to  believe 
that  those  parts  of  the  tunnel  where  limestone  forms  the  walls  will  be  much 
less  successful  and  permanent  than  other  parts. 

At  some  places,  the  banded  Fordham  gneiss  formation  has  proved  to  be  un- 
satisfactory as  a  rock  for  tunneling,  because  of  its  tendency  to  break  out  in 
slabs  more  extensively  than  either  the  limestone  or  the  schist.  The  schist 
which  in  ordinary  exposure  is  strongly  foliated,  has  proved  to  be  a  satis- 
factory formation.  Its  crumpled  nature  and  the  fact  that  the  schistose  struc- 
ture stands  at  high  angles  in  the  ground,  coupled  with  the  additional  fact 
that  the  tunnel  is  at  sufficient  depth  to  avoid  superficial  weaknesses,  has 
furnished  almost  ideal  rock  conditions.  This  rock  could  be  broken  very 
true  to  the  required  lines,  and  it  seldom  presented  structural  difficulties  or 
dangerous  ground. 

Considerable  difficulty  was  experienced  in  driving  through  those  rocks 
that  exhibited  a  strong  tendency  to  break  into  thin  slabs,  especially  when  this 
condition  was  developed  in  rock  that  lay  nearly  flat  or  crossed  the  tunnel  at 
a  very  slight  angle.  The  Fordham  gneiss  presented  these  conditions  and, 
occasionally,  the  other  formations.  Where  crush  zones  were  encountered  not 
only  was  the  ground  dangerous  for  working  because  of  the  tendency  of 
blocks  to  drop  from  the  roof,  but  in  some  places  the  inflow  of  water  and 
the  disintegration  of  the  rock  on  exposure  gave  additional  construction  diffi- 
culties. At  106th  Street,  where  the  tunnel  crossed  a  known  fault  line  with  a 
wide  crush  zone,  the  rock  did  not  present  any  unusual  features  when  the 
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tunnel  first  penetrated  it,  except  that  it  broke  out  in  small  pieces.  Later, 
after  exposure,  the  walls  of  the  tunnel  showed  extensive  disintegration  and 
softening.  At  106th  Street,  a  heavy  steel  shell  was  placed  for  110  ft.  through 
the  crush  zone. 

A  worse  condition,  as  far  as  excavation  was  concerned,  was  in  the  crush 
zones  beneath,  the  125th  Street  depression,  and  somewhat  similar  conditions 
were  encountered  in  the  vicinity  of  146th  Street.  At  these  places,  the  rock 
was  broken  more  in  blocks  than  at  106th  Street  and  these  blocks  would  drop 
out.  In  the  vicinity  of  Jerome  Park  and  elsewhere,  some  of  the  joints  in 
the  rock  were  water-bearing,  one  of  which  furnished  for  a  time  as  much  as 
500  gal.  per  min.  It  was  thought  at  first  that  this  might  connect  with  the 
reservoir,  but  the  later  behavior  seemed  to  indicate  that  the  chief  water 
supply  was  local  and  connected  only  with  the  open  joint  system  of  the  rock 
and  the  overlying  soil. 

At  many  points  along  the  course  of  the  tunnel,  joint  systems  of  con- 
siderable prominence  were  encountered.  As  a  rule,  these  joints  were  not 
heavily  water-bearing,  but  it  was  recognized  that  water  would  be  lost  through 
them,  unless  they  could  be  closed.  When  the  hydrostatic  test  was  made, 
leakage  developed  near  Madison  Square,  New  York  City.  This  section  was 
repaired  by  lining  the  tunnel  for  some  distance  with  sheet  copper  and  by 
grouting  the  rock  joints.  No  other  sections  of  the  tunnel  have  thus  far 
developed  weaknesses  of  this  kind  and  its  operation  is  considered  to  be 
successful. 

Staten  Island  Dev'elopment 

Water  from  the  Catskills  is  carried  to  Staten  Island  in  steel  pipes  from 
Shaft  24.  A  cast-iron  pipe  was  laid  through  the  silt  of  New  York  Bay  at  The 
Narrows.  A  short  tunnel  in  serpentine  rock  conducts  the  water  to  Silver 
Lake  Eeservoir  on  the  high  ground  of  Staten  Island.  The  bed-rock  is  serpen- 
tine, much  fractured  at  the  surface,  and  of  complex  internal  structure,  but 
essentially  substantial  and  water-tight  at  a  moderate  depth.  The  exposed 
parts  are  considerably  broken  and  allow  the  circulation  of  water  through  the 
network  of  fractures  or  joints.  This  rock,  however,  is  covered  with  drift, 
of  which  part  is  heavy  substantial  till  and  part  assorted  gravel  and  sand. 

The  site  chosen  for  the  reservoir  is  that  of  an  original  natural  lake.  It 
is,  however,  surrounded  by  glacial  deposits,  and  explorations  showed  that 
these  deposits,  both  at  the  southerly  outlet  and  at  the  westerly  side,  are  com- 
paratively deep  and  variable  in  quality.  The  borings,  however,  indicated  such 
a  succession  of  interfingering  or  interlocking  of  porous  and  of  impervious 
portions,  that  it  was  thought  practicable  to  depend  on  this  ground  to  hold 
water.  The  dike  at  the  westerly  outlet  was  constructed  with  a  core-wall  that 
reached  to  bed-rock,  but  did  not  extend  the  entire  distance  across  the  depres- 
sion. The  southerly  outlet  was  so  deep  that  no  attempt  was  made  to  put 
a  eore^wall  to  bed-rock. 

Some  leakage  developed  under  operating  conditions;  both  to  the  west 
and  to  the  south,  the  water  travels  in  a  roundabout  way  through  the  inter- 
locking irregularly  distributed  porous  parts  of  the  drift,  evading  the  more 
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substaBtial  obstructing  dikes  and  impervious  material.  Undoubtedly,  greater 
reliance  was  placed  on  the  quality  of  the  drift  and  the  water-tightness  of 
the  floor  than  conditions  warranted. 

Long  Island 

Originally,  the  development  undertaken  by  the  Board  of  Water  Supply 
included  a  project  for  the  development  of  additional  supplies  from  Long 
Island  sources.  For  many  years  the  City  of  Brooklyn  had  secured  part  of 
its  water  from  surface  streams  and  wells  many  miles  beyond  the  city  limits. 
It  was  intended  to  develop  the  underground  supply  of  Suffolk  County  and 
considerable  progress  was  made  before  restrictive  legislation  caused  the  tem- 
porary abandonment  of  the  Long  Island  project. 

Underground  supplies  alone  were  sought,  which,  it  was  expected,  might 
be  increased  by  obstructing  the  run-off  from  some  of  the  small  streams  in 
such  a  way  as  to  give  greater  opportunity  for  the  water  to  soak  into  the 
soil.  The  essentials  of  this  project,  therefore,  have  to  do  with  the  quantity 
and  behavior  of  recovery  of  ordinary  well  waters  and  the  underground  con- 
ditions which  govern  them. 

The  coastal  plain  formation  shown  on  Plate  III,  together  with  the 
glacial  deposits  on  Long  Island,  overlie  the  ancient  rocks  and  contain  the 
porous  members  which  are  the  main  sources  of  water  supply. 

Immediately  beneath  the  glacial  drift  of  Long  Island  is  a  series  of  sedi- 
mentary sands  and  marls  and  clay  dipping  gently  toward  and  beneath  the 
sea.  This  whole  series,  in  turn,  lies  on  a  uniform  base  of  crystalline  rock,  the 
old  eroded  surface  of  which  slopes  in  the  same  direction.  None  of  the  over- 
lying strata  extends  farther  inland  than  Long  Island  Sound  and  only  the 
lowermost  reach  that  far,  because  later  erosion  has  beveled  across  these  beds, 
so  that  if  the  glacial  drift  were  scraped  off,  one  could  walk  across  the  exposed 
layers  one  after  another  from  Long  Island  Sound  to  the  ocean.  Thus,  all  of 
them  are  open  to  the  entrance  of  percolating  water  along  their  entire  land- 
ward  extension. 

All  the  layers  are  heavily  covered,  however,  with  glacial  drift,  including 
mixed  morainic  materials  and  an  immense  quantity  of  assorted  gravel  and 
sand.  This  glacial  drift  practically  covers  everything  on  Long  Island,  and 
its  extreme  porosity,  which  is  its  most  striking  characteristic,  is  also  a  most 
important  factor  in  the  problem  of  water  supply,  as  ordinary  rain  water 
soaks  into  and  through  this  drift  cover  and  enters  the  underlying  beds  in 
great  quantities.  All  these  materials,  both  the  glacial  drift  and  the  under- 
lying sedimentary  beds,  are  water-bearing,  but  because  of  their  irregular  sur- 
face and  porosity,  the  depth  to  permanent  water  differs  considerably. 

Water  obtained  from  these  underground  sources  comes  both  from  the 
drift  and  from  the  sedimentary  beds  at  many  different  levels.  Most  of  the 
supplies  used  are  shallow  and  belong  chiefly  to  the  glacial  drift.  Deepor  wells 
penetrate  successive  water-bearing  sedimentary  beds,  some  of  which  furnish 
a  high  grade  and  abundant  supply.  A  particularly  prominent  source  of  high- 
grade  water  is  known  as  the  "Lloyd  sand",  which  is  one  of  the  deepest  layers, 
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and  wells  penetrating  this  stratum  sometimes  give  Artesian  flow.  Many 
of  the  strata  are  too  closely  textured  to  permit  ready  movement  of  water. 
All  the  waters  are  of  surface  or  rain-water  origin.  None  of  them  comes 
from  distant  sources  and  the  supply  is  limited  to  the  quantity  of  such  per- 
colation. On  both  the  north  and  south  margins  of  the  island,  salt  water 
encroaches  on  the  fresh-water  supply,  the  encroachment  depending  on  the 
quantity  of  withdrawal. 

The  method  of  development,  therefore,  involves  the  sinking  of  wells  into 
these  water-bearing  materials  and  developing  this  important  supply.  A  large 
project  would  necessarily  remove  considerable  of  the  underground  water 
and  would  lower  the  ground-water  level  at  the  points  of  extraction.  This 
feature  was  emphasized  by  the  objectors  to  the  plan,  who  finally  caused  tem- 
porary abandonment  of  the  project.  The  ground-waters  of  Long  Island  are 
high  grade  and  a  large  supply  could  easily  be  made  available.  It  is  near  New 
York  City,  and  development  would  cause  a  minimum  of  disturbance  to  other 
kinds  of  ownership  and  interest.  Ultimately,  as  the  city's  demands  grow,  this 
source  will  be  used  on  a  much  larger  scale.  It  is  the  only  near-by  source  of  any 
consequence  and  also  the  only  one  capable  of  so  large  a  development  at  small 
expense.  The  conditions  governing  this  supply  and  the  methods  of  recovery 
and  control  are  certain  to  receive  a  great  deal  of  attention  in  the  near  future. 
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Alfred  D.  Flinn,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  geographical 
extent  of  the  Catskill  Water  System  and  its  vital  importance  to  a  great  com- 
munity, added  to  the  diverse  geological  features  of  the  region,  make  this 
paper  one  of  unusual  interest.  In  passing,  the  writer  would  express  his  con- 
viction, based  on  thirteen  years'  connection  with  the  work  described,  and  as 
many  more  years  with  other  large  projects,  that  the  municipal  authorities 
of  the  City  of  New  York  were  fortunate  in  their  geological  advisers  and  in 
the  fact  that  Chief  Engineer  J.  Waldo  Smith,  Mr.  Sanborn,  and  other 
engineers  on  the  staff  possessed  knowledge  and  appreciation  of  geology.  The 
paper  is  so  complete  in  its  description  and  so  instructive  in  its  correlation  of 
engineering  location,  design,  and  construction,  with  geological  exploration  and 
interpretation,  that  the  writer  will  simply  emphasize  a  few  general  considera- 
tions. 

That  geological  aid  pays  in  constructional  as  well  as  in  mining  operations 
is  believed  to  have  been  demonstrated.  For  greatest  results  in  economy  and 
security,  it  is  essential  that: 

1. — The  engineer  and  geologist  should  co-operate  from  the  beginning  of 
the  preliminaries  of  the  project. 

2. — The  geologist  should  be  well  informed  on  the  broad  geology  of  the 
region,  the  detailed  structural  geology  of  the  location,  the  mineralogy  of  the 
rocks  and  the  overburden  of  earth,  and  the  present  and  ancient  water  circula- 
tion, or  drainage. 

3. — The  geologist  should  have  some  comprehension  of  the  nature  and 
requirements  of  the  structures  and  excavations  making  up  the  works  of  the 
project. 

4. — The  engineer  should  have  some  knowledge  of  geology  and  mineralogy. 

5. — Even  routine  field  explorations  (soundings,  test-pits,  borings)  should 
not  be  delegated  to  an  assistant  lacking  understanding  of  the  importance  of 
each  feature  of  such  explorations.  Every  step  requires  the  intimate  super- 
vision of  an  engineer  possessed  of  knowledge  of  geology  and  keen  apprecia- 
tion of  the  importance  of  carefulness,  close  observation,  and  complete  records, 
with  clear,  full  headings  and  dates. 

6. — The  owner  (or  other  person  having  control  of  the  general  policies)  must 
have  foresight  and  courage  to  spend  enough  money  to  obtain  adequate  informa- 
tion and  make  a  thorough  study  of  the  facts  gained. 

7. — Full  use  should  be  made  of  the  geological  information  and  deductions 
in  the  design,  location,  and  method  of  construction. 

8. — All  geological  information,  with  suitable  explanations  and  safeguards, 
should  be  made  accessible  to  intending  bidders,  who  should  be  required  to 
examine  such  information  while  preparing  their  bids.  Exhibits  for  bidders 
should  include  not  only  maps,  sections,  and  statements,  but  also  test-pits 
and  materials  removed  from  them,  cores,  and  other  samples  from  borings 
•  Secy.,   United  Eng.   Soc,   and   Director,   Eng.   Foundation,   New  York  City. 
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(all  of  them,  or  as  many  as  practicable),  and  every  other  physical  object  of 
contributory  value,  supplemented,  if  advantageous,  with  photographs. 

9. — The  geological  information  should  also  be  accessible  to  the  engineers 
and  contractors  during  construction. 

All  these  statements  are  somewhat  obvious,  but  the  results  achieved  on 
the  Catskill  Aqueduct  work  show  many  advantages  which  may  be  realized 
by  the  proper  utilization  of  the  skill  of  the  geologist  as  an  adjunct  to  good 
engineering. 

George  G.  Honness,*  M.  Am.  Soc.  C.  E.  (by  letter). — This  paper  is 
particularly  interesting  to  those  who  were  associated  with  the  authors  in 
conducting  the  work  by  which  the  geological  information  was  secured.  It  also 
should  be  of  value  and  interest  to  the  Engineering  Profession  in  general. 

The  part  of  the  paper  covering  the  work  from  the  Ashokan  Reservoir  to 
the  Atlantic  Ocean  is  so  complete,  being  based  not  only  on  the  knowledge 
gained  by  borings,  but  also  by  the  actual  construction,  that  little  can  be  added. 
The  work  on  the  Schoharie  development  is  not  so  fully  covered,  as  the  authors 
did  not  have  personal  knowledge  of  the  later  investigations  and  the  progress 
of  construction.  The  writer,  therefore,  will  try  to  add  something  gained  by 
knowledge  of  the  actual  construction  work. 

Schoharie  Reservoir  and  Gilhoa  Dam. — The  sub-surface  investigations  for 
a  site  at  which  to  construct  a  dam  to  form  the  Schoharie  Reservoir  extended 
from  Pratt  Rocks  to  Gilboa  and  located  the  pre-glacial  gorge  for  a  distance 
of  six  miles;  everywhere  the  gorge  below  the  floor  of  the  old  valley  was  filled 
with  material  which  may  be  considered  as  generally  impervious.  Th»  course 
of  the  old  gorge  was  sinuous;  near  Devasego  Falls,  and,  again,  at  the  site  of 
the  Gilboa  Dam,  it  makes  a  complete  letter  "S";  in  the  vicinity  of  Manorkill 
Falls,  there  was  apparently  an  abrupt  drop  in  the  floor  of  the  gorge  and 
probably  a  "fall"  existed  in  the  pre-glacial  stream.  At  Gilboa,  the  bottom 
of  the  pre-glacial  gorge  is  at  least  130  ft.  lower  than  the  post-glacial.  The 
lowest  part  of  the  gorge  is  westerly  from  the  limits  of  any  engineering  struc- 
ture and  is  covered  to  a  great  depth  by  a  very  impervious  clay.  An  investi- 
gation was  conducted  to  determine  the  possibility  of  a  filling  of  pervious 
character  of  wide  extent  in  the  bottom  of  the  valley  up  stream  from  the  danii. 
After  making  a  number  of  special  borings,  it  was  concluded  that  if  exposed 
rock  adjacent  to  the  dam  was  covered  by  earthy  material  deposited  through 
water,  no  appreciable  loss  of  water  need  be  anticipated.  Subsequently,  in 
excavating  the  core-wall  trench,  it  was  concluded  that  the  excavation  was 
passing  close  to  the  south  side  of  one  of  the  steps  of  the  pre-glacial  gorge, 
and  that  some  of  the  talus  pushed  off  the  sides  of  the  old  gorge  by  advancing 
ice  had  been  penetrated.  For  a  part  of  the  distance,  the  core-wall  extends  to 
rock,  and  from  where  it  leaves  the  rock  to  the  known  limits  of  this  pervious 
material,  an  effort  will  be  made  to  consolidate  it  by  grouting. 

The  authors  enumerate  the  "Geologic  Conditions  Affecting  Dams",  and  it 
may  be  of  interest  to  outline  the  methods  used  to  determine  the  extent  of  the 
excavation  for,  and  the  treatment  of,  the  foundation  of  the  Gilboa  Dam.  The 
•  Dept.  Engr.,  Board  of  Water  Supply,  New  York  City,  Grand  Gorge,  N.  Y. 


70       discussion:  engineering  geology,  catskill  water  supply 

borings  made  for  the  preliminary  investigation  of  the  dam  site,  and  also  those 
made  later  for  use  in  planning  the  structures,  are  shown  on  Fig.  5;  many 
of  these  borings  were  deepened,  those  on  the  hillside  being  carried  down  to 
the  level  of  the  floor  of  the  valley  and  those  in  the  bed  of  the  present  stream 
to  a  depth  of  100  ft. 

Pressure  tests  were  conducted  to  locate  seams  in  the  rock,  and  to  determine 
their  extent  and  their  approximate  water-carrying  capacity  when  subjected 
to  a  pressure  equal  to  that  which  would  result  from  a  height  of  10  ft.  of  water 
over  the  crest  of  the  dam.  An  apparatus  similar  to  that  used  on  other  inves- 
tigations made  it  possible  to  segregate  each  vertical  foot  of  the  diamond  drill 
hole,  to  subject  it  to  a  pressure,  and  to  make  a  volumetric  determination  of 
the  quantity  of  water  pumped.  These  tests  showed  that,  in  general,  consid- 
erable leakage  occurred  in  the  upper  part  of  the  holes  near  the  surface  of  the 
rock,  both  through  vertical  and  horizontal  seams;  the  number  of  seams  and 
quantity  of  leakage  decreased  as  the  depth  increased.  "When  a  test  of  one 
hole  was  in  progress,  observations  were  made  in  adjacent  holes  to  determine 
the  extent  of  leakage  planes.  No  extensive  leakage  planes  were  detected; 
in  some  cases,  however,  responses  were  obtained  in  holes  400  ft.  away.  Seams 
were  located  both  in  the  shales  and  in  the  sandstones,  but  they  were  more 
clearly  defined  in  the  sandstones. 

In  order  to  analyze  and  visualize  the  results  of  the  test,  a  model  was 
constructed,  the  outline  of  the  dam  and  spillway  being  in  plan.  At  the  loca- 
tion of  diamond  drill  holes,  wooden  circular  rods  were  inserted  and  painted 
to  indicate  the  various  stratifications  of  rock.  A  blueprint  showing  the 
results  of  pressure  tests  was  attached  to  the  rods  by  thumb  tacks  at  the  proper 
position;  cords  leading  from  rod  to  rod  showed  the  water  circulation  between 
holes  and  its  direction.  From  a  study  of  the  results,  a  tentative  depth  for 
the  general  foundation  of  the  dam  and  of  the  bottom  of  the  cut-off  excavation 
was  fixed,  and  the  depths  to  which  to  extend  diamond  drill  borings  for  grouting 
were  determined. 

Fig.  18  shows  a  part  of  the  profile  which  was  issued  to  the  field  engineers 
as  a  guide  to  excavation.  The  line  for  excavation  under  Item  No.  7  was 
tentative,  because  it  indicated  the  extent  of  the  excavation  for  the  foundation 
of  the  dam,  which  was  dependent  on  conditions  disclosed  as  the  work  pro- 
gressed. The  line  for  excavation  under  Item  No.  9  indicates  the  bottom 
of  the  cut-off  trench,  and  is  carried  below  the  zone  of  seamy  rock.  Core 
borings  inclined  at  an  angle  of  22^°  with  the  vertical,  were  made  for  the  pur- 
pose of  intersecting  heading  joints  and  planes  and  thereby  causing  more 
effective  circulation  of  the  grout.  The  diamond  drill  holes  were  extended  to 
a  depth  below  which  the  pressure  test  showed  only  slight  seams  which  carried 
off  very  little  water. 

The  grouting  is  not  done  until  masonry  has  been  placed  in  the  cut-off 
trench  and  to  a  substantial  depth  over  the  entire  foundation  of  the  dam. 
Steel  pipes  are  caulked  into  the  diamond  drill  holes  and  carried  up  with  the 
masonry.  Fig.  18  shows  much  of  the  information  on  which  conclusions 
were  based. 
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Perhaps  the  most  interesting  geological  feature  to  the  general  public  dis- 
closed by  the  work  in  the  vicinity  of  Gilboa  was  the  finding  of  fossil  trees 
of  the  Devonian  period,  said  to  be  the  oldest  flora  of  the  earth's  history.  The 
first  fossils  were  discovered  several  years  ago  when  a  section  of  State  highway 
was  under  construction.  Dr.  John  M.  Clarke,  of  the  State  Museum  of  the 
State  Department  of  Education,  asked  that  a  lookout  be  kept  for  specimens 
as  the  work  progressed.  Before  the  construction  had  progressed  far  enough 
to  disclose  any  fossils,  representatives  of  his  Department  discovered  some  very 
good  specimens  at  Manorkill  Falls  at  about  Elevation  1120.  As  the  excava- 
tion for  the  dam  progressed,  other  specimens  were  found  at  Elevation  1020 
and  at  the  quarry  for  facing  stone  at  Elevation  960.  In  each  instance,  they 
were  bedded  on  a  thin  layer  of  dark  shale  which  represented  what  was  left 
of  a  black  muck  swamp  in  which  they  originally  grew.  These  fossils  are  said 
by  the  geologists  to  be  100  000  000  to  300  000  000  years  old  and  are  the  only 
specimens  yet  found.  A  large  collection  has  been  placed  in  the  State  Museum 
at  Albany,  W.  Y.  Specimens  are  also  in  possession  of  the  Harvard  University 
Museum  and  the  American  Museum  of  Natural  History  in  New  York  City. 
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9{)()  Note:-  Diagonal  lines  show  diamond  drill  holea 
placed  12?^  feet  c.  to  c.  on  an  angle  of 
22J5  degrees.  Tbe  small  full  circlo 
Indicates  that  the  Tequiiod  pressure  could 
not  be  obtained. 


Shandahen  Tunnel. — The  preliminary  investigation  of  sub-surface  condi- 
tions disclosed  that  each  small  valley  crossed  by  the  line  of  the  tunnel  had  its 
own  particular  gorge,  and  the  investigation  was  sufficient  to  ascertain  whether 
the  pre-glacial  gorges  were  deep  enough  to  reach  the  grade  of  the  tunnel,  which 
occurred  in  only  one  case. 

If  the  tunnel  had  been  constructed  on  the  hydraulic  gradient  at  the  Bear- 
kill  Gorge  it  would  have  penetrated  the  filling  of  the  gorge,  a  disconcerting 
occurrence  in  tunnel  construction.     To  avoid  the  possibility  of  this,  the  tunnel 
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was  depressed  so  that  there  would  apparently  be  a  rock  roof  100  ft.  thick  at 
the  Bearkill  Gorge.  The  Shandaken  Tunnel,  therefore,  acts  as  a  pressure 
tunnel  for  about  3^  miles  of  its  length. 

It  was  the  judgment  of  all  who  had  studied  the  borings  that  comparatively 
little  support  would  be  required  and  that  where  it  was  necessary  it  would  be 
temporary,  merely  to  protect  the  workers  from  small  fragments  spalling  ofF. 
The  condition  encountered  required  that  about  50%  of  the  tunnel  should  be 
supported  by  either  temporary  or  permanent  timbering.  The  exposure  of  the 
red  shales  and  sandstone  to  the  atmosphere  caused  masses  of  sufficient  size 
to  fall,  and  secure  protection  was  necessary.  In  the  gray  sandstone,  "popping 
rock"  which  was  observed  at  Hudson  Eiver  shafts  and  other  parts  of  the 
aqueduct,  occurred,  particularly  in  the  north  tunnel  from  Shaft  5.  This 
rock  appeared  to  be  of  the  best  texture  and  sound,  but  it  required  permanent 
support.  After  the  heading  and  the  tunnel  for  a  distance  of  100  to  200  ft. 
from  the  face  of  the  heading  had  been  excavated,  it  was  common  to  hear  a  loud 
report  and  then  a  large  slab  of  rock  would  be  observed  to  loosen.  These  occur- 
rences caused  a  panicky  feeling  among  the  men,  as  frequently  large  pieces 
of  rock  fell  shortly  afterward.  After  the  timbering  had  been  erected  and  dry- 
packed,  the  "popping"  was  no  longer  noticed.  With  the  strain  removed,  it  is 
problematical  whether  further  working  of  the  rock  would  have  taken  place, 
but  the  chances  were  too  great,  and  support  was  carried  as  close  to  the  heading 
as  practicable. 

A  few  crushed  zones  have  been  encountered,  but  they  have  been  passed 
without  much  trouble.  In  the  south  tunnel,  from  Shaft  3,  a  horizontal  clay 
seam,  surmounted  by  a  badly  broken  up  bedding  of  shales,  was  encountered, 
and  the  inflow  of  water  reached  a  maximum  of  170  gal.  per  min.  As  the 
heading  was  advanced  and  heavily  timbered,  several  crushed  zones  were  passed 
where  the  stratification  was  tipped  up  and  very  blocky  and,  finally,  a  mud 
seam,  varying  from  5  to  7  ft.  thick,  crossed  the  line  of  the  tunnel.  This 
was  possibly  a  decayed  rock  or,  perhaps,  a  pre-glacial  residuary  decayed  mate- 
rial, although,  at  that  depth,  it  seems  hardly  possible.  For  the  next  100  ft., 
three  badly  crushed  zones  were  penetrated.  The  rock  was  broken  by  cross- 
joints  and  shrinkage  planes,  many  of  which  dripped  water  and  were  filled 
with  a  bluish  clay.  The  disintegration  of  the  red  shaly  sandstones  and  the 
filtering  in  of  the  clays  give  the  appearance  of  a  mixture  of  red  and  gray 
shales.    Beyond  that  point,  the  conditions  become  normal. 

In  the  north  tunnel,  from  Shaft  4,  about  3  600  ft.  from  the  place  just 
described,  a  crushed  zone  which  gave  much  trouble,  was  penetrated. 

In  the  north  tunnel,  from  Shaft  5,  a  small  crushed  zone  and  slight  faulting 
were  found,  and,  at  one  place,  a  badly  disintegrated  rock.  Gas  in  small  quan- 
tities entered  in  a  number  of  places,  and  Plutonic  water  having  a  solid  content 
three  times  that  of  the  water  of  the  Atlantic  Ocean  and  one-half  that  of  the 
water  of  the  Dead  Sea  has  been  found,  that  was  undoubtedly  entrapped  and 
held  in  cavities  at  the  time  the  rock  was  being  formed. 

At  present,  only  4  000  ft.  of  the  18.1-mile  tunnel  remains  to  be  excavated, 
and  it  is  unlikely  that  more  serious  troubles  than  those  described  will  arise. 
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At  the  southerly  end,  a  short  stretch  of  tunnel  in  earth  is  to  be  excavated, 
that  presents  many  of  the  diflS.cultie3  of  soft  ground  work.  The  adoption  of 
careful  soft  ground  methods  by  an  expert  on  that  kind  of  work  gives  assurance 
that  it  will  be  successfully  completed. 

The  tunnel  has  been  remarkably  dry,  the  maximum  quantity  of  water 
pumped  at  any  one  time  from  one  shaft  being  about  170  gal.  per  min. 

The  authors  state  in  a  number  of  places  that,  generally,  the  strata  in  the 
Catskill  region  "dip  to  the  west  at  a  slight  angle".  It  has  been  found  that 
the  dip  is  from  1°  30'  to  2°  in  a  southerly  direction,  consequently,  that  part  of 
Plate  II,  covering  the  Shandaken  Tunnel,  should  be  corrected  to  agree 
with  the  determination  given. 

The  character  of  the  rock  and  the  superior  equipment  and  organization  of 
the  •  contractor  led  to  remarkable  progress  in  excavation.  With  twelve  head- 
ings being  worked,  more  than  one-half  of  which  required  timbering,  a 
progress  of  5  593  ft.  per  month  was  made.  The  average  weekly  progress 
(elapsed  time,  which  includes  time  lost  in  re-organization)  is  62  ft.  of  com- 
pleted tunnel  per  point  of  attack,  a  much  higher  rate  than  that  maintained 
on  the  tunnels  of  the  Catskill  Aqueduct.  At  the  shaft,  maintaining  the  best 
progress,  the  average  was  90  ft.  per  week. 

Lazarus  White,*  M.  Am.  Soc.  C.  E. — The  speaker's  knowledge  of  geology 
gained  from  Professor  Kemp  at  Columbia  University,  was  valuable,  and  was 
used  for  the  first  time  on  this  work.  It  was  a  great  help  in  anticipating  under- 
ground conditions,  which  is  essential  in  order  to  locate  an  aqueduct  or  dam  in 
a  country  like  that  south  of  the  Catskills.  The  superficial  aspect  of  that 
country  does  not  indicate  the  underground  structure,  which  is  the  result  of 
past  geological  conditions,  and  about  which  a  competent  geologist  can  tell  a 
great  deal.  He  cannot  tell  all  about  it,  and  that  is  where  the  danger  lies. 
The  engineer  can  co-operate  with  the  geologist,  but  he  must  adhere  to  an 
independent  judgment  of  the  conditions  based,  not  on  a  geological  theory  or 
accepted  statements,  but  on  borings.  To  do  otherwise  invites  the  risk  of  serious 
error.  For  instance,  on  the  Eondout  Siphon,  with  which  the  speaker  is 
familiar,  the  geological  predictions  were  good,  but  it  would  have  been 
dangerous  to  have  located  the  aqueduct  on  the  basis  of  those  predictions  alone, 
because  one  of  the  gorges  that  the  geologists  had  predicted  would  be  deep, 
was  shallow,  and  another  that  they  had  predicted  would  be  shallow,  was  deep; 
if  the  depth  of  the  tunnel  had  been  determined  in  accordance  with  the  predic- 
tions, a  deep  gorge  would  have  been  penetrated,  which  would  have  caused 
serious  difficulties.  However,  these  discrepancies  were  discovered  by  diamond 
drill  borings  long  before  the  final  profile  was  adopted.  It  does  illustrate,  how- 
ever, that  too  great  a  duty  should  not  be  placed  on  the  geologist.  The  loca- 
tion of  the  Loetschburg  Tunnel  was  left  to  the  geologists,  and  no  borings  were 
made.  The  result  was  that  the  tunnel  penetrated  a  buried  gorge,  with  dis- 
astrous results. 

There  were  places  on  the  Rondout  Siphon  at  which  a  change  of  profile 
would  have  made  a  great  difference  in  the  amount  of  tunneling  in  Hudson 
*  Pres.,  Spencer,  "White  &  Prentis  Inc.,  New  York  City. 
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River  shale  and  Shawangunk  grit.  To  determine  the  cost  of  tunneling  in 
each  of  these  rocks,  two  experimental  tunnels,  side  by  side,  were  driven  150  ft. 
in  them.  This  work  furnished  valuable  information,  especially  on  the  method 
of  timbering  the  shale,  and  resulted  in  a  large  saving,  later,  in  the  cost  of 
driving  the  main  tunnel. 

In  the  Eondout  Siphon,  a  particularly  bad  condition  was  found  in  the 
limestones,  and  there  was  no  method  of  locating  the  profile  to  avoid  them. 
One  of  the  geologists  predicted  very  closely  the  caves  that  might  be  penetrated 
in  driving  that  tunnel ;  however,  those  caves  were  below  the  gorges.  The  water 
circulated  down  and  rose  again  under  pressure,  the  conditions  being  similar 
to  those  which  the  same  geologist  had  observed  in  Missouri. 

In  the  speaker's  opinion,  this  paper  is  a  valuable  one  for  engineers,  and 
can  be  used  to  great  advantage  in  schools  to  co-relate  the  study  of  geology 
with  that  of  engineering. 

Walter  E.  Spear,*  M.  Am.  Soc.  C.  E. — The  authors  are  to  be  congratulated 
on  their  clear  exposition  of  the  many  problems  in  engineering  geology  that  arose 
in  the  construction  of  the  Catskill  Water- Works.  Perhaps  in  no  previous 
enterprise  of  the  same  magnitude  has  there  been  equal  co-operation  between  the 
engineers  and  the  geologists. 

The  Hudson  River  is  the  one  large  stream  within  the  State  of  New  York, 
that  reaches  the  sea  without  crossing  the  boundaries  of  another  State.  It  has 
been  possible,  therefore,  with  the  consent  of  the  State,  to  appropriate  its 
waters  for  New  York  City,  and  no  attempt  has  been  made  to  acquire  any  source 
of  supply  outside  the  State.  The  one  large  tributary  of  the  Hudson  River  in  the 
vicinity  of  New  York  City — the  Croton  River — was  developed  as  the  first  large 
source  of  supply.  It  was  necessary,  however,  to  obtain  the  next  supply  from  a 
more  remote  tributary  of  the  Hudson  River,  the  Esopus  Creek  in  the  Catskill 
Mountains.  The  difficulties  of  conveying  the  Catskill  Mountain  supply  to  the 
city  were  those  of  constructing  an  aqueduct  across  the  geological  formations 
which,  in  this  vicinity,  have  a  general  northeast-southwest  trend.  If  the 
Housatonic  River,  which  was  suggested  as  a  source  of  supply  in  1900,  or  even 
the  more  remote  Connecticut  River,  was  in  New  York  State,  instead  of  in 
Connecticut,  the  transportation  in  a  direction  parallel  with  the  strike  of  the 
geological  formation  would  have  been  simpler  than  bringing  the  Catskill  supply 
to  New  York  City. 

It  can  now  be  estimated  that  the  probable  date  of  exhaustion  of  the  avail- 
able water  supplies  for  New  York  City  is  not  very  distant.  Preliminary 
investigations,  anticipating  the  acquisition  of  new  sources  of  supply,  have 
already  been  started,  in  which  Dr.  Berkey  has  had  a  part.  Now,  as  before,  no 
works  outside  the  State  of  New  York  may  be  considered,  and  the  problems 
confronting  the  engineers  are  the  same  as  those  of  the  Catskill  works,  namely, 
constructing  reservoirs  and  building  a  large  aqueduct  that  will  pierce  the 
mountains  and  cross  the  deep  valleys  lying  between  the  city  and  any  large 
source  of  supply  that  may  be  made  available.  A  new  conduit  will  probably 
be  built  in  tunnel  to  a  larger  extent  than  the  Catskill  Aqueduct.    However,  the 
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experience  gained  on  the  Catskill  Aqueduct  in  tunneling,  mostly  through  the 
same  formations  as  will  be  encountered  on  a  new  aqueduct,  gives  assurance 
that,  with  the  same  care  and  thoroughness  in  making  the  preliminary  investiga- 
tions, no  serious  difficulty  need  be  feared. 

Something  may  be  added  to  the  statements  made  by  the  authors  in  regard 
to  the  investigations  on  Long  Island,  looking  to  the  development  of  an 
emergency  ground-water  supply  which  could  be  made  available  in  advance  of 
the  delivery  of  the  Catskill  supply.  In  1907  and  1908,  in  addition  to  the 
mapping  of  the  water-table  in  Suffolk  County,  the  gauging  of  the  streams,  and 
the  topographical  surveys,  the  Board  of  Water  Supply  made  a  number  of  deep 
borings  on  the  south  shore  of  Long  Island  along  the  line  of  development  of  the 
proposed  ground-water  supply.  One  of  these  borings,  having  a  12-in.  stove-pipe 
casing,  extended  to  a  depth  of  900  ft. 

These  borings  furnished  much  additional  information  on  the  geology  of 
Long  Island  and  led  to  the  preparation  of  a  plan  for  pumping  a  supply  of 
250  000  000  gal.  of  water  per  day  from  the  "yellow  gravels"  of  Southern 
Suffolk  County.  Professor  W.  O.  Crosby,  the  Consulting  Geologist  on  this 
work,  made  an  exhaustive  study  of  all  the  available  data  on  the  geology 
of  Long  Island,  which,  previous  to  the  work  of  Messrs.  Crosby,  Veatch, 
Bowman,  and  others  in  1903,  was,  as  a  whole,  a  comparatively  unknown  terri- 
tory. In  his  report  of  1910,  which  is  as  yet  unpublished.  Professor  Crosby 
confirmed  the  conclusions,  previously  reached  by  the  engineers,  that,  in  Suffolk 
County,  the  only  available  water  horizon  from  which  to  obtain  a  large  supply 
was  that  in  the  "yellow  gravels",  which  he  classified  as  the  Cohansey  and 
Lafayette  of  the  Pliocene,  the  Pensauken  of  the  Epipliocene,  and  the  glacial 
outwash  of  the  Pleistocene,  and  which  cover  Southern  Long  Island  to  a  depth 
of  50  to  200  ft. 

He  pointed  out  that  the  Bethpage  gravel  of  the  Miocene,  an  important 
horizon  in  Southwestern  Long  Island,  represented  local  beds  deposited  by 
mainland  rivers  or,  perhaps,  by  glacial  streams,  and  that  these  gravels  did  not 
exist  in  Suffolk  County,  except  possibly  as  offshore  deposits  and  except  for  a 
small  body  of  gravel,  under  the  Bethpage  clay  beds,  which  has  no  water-supply 
importance. 

Of  other  water  horizons  on  Long  Island,  Professor  Crosby's  report  shows 
that  many  successful  wells,  generally  of  small  capacity,  are  found  in  the 
Magothy  of  the  Cretaceous  series  within  a  belt  along  the  north  shore  in 
Queens,  Nassau,  and  Suffolk  Counties,  from  Flushing  to  Port  Jefferson,  where 
the  water-bearing  gravels  of  this  formation  lie  at  elevations  referred  to  sea  level 
of  -f-  70  to  —  200  ft.,  and  at  a  few  localities  on  the  south  shore  in  Nassau 
County,  where  this  gravel  was  found  about  500  ft.  below  sea  level.  It  was 
Professor  Crosby's  belief  that  the  Magothy  in  Southern  Suffolk  County  con- 
tains no  gravel,  and  if  it  does  exist  in  localities  thus  far  unexplored,  it  lies 
beneath  such  thick  beds  of  impervious  sand  and  clay  as  to  be  cut  off  from  the 
source  of  supply  in  the  rains  that  fall  on  the  surface  of  Long  Island. 

The  lowest  water  horizon  on  Long  Island,  the  Lloyd  sand  (Raritan),  also 
of  the  Cretaceous  series,  lies  still  deeper  than  the  Magothy  gravel  and  not  far 
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above  the  bed-rock.  It  is  a  more  important  horizon  than  the  Magothy  gravel 
and  furnishes  a  large  quantity  of  water  at  moderate  depths  of  200  to  400  ft. 
below  sea  level  on  the  north  shore  of  the  Island,  in  Queens  and  Nassau 
Counties,  from  College  Point  to  Huntington,  and  within  a  zone  lying  north  of 
that  in  which  wells  in  the  Magothy  occur.  A  few  wells  have  been  driven  to 
the  Lloyd  sand  in  Southern  Queens,  where  it  is  found  at  depths  of  500  to 
700  ft.  below  sea  level.  Professor  Crosby  pointed  out  that  this  horizon  derives 
its  supply,  as  does  the  Magothy  gravel,  from  the  Manhasset  and  outwash  sands 
and  gravels  that  fill  the  buried  valley  of  Long  Island  Sound.  If  Lloyd  sand 
occurs  in  Southern  Suffolk  County,  it  lies  at  still  greater  depths  than  in 
Southwestern  Long  Island,  and  it  is  more  effectively  cut  off  than  the  Magothy 
from  the  surface  sources  of  fresh-water  supply  and  is  probably  filled  with 
salt  water. 

This  work  of  the  Board  of  Water  Supply  on  Long  Island  is  deserving  of 
wider  publicity.  The  knowledge  gained  there  in  regard  to  the  deeper  water 
horizons  should  prevent  some  unnecessary  explorations  in  the  future  and  the 
drilling  of  many  useless  wells. 

Arthur  S.  Tuttle,*  M.  Am.  Soc.  C.  E. — The  authors  have  omitted  all 
reference  to  the  work  performed  by  them,  a  few  years  ago,  in  assembling,  for 
convenient  examination,  records  and  specimens  of  all  borings  in  New  York 
City  and  vicinity.  The  nucleus  of  this  collection  consisted  of  the  boring  record 
made  in  connection  with  the  development  of  the  Catskill  Water  Supply,  but 
it  was  reinforced  by  all  other  available  data  that  were  reliable.  The  result 
has  been  that  a  vast  amount  of  data  has  been  collected  which  should  be  of 
enormous  value  in  the  development  of  plans  for  engineering  work  in  this 
locality.  This  collection  of  data  is  housed  on  the  thirty-fourth  floor  of  the 
Municipal  Building,  and  it  is  in  such  form  that  any  information  desired  can 
be  readily  obtained.  It  is  hoped  to  add  to  this  collection  by  securing  similar 
data  from  work  now  in  progress  and  from  work  to  be  undertaken  in  the  future. 
The  fact  that  this  collection  has  been  made  and  is  under  the  care  of  the  Chief 
Engineer  of  the  Board  of  Estimate  and  Apportionment  is  probably  not  gen- 
erally known,  and  the  opportunity  is  taken,  at  this  time,  not  only  to  advise 
that  any  one  desiring  such  information  will  know  where  it  can  be  secured, 
but  also  to  invite  any  contributions  to  the  collection,  which  are  now  or  may 
be  later  available. 

Louis  L.  TRiBus,t  M.  Am.  Soc.  C.  E. — The  speaker  has  in  mind  two  cases 
that  might  be  of  interest  in  showing  the  advantages  of  co-operation  between 
the  geologist  and  the  engineer.  He  was  sent  to  take  charge  of  a  reservoir  that 
had  been  previously  under  construction  for  about  a  year.  The  earthern  em- 
bankments were  partly  built  and  the  bottom  had  been  partly  stripped.  The 
plans  contemplated  a  clay  puddle,  2  ft.  thick,  as  the  bottom  lining.  Six  or 
eight  test  pits  had  been  dug,  which  showed  a  fair  quality  of  loam  and  clay, 
with  no  rock  appearing.  However,  when  the  bottom  was  fully  excavated,  it 
was  found  that  about  three-fourths  of  it  was  underlaid  with  limestone  rock 
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having  pockets  6  to  8  ft.  deep.  If  a  local  geologist  had  been  consulted  or 
reasonable  borings  had  been  made,  many  thousands  of  dollars  would  have  been 
saved.    Concrete  had  to  be  used  instead  of  clay  puddle  for  the  bottom  lining. 

Another  case  came  into  the  speaker's  practice  a  few  years  ago:  A  rather 
important  dam  had  been  partly  constructed.  When  the  bottom  was  first 
stripped,  it  appeared  to  be  solid,  but  when  the  contractors  commenced  to  exca- 
vate footings  for  the  concrete,  pockets  were  discovered  large  enough  to  hold 
small  buildings,  and  washouts  aided  further  in  contributing  knowledge. 
Owing  to  an  almost  complete  absence  of  borings  and  lack  of  geological  in- 
formation, the  owners  spent  several  hundred  thousands,  and  possibly,  directly 
and  indirectly,  millions  of  dollars,  to  make  good  the  deficiency. 

Both  the  experiences  mentioned  are  helpful  in  emphasizing  the  advantage 
of  first  obtaining  geological  data. 

E.  G.  Haines,*  M.  Am.  Soc.  C.  E. — This  paper  differs  from  those  usually 
presented  before  the  Society.  Primarily,  it  describes  the  work  required  on  a 
rather  extensive  underground  survey,  and  the  information  obtained  there- 
from. Such  underground  surveys  are  made  for  other  engineering  works,  but 
they  seldom  cover  as  wide  an  area,  nor  are  the  investigations  carried  to  as 
great  a  depth.  In  this  case,  the  investigations  were  made  largely  by  borings, 
often  several  hundred  feet  in  depth  (in  some  cases,  as  much  as  1  000  ft.), 
whereas,  for  other  engineering  structures,  a  limited  penetration  into  bed-rock 
is  usually  sufficient. 

The  paper  presents  the  results  from  such  borings  verified  by  observations 
from  the  actual  construction.  Eew  engineers  are  familiar  with  the  geological 
history,  or  even  the  geological  structure,  of  the  section  on  which  they  are  em- 
ployed. The  speaker's  attention  has  been  called  many  times  to  that  fact  in  con- 
nection with  borings.  He  was  once  asked  to  examine  a  drawing  called  a  boring 
sheet,  which  covered  quite  an  extensive  area  in  New  York  City.  At  the 
bottom  of  a  number  of  holes,  "white  sandstone"  had  been  recorded  and  this  im- 
mediately aroused  his  suspicions,  as  he  believed  it  to  be  limestone.  The  fact 
that  the  same  material  was  shown  at  the  bottom  of  a  number  of  holes  some  dis- 
tance apart  indicated  a  general  vein,  and  not  boulders.  It  is  difficult  to  under- 
stand how  those  who  made  the  borings  or  recorded  them  on  the  sheet  could 
have  expected  to  find  a  vein  of  white  sandstone  enfolded,  and  in  contact  with 
Manhattan  schist,  which  is  a  metamorphic  rock  folded  and  banded,  and  jointed 
in  every  direction,  and  eroded  by  glacial  action.  In  this  case,  there  was  no 
excuse  for  an  erroneous  classification  of  the  material,  as  a  chemical  and  physical 
laboratory  was  available.  The  material  in  question  was  Dolomite,  locally 
known  as  Inwood  limestone  and  farther  up  the  Hudson  as  Tuckahoe  marble. 

It  may  be  held  by  some  that  this  error  in  classification  was  of  little  import- 
ance, as  the  material  was  actually  rock.  That  will  not  be  conceded;  the 
borings  were  made,  not  only  for  the  information  of  the  designers  of  an 
important  structure,  but  also  for  contractors  expected  to  bid  on  the  work. 
At  certain  localities,  the  outcrop  of  Inwood  limestone  is  disintegrated  to  such 
an  extent  that  it  is  used  as  a  building  sand,  whereas,  in  underground  veins, 
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subjected  to  water  and  the  acids  in  the  soils,  it  is  sometimes  decomposed  and 
resembles  clay.  Between  these  two  extremes  lies  the  more  solid  rock,  which 
somewhat  resembles  sandstone. 

The  point  the  speaker  wishes  particularly  to  stress  is  this:  If  borings  are 
made,  the  boring  samples  should  be  classified  by  some  one  competent  to  in- 
terpret them  properly.  This  is  not  always  the  case.  Many  borings  have  been 
made  in  New  York  City  and  vicinity,  the  samples  of  which  are  incorrectly 
classified,  particularly  wash-boring  samples,  of  which  part  of  the  finer  material 
is  lost  in  the  process  of  obtaining  the  sample. 

X,  Henry  Goodnough,*  M.  Am.  Soc.  C.  E. — The  first  work  of  the  geologist 
in  connection  with  engineering  work,  that  the  speaker  recalls,  was  many  years 
ago  on  the  investigation  of  ground-water  supply  in  Eastern  Massachusetts. 
The  case  was  that  of  a  town  which  had  taken  water  from  the  ground  near  a 
river  and  was  sued  by  a  riparian  owner  for  damages  for  diversion  of  the  water. 
In  that  case,  the  town  authorities  succeeded  in  proving,  with  the  aid  of  a 
geologist,  that  the  stream  came  underground  from  the  White  Mountains,  and 
escaped  paying  any  damage  for  the  water  diverted. 

The  work  with  which  the  speaker  has  had  to  do  recently  has  been  chiefly  in 
connection  with  studies  for  reservoirs  in  the  valleys  of  some  of  smaller  New 
England  streams,  tributaries  of  the  Connecticut  River.  Here,  one  finds  the 
usual  conditions  of  streams  in  New  England  and  the  eastern  part  of  the' 
United  States  generally,  deep  gorges  filled  with  sand  and  gravel  and  with  rock 
on  the  sides.  The  determination  of  the  location  of  the  bottoms  of  these  valleys 
is  difficult  and,  in  preliminary  investigations,  it  is  often  important  that  the 
work  shall  be  done  without  too  great  expense.  In  one  of  these  valleys,  it  was 
found  that  the  bottom  was  covered  with  boulders,  some  of  which  were  very 
large,  beneath  800  ft.  of  sand  and  gravel,  but,  fortunately,  in  that  part  of  New 
England,  there  is  no  limestone,  and  none  of  the  soft  sandstone  has  been 
encountered  in  the  localities  examined.  The  aid  of  the  geologist  was  very 
valuable  in  these  investigations. 

William  W.  Brush,!  M.  Am.  Soc.  C.  E. — This  paper  is  so  complete  that 
it  does  not  leave  much  to  be  said  in  discussion,  unless  one  goes  outside  the 
subject  presented. 

The  speaker  had  the  good  fortune  to  be  in  charge  of  the  studies  for  the 
City  Aqueduct  of  the  Catskill  System.  Extensive  boring  investigations  were 
made  so  that  these  studies  might  be  as  complete  as  possible.  In  New  York 
City,  Dr.  Berkey  gave  valuable  assistance  in  determining  the  alignment  of  the 
pressure  tunnel  of  the  City  Aqueduct.  Owing  to  the  location  of  this  tunnel 
and  the  character  of  construction  adopted,  the  traffic  and  life  of  the  city  were 
virtually  unaffected  during  its  construction.  This  is  in  striking  contrast  to 
the  conditions  in  the  streets  when  the  many  large  pipe  lines  were  laid  for 
delivering  the  water  to  the  smaller  distributing  mains. 

Great  difficulty  was  experienced  in  obtaining  precise  information  regarding 
the  rock  formation  underlying  New  York  City  from  borings  which  had  been 
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previously  taken,  as  well  as  from  other  excavations.  The  borings  made  by  the 
Board  of  Water  Supply  have  been  so  recorded  and  the  rock  samples  so 
marked  that  no  difficulty  should  be  experienced  by  those  who,  in  the  future, 
may  wish  to  use  them. 

Dr.  Berkey  developed  a  map  of  the  geology  of  Greater  New  York  from 
information  that  he  had  obtained  before  the  borings  of  the  Board  of  Water 
Supply  were  commenced.  The  location  of  the  various  rock  formations  shown 
on  this  map  differed  materially  from  those  that  had  been  given  on  other 
maps.  The  borings  subsequently  made  under  Dr.  Berkey's  supervision  for 
the  Board  of  Water  Supply,  proved  the  accuracy  of  his  deductions,  although, 
in  many  instances,  he  had  meager  data  from  which  to  draw  such  conclusions. 
As  a  result  of  the  work  of  the  geologist,  virtually  no  unnecessary  borings  were 
made. 

The  lesson  to  be  drawn  from  the  work  on  the  City  Aqueduct,  as  well  as 
that  on  other  parts  of  the  Catskill  System,  is  that  the  co-ordination  of 
geological  and  engineering  investigations  can  be  used  to  great  advantage 
and  that  such  co-ordination  should  be  utilized  more  frequently  than  has  been 
the  practice. 

An  experience  in  connection  with  the  water  supply  system  of  Brooklyn 
is  pertinent.  The  insistence  on  the  part  of  certain  persons  that  the  water 
supply  under  Long  Island  comes  from  some  drainage  basin  on  the  mainland 
and  passes  under  Long  Island  Sound,  caused  the  authorities  of  New  York  City 
to  expend  a  large  sum  on  developing  a  water  supply  based  on  that  theory. 
Two  pumping  stations  were  built  under  a  contract  calling  for  the  payment  for 
water  delivered,  and  both  these  stations  have  been  abandoned.  If  the  advice 
of  a  competent  geologist  had  been  sought,  he  would  have  supported  the  con- 
tention of  the  engineers,  that  on  account  of  the  geological  formation  an 
extensive  water  supply  could  not  be  transported  from  the  mainland  to  Long 
Island. 

The  result  of  the  combined  study  of  the  geologist  and  the  engineer  in  the 
location  and  design  of  the  City  Aqueduct  has  been  satisfactory  as  to  opera- 
tion. The  speaker  has  been  connected  with  the  operation  of  the  Catskill  Sys- 
tem since  it  was  placed  in  service  in  1917.  The  pressure  tunnel  which  extends 
under  the  Bronx  and  Manhattan,  to  the  two  terminal  shafts  in  Brooklyn,  has 
met  all  expectations  in  delivering  a  large  volume  of  water  without  serious 
leakage.  Two  or  three  small  leaks  have  developed  in  the  basement  of  build- 
ings, but  the  flow  from  these  leaks  has  decreased  each  year,  and  it  has  not 
been  serious  at  any  time. 

Thomas  H.  Wiggin,*  M.  Am.  Soc.  C.  E. — The  Engineering  Profession 
is  indebted  to  the  authors  for  the  record  of  the  geological  investigations  made 
for  the  Catskill  works.  They  have  properly  emphasized  the  perfect  co-opera- 
tion which  existed  between  the  engineers  and  the  geologists  and  which  makes 
this  work  a  good  example  of  the  proper  method  of  conducting  such  investiga- 
tions. Recognition  is  also  due  to  the  broad  and  economic  policy  of  the 
former  Chief  Engineer,  J.  Waldo  Smith,  M.   Am.  Soc.  C.  E.,  supported  by 
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the  Commissioners  of  the  Board  of  Water  Supply  and  by  the  engineering 
advisory  staff,  which  made  such  a  thorough  investigation  possible.  Mining 
engineers  have  long  made  good  use  of  geological  investigations  and  core 
borings.  Engineers  in  other  branches  have  also  made  increasing  use  of  these 
aids,  but  have  generally  confined  this  practice  to  special  problems. 

One  of  the  earliest  examples  of  a  thorough  geological  investigation  was 
that  made  for  the  Wachusett  Dam,  in  Massachusetts,  by  Professor  W.  O. 
Crosby,  for  the  late  Frederic  P.  Steams,  Past-President,  Am.  Soc.  C.  E., 
then  Chief  Engineer  of  the  Massachusetts  Metropolitan  Water-Works  and 
afterward  Consulting  Engineer  on  the  Catskill  works.  This  investigation 
was  made  a  few  years  prior  to  1900.  On  the  same  works,  there  was  a  tunnel 
the  investigations  for  which  were  less  complete.  The  portal  was  in  rock  and 
it  was  assumed  that,  farther  on,  the  rock  was  higher  and  that,  therefore,  the 
tunnel  would  be  in  rock  throughout.  As  a  matter  of  fact,  the  rock  was  lower 
beyond  the  portal  and  for  about  1 000  ft.  remained  at  approximately  mid- 
height  of  the  tunnel,  thus  greatly  increasing  the  cost  and  making  an  allow- 
ance to  the  contractor  necessary  in  order  to  enable  him  to  finish  the  work. 

The  so-called  New  Croton  Aqueduct,  beneath  the  Harlem  River,  pene- 
trated rotten  rock  in  a  narrow  crush  zone  and  had  to  be  placed  at  a  lower 
elevation.  As  regards  the  number  and  the  location  of  the  borings,  the  rock 
had  been  well  explored.  The  importance  of  the  narrow  crush  zone,  however, 
as  it  was  apparently  disclosed  by  the  boring  which  traversed  it,  was  under- 
estimated as  could  easily  be  done  under  the  circumstances.  The  disaster  that 
occurred  in  1908  when  the  Loetschberg  Tunnel,  in  Switzerland,  was  under 
construction,  is  still  comparatively  fresh  in  the  minds  of  engineers.  Owing 
to  reliance  on  prognostications  of  geologists,  unconfirmed  by  borings,  a  zone 
of  disintegrated,  wet,  and  flowing  rock  debris,  thought  by  the  geologists  to  ter- 
minate well  above  the  tunnel,  was  unexpectedly  penetrated,  and  the  tunnel 
was  filled  so  quickly  that  25  men  were  killed. 

The  Catskill  works  had  all  these  examples  and  others  from  which  to  profit 
and  they  were  heeded.  It  was  realized  that  a  new  element  was  injected  into 
the  investigations  by  the  unprecedently  high  unbalanced  pressure  of  200  to 
400  ft.  that  would  exist  in  the  pressure  tunnels  when  they  were  in  service. 
The  speaker  had  charge  of  the  design  of  these  tunnels  and  it  was  his  privi- 
lege, in  the  early  stages  of  the  geological  investigations,  to  aid  the  geologists 
in  visualizing  these  unusual  conditions  which  differed  so  greatly  from  those  in 
the  ordinary  mining  or  academic  problems. 

The  Rondout  Pressure  Tunnel  presented  one  of  the  most  complicated 
geological  problems.  Preliminary  estimates  indicated  that  the  cost  of  the 
pressure  tunnel  would  be  about  the  same  as  that  of  steel  pipes.  As  it  de- 
veloped later,  however,  steel  pipes  would  have  been  somewhat  cheaper  and, 
if  the  Catskill  Aqueduct  type  of  concrete-covered,  mortar-lined,  steel  pipe, 
later  suggested  by  the  speaker  and  used  for  siphons  where  the  geology  was 
unfavorable  for  tunnels,  had  then  been  evolved,  it  is  possible  that  such 
pipes  would  have  been  chosen  instead  of  the  tunnel,  as  the  tunnel  was  ex- 
pected to  be  wet  in  the  section  penetrating  the  Binnewater  sandstone  and 
High  Falls  shale.    There  is  no  reason  to  regret,  however,  that  the  more  con- 
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veniently  operated  and  probably  more  permanent  tunnel  was  built.  The 
geologists  and  the  engineers  were  brought  into  definite  contact  first  in 
studies  of  the  Eondout  Pressure  Tunnel  when  the  attempt  was  made  to  trans- 
late the  generally  qualitative  conceptions  of  the  geologist  into  the  quanti- 
tative results  necessary  to  estimate  the  quantity  of  water  to  be  pumped  dur- 
ing construction,  lengths  of  tunnel  that  would  require  timbering,  possibili- 
ties of  outward  leakage,  etc.  The  stratification  of  the  rock  shown  on  the 
tunnel  profile,  which  formed  the  basis  of  the  studies  for  depth  of  tunnel, 
was  mainly  the  result  of  close  co-operation  between  the  Field  Division 
Engineer,  Lazarus  White,  M.  Am.  Soc.  C.  E.,  his  Principal  Assistant,  J.  P. 
Hogan,  M.  Am.  Soc.  C.  E.,  and  Professor  Crosby,  Consulting  Geologist,  in 
placing  and  interpreting  borings.  Professor  Crosby  and  the  speaker  subse- 
quently discussed  the  factors  affecting  the  proper  depth  of  tunnel.  Professor 
Crosby's  long  experience  in  mines  gave  him  a  definite  conception  as  to 
the  probable  leakage,  and  as  the  result  of  this  conference,  a  part  of  the 
tunnel  was  placed  100  ft.  deeper  than  had  been  previously  contemplated. 
The  rate  of  leakage  into  this  tunnel  on  the  incline  where  the  porous  Binne- 
water  sandstone  and  High  Falls  shale  were  penetrated,  was  somewhat  under- 
estimated, but  the  diflSiculty  in  removing  the  water  and  of  obtaining  a  tight 
tunnel  was  perhaps  over-estimated.  After  the  experience  with  wet  ground 
in  the  Eondout  Tunnel,  the  pressure  tunnels  to  be  built  subsequently  were 
viewed  with  less  apprehension  both  by  the  engineers  and  the  bidding  con- 
tractors. 

Certain  pure  limestone  strata  traversed  by  the  Eondout  Siphon  caused 
anxiety  to  the  designers,  on  account  of  the  experience  in  the  Thirlmere  Aque- 
duct, in  England,  where  the  concrete  made  of  similar  limestone  dissolved 
badly.  As  the  authors  state,  this  limestone  was  not  used  in  the  concrete 
lining.  The  rock  through  which  the  tunnel  passes  is  still  subject  to  solution, 
but  reliance  was  placed  in  a  good  lining  and  careful  grouting  to  reduce  the 
circulation  to  a  negligible  quantity.  Furthermore,  the  small  carbon  dioxide 
content  in  the  water  and  its  reduction  by  aeration  at  Ashokan  Eeservoir  will 
minimize  the  power  of  the  water  to  dissolve  the  limestone.  The  tunnel  is 
becoming  tighter  all  the  time. 

The  Wallkill  Siphon  offered  no  geological  difficulties.  It  was  entirely  in 
shale  and  rightly  expected  to  be  largely  free  from  inward  leakage.  After 
the  rock  profile  had  been  determined  by  a  sufficient  number  of  borings,  the 
only  important  problem  was  the  necessary  depth  of  tunnel  below  the  rock 
surface.  This  was  a  pioneer  line  of  thought  with  respect  to  such  large  unbal- 
anced pressures. 

One  criterion  applied  by  the  designing  engineers  was  that  the  depth 
should  be  such  that  the  weight  of  earth  and  rock  above  the  tunnel  would 
offset  the  upward  unbalanced  water  pressure,  estimated  as  the  height  of' a 
column  from  the  hydraulic  gradient  to  the  level  of  ground-water.  This  condi- 
tion, however,  might  be  met  by  a  deep  cover  of  earth  and  a  shallow  cover  of 
rock.  Stability  and  water-tightness  demanded  a  substantial  thickness  of 
rock;  even  a  thick  rock  cover  had  its  possible  weakness,  as  a  laminated  rock 
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could  conceivably  fail  by  the  accumulation  of  full  pressure  in  a  horizontal 
seam  near  the  top.  A  failure  of  this  kind  occurred  later  at  the  shaft  of  the 
City  Tunnel  in  Bryant  Park,  New  York  City.  The  minimum  depth  of 
pressure  tunnel  below  the  top  of  sound  rock  was  decided  as  150  ft.  This  was 
an  arbitrary  thickness  suggested  by  the  speaker  and  accepted  by  the  Chief 
Engineer  and  his  advisory  staff,  and,  thereafter,  became  a  standard  for  fixing 
the  depth  of  other  pressure  tunnels  on  the  Catskill  System,  including  the 
City  Tunnel. 

Moodna  Siphon  was  partly  in  shale  generally  like  that  penetrated  by  the 
Wallkill  Siphon  and  partly  in  granodiorite  like  that  through  which  the 
Hudson  Siphon  was  constructed.  As  described  by  the  authors,  the  stretch 
in  shale  was  suspected  of  harboring  a  buried  gorge  of  an  ancient  stream. 
Many  borings  were  made  in  the  search  for  that  gorge,  some  of  which  were 
only  about  150  ft.  apart.  Luckily  no  gorge  existed,  although  the  reason  that 
the  ancient  stream  left  such  a  broad  flat  floor  in  such  easy  shale  digging  is 
still  somewhat  puzzling. 

Borings  in  the  river  to  discover  the  Hudson  Gorge  were  unsuccessful, 
although  one  hole,  beginning  with  an  18-in.  and  ending  with  a  2-in.  casing, 
penetrated  more  than  760  ft.  It  took  more  than  a  year  to  put  this  boring 
down,  and  it  petered  out  as  boulder  after  boulder  required  successive  reduc- 
tions in  the  size  of  the  casing.  At  about  that  time,  the  speaker  was  sent  West 
to  investigate  inclined  shafts  in  the  Michigan  copper  country.  This  investi- 
gation was  apropos  of  the  proposal  to  sink  an  incline  from  each  side  of  the 
Hudson  River  toward  the  center,  maintaining  each  incline  at  a  safe  distance 
below  the  rock  surface  by  making  pilot  borings  from  the  incline  ahead  to  the 
rock  surface.  The  speaker  gained  considerable  information  about  long 
inclined  borings,  and  it  was  decided,  instead,  to  make  such  borings  from 
the  vertical  shafts  already  started.  Fig.  12  shows  how  this  was  done,  although 
it  does  not  explain  why  two  sets  of  borings  were  needed.  The  records  of 
long  inclined  borings  for  Michigan  mines  showed  that  they  curved  upward 
considerably,  as  shown  by  Fig.  19.  It  had  been  found  that  close  clearances 
in  the  first  two  boring  rods,  that  is,  a  small  difference  between  the  size  of 
hole  as  determined  by  the  setting  of  the  diamonds  and  the  diameter  of  rods, 
high  rotary  speeds,  and  light  rod  pressure  resulted  in  less  curvature,  but  did 
not  eliminate  it.  In  the  specifications  for  the  long  inclined  Hudson  borings, 
a  generous  size  of  hole  and  all  the  previously  mentioned  aids  to  straightness 
were  used.  The  lower  holes  shown  in  Fig.  12  were  di'illed  first.  They  were 
expected  to  curve  upward  so  as  to  occupy,  at  the  center  of  the  river,  a  position 
not  much  deeper  than  that  explored  by  the  second  or  upper  set  of  holes.  They 
remained  practically  straight,  however,  and  went  too  low,  and  the  upper 
pair  of  holes,  therefore,  was  bored  to  explore  the  rock  higher  up  and  to  allow 
the  tunnel  to  be  located  at  a  higher  elevation,  which  was  done. 

Another  consideration  in  connection  with  the  investigation  of  the  Hudson 
Siphon,  which,  in  a  lesser  measure,  is  pertinent  to  the  other  siphons,  is 
the  possibility  of  a  buried  falls  just  below  the  line  of  borings.  It  is  con- 
ceivable that  a  thin  wall  of  rock  might  be  left  on  the  down-stream  side  of 
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the  tunnel  at  such  a  falls,  even  if  the  vertical  rock  cover  was  sufficient.  The 
speaker  does  not  recall  that  such  a  falls  was  then  regarded  as  a  geological 
impossibility,  although  he  notes  that  evidence  now  available  relating  to  the 
Hudson  Gorge  southerly,  is  regarded  by  the  authors  as  proving  an  over- 
deepening  effect  rather  than  a  falls  at  Storm  King.  The  falls  was  always 
regarded  as  a  remote  possibility  and  did  not  affect  the  profile. 


Fig  19. 

In  describing  repairs  to  the  Eastview  Tunnel,  the  authors  omitted  to 
state  that  a  water-proofing  diaphragm,  consisting  of  three  thicknesses  of  cotton 
duck  impregnated  and  coated  with  asphalt  in  the  usual  way  for  such  water- 
proofing, was  placed  between  the  original  concrete  lining  and  the  new  brick 
lining.    It  was  hoped  thus  to  exclude  the  acid  water  from  the  new  lining. 

Joel  D.  Justin,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  was  particu- 
larly interested  in  the  authors'  description  of  the  geologic  conditions  at  the 
sites  of  the  Gilboa  and  Devasego  Falls  Dams.  It  would  be  most  interesting  to 
learn  more  of  the  considerations  which  led  to  the  abandonment  of  the  Devasego 
Falls  site,  where  topographical  conditions  indicated  much  cheaper  structures 
than  those  required  at  the  adopted  Gilboa  site. 

The  authors  state  that  the  ridge  of  glacial  drift  which  forms  in  part  a 
natural  dam  across  the  valley  of  the  Schoharie  at  this  place,  contains  a  per- 
vious layer  about  1  000  ft.  wide,  1  200  ft.  long,  and  30  ft.  deep.  The  top  of  this 
pervious  stratum  is  stated  to  be  at  about  Elevation  1 100. 

•  "With   Day  &  Zimmerman,  Holtwood,  Pa. 
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Through  the  work -of  Allen  Hazen,  M.  Am.  Soc.  C.  E.,  Professor  Slichter, 
and  other  experimenters,  the  laws  of  flowing  water  through  pervious  soils, 
sands,  and  gravels  are  quite  well  known.  With  a  thorough  sub-surface  investi- 
gation, such  as  that  at  the  Devasego  Falls  site,  it  is  possible  to  predict,  within 
reasonable  limits,  the  leakage  through  such  a  stratum.  It  would  also  be 
possible  to  determine  whether  the  velocity  of  any  water  that  might  issue  to  the 
surface  at  the  down-stream  end  of  the  pervious  stratum  would  be  sufficient  to 
move  any  of  the  constituent  particles  of  the  stratum.  The  value  of  the  water 
lost  by  leakage  through  such  stratum  could  also  be  determined.  With  the 
results  of  such  a  study  available,  it  would  be  possible  to  determine  whether 
this  ridge  of  glacial  drift  could  safely  and  economically  be  utilized  as  a  part 
of  the  proposed  earth  dam,  whether  a  cut-off  through  the  pervious  stratum 
would  be  desirable,  and  whether  safety  and  economy  required  the  abandon- 
ment of  the  site  in  favor  of  some  other. 

Apparently,  the  total  head  of  water  on  the  pervious  stratum  would  not  have 
exceeded  60  ft.  Assume  that  the  stratum  extends  from  the  up-stream  face  of 
the  ridge  through  to  the  down-stream  side,  a  distance  of  1  200  ft.  Also,  assume 
that  the  effective  size  of  the  material  is  0.10  mm.,  that  the  porosity  is  32%, 
and  that  the  ground-water  temperature  is  60°  Fahr. 

Slichter's  formula*  for  the  flow  of  water  through  sands  and  soils  is,  as  fol- 
lows: 

'  =  -¥ 

in  which, 

q  =  discharge,  in  cubic  feet  per  minute; 

p  =  difference  in  elevation  between  the  two  points  considered  or  dif- 
ference in  pressure  measured  in  feet; 
h  =  distance  through  soil  along  path  followed  by  water; 
s  =  area  of  saturated  cross-section  of  soil  considered;  and  | 

K  =  the  transmission  constant. 

The  factor,  K,  is  always  the  same  for  the  same  soil  at  the  same  temperatura 
The  transmission  constant,  as  defined  by  Slichter,  is  "the  quantity  of  water  that 
is  transmitted  in  unit  time  through  a  cylinder  of  the  soil  of  unit  length  and 
unit  cross-section  under  unit  difference  in  head." 

The  proper  transmission  constant  for  the  given  effective  size  and  porosity, 
originally  determined  experimentally,  is  0.00405,  as  obtained  from  Table  1  of 
Watei-  Supply  Paper  No.  67. 

By  making  the  proper  substitutions  in  Slichter's  formula, 

_  0.00405  X  60  X  1  000  X  30 
^  ~  1  200 

=  6  cu.  ft.  per  min. 
If  instead  of  the  effective  size  being  assumed  as  0.10  mm.,  it  had  been  as- 
sumed as  0.35  mm.  (about  the  size  of  filter  sand),  computations  would  have 
•  Water  Supply  Pwper  No.  67,  U.  S.  Geological  Survey. 
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indicated  a  leakage  of  a  little  more  than  1  cu.  ft.  per  sec.  under  the  assumed 
conditions. 

The  velocity  of  the  water  flowing  through  the  soil  would  be  obtained  by 
dividing  q  by  the  area  of  the  water  passages,  or, 

sP 

in  which, 

V  =  velocity,  in  feet  per  minute; 

q  =  discharge,  in  cubic  feet  per  minute; 

s  =  area  of  cross-section  of  soil  through  which  water  is  flowing;  and 
P  =  percentage  of  porosity  expressed  as  a  decimal. 

Thus,  with  the  computed  discharge  of  6  cu.  ft.  per  min.,  F  =  0.00063  ft.  per 
min.,  or  less  than  1.0  ft.  per  day,  which  is  less  than  that  required  to  move  any 
particles  of  the  assumed  material.  These  computations  are  merely  illustrative. 
'No  doubt  a  study  along  the  lines  herein  discussed  was  made  by  the  engineers  of 
the  Board  of  Water  Supply.  It  is  to  be  hoped  that  the  details  of  the  investiga- 
tion and  study  of  the  Devasego  Falls  site  will  be  described,  as  they  would  be  of 
great  value  to  engineers  having  similar  problems. 

In  some  sections  of  the  United  States,  impervious  foundations  for  earth 
dams  are  not  available  and  some  earth  dams  must  be  built  of  quite  pervious 
material.  Where  such  conditions  have  been  found  and  properly  interpreted 
by  thorough  sub-surface  investigations,  safe  dams  have  been  designed  and  built. 

James  F.  Kemp,*  Esq.  (by  letter). — This  valuable  paper  summarizes  the 
unusual  experience  gained  in  the  application  of  geological  investigations  to  a 
great  engineering  problem.  The  reading  of  it  recalls  many  lessons  which  were 
driven  home  to  those  who  shared  in  the  early  work;  and,  at  least,  one  geological 
principle  which  to  that  time  had  not  been  appreciated  at  its  true  value  in  the 
United  States.  Geologists  no  less  than  engineers  have  profited  by  the  work  of 
the  Catskill  Aqueduct.  In  discussion,  the  writer  would  like  to  direct  attention 
to  one  or  two  of  these  especial  problems. 

The  selection  of  the  most  advantageous  place  at  which  to  cross  the  Hudson 
River  was  one  of  the  early  and,  also,  one  of  the  most  important  problems.  As 
noted  in  the  paper,  a  number  of  tentative  explorations  were  made  above  and 
below  the  Storm  King  crossing  which  was  finally  chosen.  The  explorations 
were  made  by  wash  borings,  and  profiles  of  the  bed-rock  bottom  based  on  the 
results  were  prepared.  The  conclusion  of  those  in  charge,  however,  was  that 
by  this  method  the  drill  might  easily  come  to  rest  on  a  large  boulder  and  furnish 
unreliable  evidence  regarding  the  bed-rock  unless  the  borings  were  checked 
by  the  diamond  drill  ,or  the  percussion  drill  to  a  depth  sufficient,  from  the  thick- 
ness and  the  nature  of  the  rock  penetrated,  to  preclude  a  boulder.  It  was 
learned  that,  for  deep  land  borings  or  for  borings  under  a  river  or  other  body 
of  water,  unchecked  wash  borings  are  of  little  value,  especially  in  glaciated 
regions. 

The  geologists  also  had  in  mind  the  importance  of  finding  a  crossing  for 
the  pressure  tunnel  where  there  would  be  no  faults.    Breaks  in  the  strata  meant 

♦  Prof,  of  Geology,  Columbia  Univ.,  New  York  City. 
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places  of  weakness  which,  under  earthquake  stress,  might  also  be  places  of  move- 
ment. Unless  the  selected  location  should  prove  practically  impossible  because 
of  other  considerations,  such  as  disadvantageous  approach,  they  desired  to 
decide  on  a  crossing  without  these  structural  lines  of  disturbance.  Investiga- 
tions led  to  the  realization  that  there  were  many  faults  in  the  part  of  the 
Hudson  Valley  under  exploration.  Contrary,  moreover,  to  the  general  belief 
regarding  faults,  those  discovered  were  usually  not  of  the  normal,  but  of 
the  reverse,  type,  and  indicated  that  frequent  over-thrusts  had  been  produced 
in  the  past.  The  later  and  more  detailed  studies  of  Dr.  Berkey  in  the  West 
Point  Quadrangle  and  field  trips  with  students  in  other  areas  of  this  region, 
have  abundantly  corroborated  the  early  experience  on  the  Aqueduct. 

Geological  considerations  favored  a  crossing  where  the  same  kind  of  rock 
was  exposed  on  both  banks  and  presumably  continuous  beneath  the  river.  The 
Storm  King  crossing  with  its  granite  on  both  banks  received  early  preference; 
but,  in  so  narrow  a  gorge,  one  could  not  ignore  the  possibility  or  even  the  prob- 
ability of  a  fault  as  the  line  of  weakness  which  originally  located  the  drainage. 
It  was  fortunate,  however,  that  subsequent  exploration,  disclosed  no  fault 
beneath  the  middle  and  west  side  and  only  a  small  fault  near  the  east  bank, 
which  fault  fortunately  passed  upward  into  Breakneck  Mountain  and  not  into 
the  river  gravels  and  silts.  Elsewhere,  along  the  course  of  the  Aqueduct 
many  faults  and  weak  crushed  zones  were  found,  and  from  the  trouble  caused 
by  them,  as  described  in  the  paper,  they  abundantly  justified  the  original 
apprehensions. 

Th€  wash  borings  in  th^  tentatively  explored  crossings  above  the  Highlands 
disclosed  no  reason  to  expect  unusual  depth  to  bed-rock  in  the  narrow  Storm 
King  Pass.  Farther  up  stream  the  valuable  record  of  the  exploration  to  bed- 
rock at  the  Poughkeepsie  Bridge,  which  were  contributed  by  John  F.  O'Rourke, 
M.  Am.  Soc.  C.  E.,  in  1888,*  also  indicated  the  bed-rock  from  shore  to  shore, 
at  about  140  ft.  below  high-water  niark.  The  natural  inference  was  that  the 
granite  at  Storm  King  and  Breakneck  Mountain,  which  extended  across  the 
2  000  ft.  of  river  and  which  was  the  hardest  rock  in  the  stream  from  the 
Adirondacks  to  Cornwall,  would  furnish  a  gigantic  riffle  rather  than  an  unu- 
sually deep  depression.  In  the  earliest  work,  this  consideration  gave  added 
support  to  the  choice  of  the  Storm  King  site  for  the  pressure  tunnel.  The 
reasoning  that  would  have  been  followed  at  that  time  by  practically  every 
American  geologist  was  that  the  bed-rock  channel  had  been  eroded  by  running 
water;  that  there  must  be  a  down  grade  to  the  sea;  and  that  the  land  must 
have  stood  higher  than  it  does  at  present  with  reference  to  sea  level,  so  that  the 
rivers  could  drain  off.  A  progressively  deeper  channel  was  expected  through 
the  lower  reaches  of  the  river  past  New  York  City  and  out  beneath  the  present 
ocean  bottom.  Geologists  knew  of  the  off-shore  gorge  of  the  Hudson,  in  the 
Continental  Shelf,  as  it  had  been  described  years  before,t  but  they  were  not 

*  "The  Construction  of  the  Poughkeepsie  Bridge",  Transactions,  Am.  Soc.  C.  E.,  Vol. 
XVIII   (1888),  pp.   199-215,  especially  p.  202. 

t  A.  Lindenkohl,  "Geology  of  the  Sea-Bottom  in  the  Approaches  to  New  York  Bay", 
American  Journal  of  Science,  Vol.  29,  p.  475  (1885),  and  "Notes  on  the  Submarine  Channel 
of  the  Hudson  River,  etc.",  loc.  cit..  Vol.  41,  p.  489  (1889)  ;  and  J.  W.  Spencer,  "Submarine 
Great  Canyon  of  the  Hudson  River,"  loo.   cit.,  January,  1905,  pp.   1-15. 


DISCUSSION  :    ENGINEERING  GEOLOGY,   CATSKILL  WATER  SUPPLY  87 

prepared  for  the  great  depth,  800  ft.  =+=,  which  the  drill  subsequently  revealed. 
This  great  depth  led  them  to  two  possible  conclusions,  namely,  the  existence 
of  a  deep  narrow  gorge,  deepening  constantly  to  the  south,  past  New  York  City 
to  the  sea,  or,  an  over-deepening  of  the  gorge  at  Storm  King  by  sub-glacial 
erosion  and  the  gradual  rise  of  the  bed-rock  to  and  beyond  Manhattan  Island, 
as  the  southward  moving  glacier  grew  thinner  and  thinner  and  less  eifective  as 
it  approached  the  Terminal  Moraine.  The  writer  is  of  the  opinion  that  the 
latter  explanation  is  correct.  Above  the  Storm  King  crossing  is  the  broad 
open  bay  of  Newburgh,  once  undoubtedly  filled  with  southwardly  moving  ice. 
The  abrupt  front  of  the  Highlands  crowded  all  the  ice  below  the  tops  of  the 
mountains  into  the  narrow  Storm  King  Gorge  and  created  conditions  excep- 
tionally favorable  for  sub-glacial  scouring  and  erosion.  Access  has  since 
been  gained  to  the  records  of  the  borings  made  by  the  Pennsylvania  Railroad 
Company  opposite  33d  Street,  Manhattan,  for  its  tubes,  but  there  is  a  gap  of 
1  200  ft.  in  mid-stream  in  which  it  cannot  positively  be  stated  that  a  deep 
narrow  gorge  may  not  exist,  although  that  seems  to  be  unlikely.*  The  bed- 
rock on  the  west  side  of  the  interval  was  301  ft.  below  the  surface,  and  that  on 
its  east  side  287  ft.  Nowhere  else  was  the  bed-rock  so  deep.  Geologists  still 
hope  that  some  time  a  diamond  drill  boring  may  penetrate  and  demonstrate 
the  bed-rock  in  mid-stream.  At  present,  however,  it  may  be  stated  that  the 
Storm  King  crossing  and  its  great  depth  to  bed-rock  beneath  the  river  has 
convinced  the  writer  and  many  other  American  geologists  of  the  soundness  of 
the  belief  in  the  sub-glacial  erosion  by  ice. 

The  borings  in  minor  stream  bottoms  in  the  approaches  to  the  Hudson 
River  and  the  departures  from  it,  and  for  the  tentative  sites  for  the  great 
Ashokan  Dam  invariably  revealed  buried  bed-rock  channels,  sometimes  co- 
incident with  the  general  location  of  the  present  stream,  and  sometimes  at 
distances  from  it.  Geologists  have  thus  been  able  to  reconstruct  an  interest- 
ing system  of  pre-glacial  drainage  active  when  the  land  stood  higher  than  it 
does  to-day  with  reference  to  the  sea  level.f 

The  geological  sections  in  the  Hudson  Valley,  in  the  Wallkill  Valley,  and 
in  the  Upper  Esopus  Valley,  are  comparatively  simple;  but  when  the  Rondout 
Valley  is  crossed,  the  section  both  in  number  of  formations  and  in  faulting 
becomes  exceedingly  complex.  It  was  explored,  therefore,  with  great  thorough- 
ness by  the  drill,  and  the  results  were  accurately  drawn  in  profile  before  bids 
for  the  sub-divisions  of  the  pressure  tunnel  were  invited.  Contractors  were 
thus  enabled  to  bid  with  full  knowledge  of  what  they  would  find  regarding  the 
depth  and  character  of  rock.  The  geologists  realized  that  the  Binnewater 
sandstone  was  practically  certain  to  be  a  wet  formation.    The  precaution  was 

*  In  1910,  these  data  were  placed  In  the  hands  of  the  late  G.  Sherburne  Rogers,  at  the 
time  one  of  the  graduate  students  of  Columbia  University,  and  was  the  basis  of  the  paper  by 
him,  entitled  "The  Character  of  the  Hudson  Gorge  at  New  York  City,"  which  waa  published 
in  the  School  of  Mines  Quarterly,  November,  1910,  pp.  26-42. 

t  "Buried  Channels  Beneath  the  Hudson  and  Its  Tributaries,"  by  the  writer,  American 
Jovrnal  of  Science,  October,  1908,  pp.  301-323  ;  "Geology  of  the  New  York  City  Aqueduct," 
by  Charles  P.  Berkey,  Bulletin  11(6,  New  York  State  Museum,  1911,  which  gives  numerous 
local  details.  For  a  review  of  buried  channels  elsewhere  in  the  region,  see  "Buried  Channels 
in  the  Northeastern  States,"  by  the  writer.  Proceedings.  "Wyoming  Historical  and  Geological 
Soc.  of  Wilkes-Barre,  Pa.,  Vol.  14,  pp.  1-20  (1913).  These  phenomena  are  of  much  interest 
to  civil  engineers  in  connection  with  dam  sites,  and  many  problems  of  water  supply. 
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thus  adopted  by  the  engineers  of  dipping  down  with  the  tunnel  as  they  neared 
this  sandstone  and,  after  installing  pumps,  to  tap  the  sandstone  on  the  up  grade. 
The  water  which  rushed  in,  was  thus  promptly  cared  for,  and  no  delay  in  the 
work  resulted. 

Many  other  individual  problems  are  admirably  set  forth  by  the  authors,  to 
whom  engineers  and  geologists  everywhere  are  under  a  great  debt.  The  prob- 
lems selected  for  discussion  by  the  writer  are  those,  however,  which  occur 
to  him  as  of  especial  interest  and  importance  to  both  groups. 

Thaddeus  Merriman,*  M.  Am',  Soc.  C.  E.  (by  letter). — Attention  has 
been  called  by  Mv.  Justin  to  the  general  question  of  underground  flow,  and 
he  has  expressed  a  wish  to  know  what  theoretical  investigations,  if  any,  were 
made  in  order  to  determine  the  feasibility  of  the  Devasego  Dam  site.  The 
controlling  reasons  for  the  adoption  of  the  site  at  Gilboa  in  preference  to 
that  at  Devasego  were: 

First. — Sub-surface  investigations  at  Gilboa  showed  this  site  to  be  much 
the  better.  K"o  uncertainties  such  as  those  disclosed  at  Devasego  were  revealed 
by  the  borings. 

Second. — The  Gilboa  site  would  furnish  a  larger  reservoir  with  more  stor- 
age and,  at  the  same  time,  increase  the  available  drainage  area  from  243  to 
314  sq.  miles. 

The  situation  at  the  Devasego  site  was  as  follows :  As  stated  by  the  authors, 
the  preliminary  borings  had  disclosed  the  existence  of  a  large  body  of  doubtful 
material  about  30  ft.  thick  and  1  200  ft.  wide.  In  order  to  determine  the 
perviousness  of  this  ground,  a  number  of  tests  were  made  by  pumping  water 
into  the  drill  casings.  By  noting  the  pressure  at  the  top  of  the  casing,  the 
quantity  of  water  pumped,  and  the  rise  of  the  ground-water  table  at  other  holes 
in  the  vicinity,  it  was  possible  to  reach  reasonable  conclusions  as  to  the  con- 
tinuity of  the  porous  zone  and  its  water-carrying  capacity. 

Twelve  of  these  tests  were  made  after  the  drill  casings  had  been  lifted  and 
the  drill  holes  in  the  rock  had  been  completely  filled  with  clay  in  order  to  pre- 
vent the  escape  of  water  through  the  rock  joints.  The  results  of  these  tests  are 
summarized  in  Table  1. 


I 


TABLE 

1. 

Length  of  test, 
in  hours. 

Rate  of  pumping, 

Pressure  at  top  of  drill 

Number  of 

Test  No. 

in  gallons  per 

hole,  in  pounds  per 

responses  in 

minute. 

square  inch. 

other  holes. 

1 

63 

72 

Negative 

2 

a 

59 

37 

15 

2 

3 

48 

75 

Negative 

3 

4 

55 

90 

'■ 

8 

5 

56 

91 

" 

10 

6 

24 

83 

25 

1 

51 

89 

Negative 

11 

8 

28 

87 

•' 

12 

9 

23 

86 

" 

8 

10 

22 

82 

12 

5 

11 

31 

64 

30 

3 

12 

31 

137 

Negative 

5 
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The  testa,  summarized  in  Table  1,  showed  that  the  doubtful  material  was 
exceedingly  porous  and  could  not  be  depended  on  alone  to  serve  as  part  of 
any  dam.  For  instance.  Test  No.  7  showed  that  89  gal.  per  min.,  pumped  for 
51  hours — a  total  of  272  000  gal. — raised  the  elevation  of  the  water-table  in 
eleven  other  holes  an  average  of  0.46  ft.  over  an  area  of  about  15  acres.  The 
most  distant  hole  in  which  a  rise  was  noted  was  900  ft.  from  that  into  which 
the  water  was  pumped.  Although  these  tests  did  not  quantitatively  disclose 
the  capacity  of  this  material  for  carrying  water,  they  did  show  that  at  many 
points,  with  little  or  no  resistance,  it  would  take  from  80  to  130  gal.  of  water 
per  min.  through  a  2i-in.  pipe,  and  that  this*  water  would  flow  freely  for  long 
distances  and  over  large  areas. 

Although  the  methods  suggested  by  Mr.  Justin  may  be  applicable  to  cases 
in  which  sand  and  gravel  have  been  uniformly  laid  down,  they  cannot  be 
adapted  to  locations  such  as  that  at  Devasego,  or,  in  fact,  to  any  location  in  a 
glacial  deposit,  unless  the  facts  as  to  the  uniformity  of  that  deposit  are  knowij. 

The  problem  at  Devasego  was  generally  similar  to  that  described  by  the 
authors  at  "The  Tongore  Alternative  Site"  of  the  Ashokan  Eeservoir.  The 
preliminary  borings  at  this  alternative  site  disclosed  conditions  which  were 
interpreted  as  indicating  a  doubtful  and  undesirable  situation.  The  site,  how- 
ever, offered  such  other  advantages  that  further  examination  seemed  to  be 
desirable.  A  shaft,  therefore,  was  sunk  to  the  material  which  had  been  shown 
by  the  borings  to  be  pervious.  In  commenting  on  the  conditions  at  the  time 
(1906),  Dr.  Berkey  wrote  as  follows: 

"The  conditions  reported  in  the  new  large  shaft  (Tongore)  in  the  gravel 
beds  now  being  penetrated,  i.  e.,  at  first  'no  water',  and  then  a  little  deeper 
an  'abundant  flow,'  I  interpret  as  follows :  It  is  not  an  isolated  pocket  or  lens, 
else  it  would  have  carried  water  full  from  the  first.  It  must  be  a  fairly  con- 
tinuous porous  zone  with  large  feeding  connections  else  it  would  run  dry,  and 
with  easy  discharge,  else  it  would  have  risen  above  the  first  gravels.  Therefore, 
it  must  be  a  rather  well  marked  subterranean  water  passage  or  perhaps  a 
porous  zone  of  considerable  extent.  Such  conditions  it  seems  to  me  make  an 
impervious  core  wall  to  bed-rock  a  necessity,  and  its  construction  a  matter  of 
considerable  difficulty.  In  this  site,  because  of  the  small  cross-section  of  the 
ridge,  there  is  little  chance  for  the  interlocking  of  layers  or  the  blocking  of 
the  porous  ones  by  a  till  barrier." 

These  two  cases  serve  to  illustrate  the  necessity  of  supplementing  the  results 
obtaiiftd  by  the  ordinary  wash-borings  whenever  the  conditions  are  doubtful. 
They  also  serve  to  show  that  theoretical  considerations  alone  are  not  to  be 
depended  on  as  trustworthy  guides. 

Charles  P.  Berkey,*  Esq.,  and  James  F.  Sanborn,!  M.  Am.  Soc.  C.  E.  (by 
letter). — The  writers  wish  to  express  their  appreciation  of  the  comments  that 
have  been  made  by  the  engineers  who  have  contributed  to  the  discussion.  Alto- 
gether important  contributions  have  been  made,  and  the  writers  willingly 
accept  the  corrections,  criticisms,  and  additions. 

In  the  beginning,  it  would  have  been  possible  to  increase  greatly  the  scope 
and  detail  of  the  paper.  Many  items  of  more  than  local  or  personal  interest 
were  deliberately  omitted  in  order  to  keep  the  paper  within  moderate  length 
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and  also  to  reserve  the  available  space  for  more  careful  attention  to  certain 
items  that  seem  to  illustrate  better  its  purpose. 

The  writers  have  held  strictly  to  the  plan  of  laying  a  rather  simple  founda- 
tion picture  of  the  nature  of  the  enterprise,  and  the  conditions  under  which  it 
had  to  be  developed.  Following  that,  the  major  instructive  geologic  incidents 
and  problems  that  seemed  to  promise  a  contribution  of  possible  value  to  the 
Engineering  Profession  were  treated.  It  was  believed  that  examples  of  the 
interrelation  and  interdependence  of  geologic  and  engineering  factors  were 
exhibited  so  well  in  certain  parts  of  this  project  that  they  might  serve  a  good 
purpose  in  illustrating  appropriate  methods,  splendidly  effective  co-operation, 
and  successful  solutions  of  many  obscure  and  somewhat  baffling  natural  condi- 
tions. 

It  is  the  writers'  belief,  based  on  a  great  many  years  of  observation,  that 
neglect  of  geologic  factors  or  inadequate  study  of  them  is  a  common  fault  in 
a  majority  of  engineering  undertakings.  Many  serious  blunders  may  be 
traced  to  this  as  a  fundamental  cause,  and  it  is  hoped  that  the  illustrations 
given  in  connection  with  an  important  project,  such  as  the  Catskill  Water 
Supply,  which  is  now  known  to  have  been  very  successfully  conducted,  may 
be  serviceable.  There  is  no  desire  to  over-emphasize  the  contribution  of 
geology  to  that  success;  that  it  was  a  contribution  of  no  little  importance  is 
so  generally  attested  by  the  opinions  of  the  engineers  in  charge  and  by  the 
results  secured,  that  the  writers  feel  fully  justified  in  stating  the  facts  and  in 
separating  the  principal  geologic  problems  as  found  in  this  work  from  the 
obscuring  mass  of  other  problems  and  data,  so  that  one  may  the  more  clearly 
see  their  bearing. 

The  writers  do  not  assume  to  claim  that  a  geological  study  is  the  cure  for 
all  difficulties.  Neither  do  they  assume  to  suggest  that  geologic  opinion  is  to 
take  the  place  of  properly  organized  exploration.  This  is  a  mistake  commonly 
made.  It  is  just  as  extreme  and  unreasonable  as  the  attempt  to  ignore  the 
geologic  factors.  It  is  not  unusual  to  hear  engineers  say  that  even  if  a 
geologist  is  employed  explorations  must  be  made,  as  if  that  was  some  sort 
of  legitimate  reflection  on  the  geologist  and  sufficient  excuse  for  the  engineer. 
Yet,  that  is  exactly  what  should  be  done  in  the  average  engineering  case.  If 
he  is  competent,  the  geologist  can  indicate  not  only  -what  kinds  of  explora- 
tions should  be  made,  but  also  where  they  must  be  made  to  accomplish  the 
most  useful  returns  in  the  most  economical  way.  He  should  be  able,  also, 
if  he  is  familiar  with  the  needs  of  the  engineer,  to  interpret  the  data  observ- 
able in  the  field  and  obtained  by  exploration,  more  logically  and  more  xeliably 
than  one  who  is  not  thus  trained.  The  geologist,  therefore,  should  not  be 
regarded  as  a  substitute  for  exploration,  or  an  excuse  for  loose  methods,  but 
an  interpreter  of  geologic  conditions,  an  aid  in  successful  investigation,  and 
a  critical  adviser  in  the  matter  of  design,  methods,  and  contracts  that  have 
to  do  with  construction  in  the  ground. 

Many  engineers  of  long  experience  become  familiar  with  physical  conditions 
and  the  laws  of  ground  behavior.  They  are  normally  close  observers  and  rigid 
reasoners  and  are  exceedingly  cautious  in  drawing  conclusions.  They  are  pre- 
eminently qualified  in  these  respects  for  just  such  kind  of  work  as  falls  also 
to  the  geologist;  and  it  often  happens  that  little  more  than  support  can  be 
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given  to  the  conclusions  already  reached  by  such  engineers.  It  so  happens, 
however,  that  it  is  not  usually  possible  for  a  man  in  one  great  field  of  endeavor 
to  become  a  master  of  other,  even  closely  related,  lines.  He  cannot  feel 
certain  that  all  its  possibilities  are  met  and  that  his  conclusions  are  reliable. 
To  such  a  man,  a  competent  geologist  can  render  real  service.  It  sometimes 
happens  that  an  engineer  is  not  well  enough  informed  or  experienced  to 
appreciate  what  the  problem  is,  or  even  that  there  is  a  problem  at  all  or  that 
it  can  be  solved,  and,  for  this  reason,  among  others,  additional  opinion  is 
not  asked.  Sometimes,  one  has  to  ask  permission  to  help  such  men,  or  one 
is  asked  to  explain  the  cause  of  the  trouble  after  it  is  too  late  for  advice  to 
serve  any  purpose. 

The  ideal  situation  is  one  in  which  the  engineer,  already  comparatively 
well  grounded  in  all  the  major  features  of  the  problem  to  be  encountered,  is 
still  able  to  appreciate  that  a  fuller  or  more  critical  study  might  materially 
improve  the  chances  of  sviecess,  or  allow  the  design  to  be  modified  better  to 
suit  the  conditions,  make  the  contracts  more  definite,  secure  more  economical 
treatment,  or  conduct  the  work  on  safer  lines.  Wherever  this  broad  view 
is  taken,  and  adequate  consultation  privileges  are  conferred  on  a  competent, 
experienced  geologist  who  appreciates  the  point  of  view  and  purpose  of  the 
engineer  and.  will  confine  himself  to  the  practical  questions  of  the  case,  mate- 
rial service  can  be  rendered,  in  phases  of  the  undertaking  that  cannot  be 
reached,  any  other  way. 

In  an  important  case,  where  all  the  facts  and  conditions  are  not  perfectly 
clear,  the  geologist  should  know  enough  not  to  give  a  final  opinion  without 
additional  exploratory  evidence;  and  the  engineer  should  be  wise  enough  not 
to  treat  an  opinion  as  if  it  was  a  proven  fact  and  then  blame  the  geologist  for 
mistakes  which  belong  to  both.  The  average  responsible  engineer  has  been 
found  by  the  writers  to  be  an  unusually  intelligent  man  who  readily  appre- 
ciates the  distinction  between  facts  of  observation  and  inferences,  and 
between  conclusions  based  on  close,  logical  reasoning  and  hypotheses  based 
on  more  or  less  incomplete  or  inadequate  data.  All  these  things  have  to  be 
dealt  with,  however,  and  it  is  peculiarly  the  province  of  geology  to  deal  with 
many  of  the  less  conclusive  hypotheses,  not  at  all  because  the  geologist  wishes 
it  to  be  so,  or  because  it  is  his  habit  of  mind,  but  simply  because  many  under- 
ground conditions  are  obscure  and  because  only  a  few  of  the  many  needed 
facts  in  a  given  case  can  be  found,  by  any  method  at  any  one's  command. 
Thus,  the  geologist  does  the  best  he  can  with  what  he  can  get,  in  the  belief 
that  this,  also,  will  be  helpful. 

The  paper  has  been  written  largely  to  explain  and  illustrate  that  part  of 
the  work  on  the  Catskill  Aqueduct  which  normally  came  under  the  eye  of  the 
advisory  engineering  geologist.  There  is  like  work  to  be  done  by  some  one 
in  every  project  of  a  similar  nature.  The  writers  are  certain  that  a  greater 
amount  of  such  help  should  be  obtained  in  most  projects  having  to  do  with 
the  ground,  and  they  hope  that  the  illustrations  given  by  them,  together  with 
the  comment  made  by  those  who  have  so  liberally  and  instructively  discussed 
the  paper,  may  help  enforce  this  observation  and  thus  make  the  contribution 
something  of  educational  value  to  younger  men  who,  in  the  future,  are  to 
be  responsible  for  large  public  undertakings. 
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Synopsis 


This  paper  presents  briefly  a  history  of  the  improvement  of  navigation  on 
the  Ohio  Kiver. 

To  maintain  a  navigable  depth  during  the  low  stages  of  the  river  and  to 
retard  as  little  as  possible  open-river  navigation  during  the  high  stages,  mov- 
able dams  with  locks  were  constructed. 

The  considerations  influencing  the  location,  design,  and  construction  of 
these  dams,  together  with  some  notes  on  operation,  are  discussed  by  the 
writer,  with  particular  reference  to  Ohio  Kiver  Dam  No.  18. 


Introduction 

Historical. — The  first  work  of  aiding  and  improving  navigation  on  the 
Ohio  Biver  consisted  in  the  removal  of  snags,  boulders,  and  bars,  the  build- 
ing of  dams  for  closing  the  smaller  and  less  important  channels  at  islands, 
the  building  of  spur-dikes  to  narrow  the  channel  at  some  of  the  bars  and 
shoals,  and,  in  later  years,  the  dredging  of  shoals  and  the  building  of  ice 
piers  to  protect  boats  from  floating  ice  when  in  ''harbors"  or  protected  places 
alongshore.     All  these  methods  failed  to  maintain  a  minimum  depth  of  3  ft. 
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for  navigation  during  dry  seasons  and,  as  a  last  resort,  the  more  expensive 
method  of  improvement  with  locks  and  dams  was  undertaken. 

The  first  appropriation  by  the  National  Government  for  the  Ohio  River 
was  made  in  1824,  and  the  improvement  of  the  river  by  the  open-channel 
method  was  commenced  in  1827.  From  1825  to  1830,  a  private  company, 
under  a  charter  from  the  State  of  Kentucky,  built  the  Louisville  and  Portland 
Lock  Canal  for  carrying  traffic  around  the  Falls  of  the  Ohio  (Mile  604  below 
the  head).  On  February  8th,  1885,  the  United  States  acquired  the  stock  of 
the  Company  and  thereafter  operated  and  improved  the  canal. 

In  1870,  the  late  W.  Milnor  Roberts,  Past-President,  Am.  Soc.  C.  E.,  made 
the  first  written  recommendation  of  record  for  changing  the  method  of  naviga- 
tion to  that  of  locks  and  movable  dams.  In  1874,  the  late  Maj.  W.  E.  Merrill, 
Corps  of  Engineers,  U.  S.  A.,  M.  Am.  Soc.  0.  E.,  recommended  the  improve- 
ment of  the  upper  river  from  Pittsburgh, .  Pa.,  to  Wheeling,  W.  Va.,  by  a 
system  of  thirteen  locks  and  movable  dams.  The  River  and  Harbor  Act 
of  March  3d,  1875,  appropriated  $100  000  for  starting  construction  on  Lock 
and  Dam  No.  1  at  the  head  of  Davis  Island,  about  five  miles  below  Pittsburgh, 
which  lock  and  dam  was  opened  for  operation  on  October  7th,  1885. 

Since  that  time,  by  enactments  at  irregular  intervals,  locks  and  dams  to 
No.  39,  inclusive  (Mile  529),  and  Nos.  41,  43,  44,  45,  and  48,  have  been 
placed  under  construction.  Of  these  locks  and  dams,  thirty-three  have  been 
placed  in  operation. 

Physical  Features. — The  Ohio  River  (Fig.  1)  is  formed  by  the  confluence 
of  the  Allegheny  and  the  Monongahela  Rivers  in  Western  Pennsylvania.  It 
flows  in  a  general  southwesterly  direction  and  empties  into  the  Mississippi 
River,  the  two,  near  their  confluence,  forming  the  southern  boundary  of 
Illinois.  The  total  length  of  the  Ohio  is  968  miles,  and  it  has  a  drainage 
area  of  203  900  sq.  miles.  The  discharge  of  the  head  varies  from  about  1  600 
sec-ft.  at  low  water  to  440  000  sec-ft,  during  flood,  and,  similarly,  at  the 
mouth,  from  27  500  to  1  500  000  sec-ft.  At  low  water,  the  average  fall  is,  as 
follows : 

Miles.  Inches  per  mile. 

Pittsburgh   to   Wheeling 90  11^ 

Wheeling   to    Cincinnati 378  5-J 

Cincinnati   to   mouth* 500  4 

The  width  of  the  channel  increases  gradually  from  about  850  ft.  near  the 
head  to  5  900  ft.  at  a  point  22  miles  above  the  mouth.  The  extreme  stages 
of  the  river  as  given  by  gauge  records  at  various  points  are,  as  follows : 

Pittsburgh,  Pa (Mile     1),  highest  stage  35.5  ft.  in  1907 

Parkersburg,  W.  Va..   (    "     186),        "  "      58.9  "      "1913 

Cincinnati,   Ohio (    "     469),        "  "     71.1  ''      "1884 

Louisville,  Ky.,  below 

Falls (    "     604),        "  "      70.6  "     "1884 

Cairo,   111 (    "     968),        "  "      54.8  "     "1913 

*  Including  25  ft.  in  2  miles  of  the  Louisville  Falls. 
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During  the  low-water  season,  which  occurs  between  July  and  December, 
the  stage  rarely  falls  to  the  zero  of  the  gauges,  but  in  many  seasons  it  has 
been  below  2  ft.  for  days  and  occasionally  for  months. 

Table  1  which  covers  a  period  of  several  years  before  any  dams  were  built, 
indicates  the  duration  of  navigation  for  9-ft.  stages  or  higher. 

TABLE  1. 


Dam  No.  1 

Dam  No.  6 

Wheelins,  W.  Va 

Parkersburg.  W.  Va 

Portsmouth,  Ohio 

Cincinnati,  Ohio 

Louisville,  Ky.,  Head  of  Falls 

Evansville.  Ind 

Cairo,  111... 


Days  over  9-ft.  stage. 


79 
117 
119 
141 
216 
248 

97 
198 
302 


Extent  as  Water  Route. — The  inland  water  route  for  greatest  tonnage  and 
importance  in  the  development  of  the  United  States  is  that  from  the  easterly 
end  of  Lake  Erie  to  the  westerly  end  of  Lake  Superior.  Second  to  it,  is  the 
route  from  Western  Pennsylvania  down  the  Ohio  and  Mississippi  Rivers  to  the 
Gulf  of  Mexico.  As  Professor  Hurlbert  has  well  said  in  his  history:*  "Prom 
whatever  standpoint  one  views  the  Ohio  River,  it  has  a  most  interesting 
history;  but  of  them  all  none  is  more  attractive  or  important  than  that  from 
which  it  appears  as  a  strategic  avenue  of  National  expansion." 

In  the  settling  and  building  of  the  Middle  West,  the  Ohio  River  was  one 
of  the  great  highways,  and  when  National,  rational,  and  wise  traffic  regula- 
tions have  been  adopted,  it  will  continue  to  exert  a  great  influence  on  traffic 
and  the  upbuilding  of  the  country  through  which  it  flows.  Possibly  no  subject 
of  National  policy  requiring  large  expenditure  has  been  more  abused,  dis- 
torted, and  used  for  political  and  private  ends,  during  the  past  fifty  years, 
than  the  river  and  harbor  appropriations.  Notwithstanding  that  condition, 
the  project  as  wrought  out  for  improving  this  great  river  appears  creditable 
to  the  country  and  to  the  Governmental  agents  in  charge.  Prom  the  viewpoint 
of  the  engineer  employed  on  the  improvement  now  projected  and  in  progress 
during  the  past  two  decades,  it  is  no  less  interesting  than  it  was  to  the 
explorer  and  pioneer,  one  to  two  centuries  ago. 

The  mileage  of  navigable  water  in  the  Ohio  River  System  is  about  as 
follows : 

Ohio   River 968 

Allegheny   River 38 

Monongahela    River 130 

Muskingum  River 90 

Little  Kanawha  River 108 

Great  Kanawha  River 90 

Big  Sandy  River 27 

Carried  forward 1  451 

•  "The  Ohio  River." 
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Brought  forward 1  451 

Tug    Fork 12 

Levisa  Fork 18 

Kentucky    River 268 

Green   River 196 

Rough   River 29 

Barren    River 29 

Wabash  River 100 

Cumberland    River 518 

Tennessee  River 650 

Total    3  271 

The  Ohio  River  and  the  Great  Lakes  Systems  will  probably  be  connected 
between  Pittsburgh  and  Lake  Erie  and,  possibly,  across  Illinois,  thereby 
making  an  inland  system  of  great  National  importance.  These  projects  are 
now  being  strongly  advocated. 

Commerce. — The  commerce  of  the  Ohio  River  is  divided  into  two  general 
classes:  Package  freight,  loaded  on  the  decks  of  steam  and  gasoline  boats, 
and  bulk  freight,  such  as  coal,  timber,  iron,  and  petroleum  products,  moved  by 
barges. 

The  boats  that  carry  package  freight  and  passengers  range  in  size  from  the 
diminutive  gasoline  motor-boat  to  steamboats  320  ft.  in  length.  The  barge 
freight  is  carried  largely  on  coal  boats  about  26  ft.  wide  by  130  ft.  long  and 
from  8  to  12  ft.  deep. 

The  fluctuation  in  tonnage  is  shown  in  the  Annual  Reports  of  the  Chief  of 
Engineers,  TJ.  S.  A.,  and  is  indicated  by  the  extract  given  in  Table  2. 


TABLE  2. 

1917: 

1916: 

1894: 

Down  Stream: 

Through 
lock. 

Through 
pass. 

Through 
lock. 

Through 
pass. 

Up  and  down 
stream. 

Tons    

1  316  321 

115  187  305 

87.5 

41  796 

1  329  650 

31.8 

559  713 

29  625  309 

52.9 

20  702 

1  355  595 

65.5 

1  925  623 

192  030  473 

99.7 

47116 

3  107  412 

44.7 

797  217 

41  647  722 

52.2 

69  7H5 

4  113  796 

58.9 

1  397  067 
40  270  649 

28.83 
37  253 

2  373  053 

63.07 

1  176  866 
31  654  970 

26.89 
39  473 

2  422  935 

61.38 

2  760  797 

506  599  000 

183.50 

456  468 

8  291  800 

18.16 

710  1S3 

19  858  843 

27.96 

625  322 

10  592  707 

16.93 

7  795  501 

1  033  492 

Up  Stream: 
Tons 

Since  1894,  the  greatest  decrease  in  tonnage  has  been  principally  in  the 
coal  from  Pittsburgh  down  stream.  The  freight  moved  in  1894  was  about 
3  500  000  tons,  of  which  more  than  3  000  000  tons  were  of  coal.  Within  the 
past  decade  the  shipment  of  coal  from  the  Pittsburgh  District  down  stream 
has  been  stopped  almost  entirely  by  the  adoption  of  a  policy  to  conserve  it 
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for  home  consumption.  This  policy  cut  off  at  one  stroke  about  one-half  the 
tonnage  of  the  river. 

The  writer  thinks  that  the  building  of  locks  and  dams  is  not  rapidly 
increasing  the  tonnage,  nor  will  it  do  so  for  package  freight  until  the  policy 
in  reference  to  its  movement  is  more  satisfactorily  administered.  Under 
present  methods  of  operation,  no  company  carrying  passengers  and  freight  in 
less  than  barge  loads,  has  built  up  a  trade  and  held  it  at  a  fair  and  profit- 
able rate. 

In  1909,  the  Receiver  of  the  Pittsburgh  and  Cincinnati  Packet  Line,  the 
largest  line  on  the  upper  river,  gave  the  following  reasons  for  this  financial 
condition : 

1. — The  non-interchange  of  traffic  between  river  and  rail  companies; 

2. — Large  terminal  charges  by  some  towns; 

3. — Low  railroad  rates  at  competitive  points;  and 

4. — Suspension  of  boat  traffic  by  low  water. 

Another  reason  occurs  to  the  writer:  Many  boat  transportation  companies 
have  built  up  a  considerable  package  traffic,  with  the  almost  unfailing  result 
of  having  it  destroyed  by  a  second  company  entering  the  same  trade  and 
taking  a  large  part  of  the  first  company's  business,  by  cutting  prices  to  such  a 
rate  as  to  destroy  both  companies.  Until  these  wrongs  are  adjusted  or 
remedied  in  some  way,  the  river  will  continue  to  carry  a  diminutive  package 
commerce  and, fail  properly  to  serve  the  public  or  earn  a  fair  value  on  the 
large  expenditures  for  its  improvement. 

Unfortunately,  neither  the  Engineer  Department,  nor  other  Government 
agency,  manages  or  seriously  concerns  itself  with  any  part  of  the  transporta- 
tion problem  other  than  the  preparation  of  a  sufficient  waterway.  This  ques- 
tion seems  to  be  left  mainly  to  the  boatmen,  members  of  Congress,  and  the 
annual  two-day  meeting  of  the  several  "Valley  Improvement  Associations".  It 
is  the  writer's  opinion  that  if  the  package-freight  transportation  rights  of  the 
river  with  its  tributaries  were  awarded  under  proper  and  competitive  methods 
to  one  reliable  company,  and  operated  under  Government  supervision,  providing 
for  efficient  and  Reliable  service  at  fair  rates,  the  tonnage  would  be  greatly 
increased.  Should  such  a  privilege  for  a  long  period  be  made  to  one  of  the 
largest  and  best  railway  companies  crossing  the  river,  thereby  increasing  its 
operating  lines  more  than  3  000  miles,  there  is  little  doubt  but  that  a  great 
expansion  in  the  tonnage  would  result.  Such  a  policy,  however,  is  in  direct 
conflict  with  the  popular  policy  of  a  free  river  and  free  commerce  to  every 
boat,  which  has  been  in  effect  since  the  formation  of  the  Government;  there- 
fore, to  effect  the  suggested  change  will  require  a  struggle,  like  every  other 
reform  that  brings  great  good.  However,  recent  years  of  Government  regula- 
tion of  railway  rates;  of  diminishing  railway  expansion  and  exploitation; 
of  shrinkage  in  railway  revenues  and  profits;  and  the  more  extensive  realiza- 
tion by  the  public  that  the  people  along  efficiently  and  reliably  operated 
transportation  lines  profit  many  times  more  than  the  owners  of  the  lines, 
will  probably  cause  acquiescence  to  such  a  change  much  more  readily  than  it 
would  have  done  a  few  years  ago.  Since  freight  transportation  by  boat  for 
short  runs  of  less  than  about  500  miles,  is  cheaper  and  quicker  than  by  railroad. 
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it  follows  as  an  incontrovertible  conclusion  that  such  transportation  should  be 
used  and  will  be  used  when  the  right  policy  is  evolved.  Some  Government 
agency  should  certainly  be  charged  with  the  responsibility. 

The  capacity  of  the  river  for  package  and  barge  freight,  when  the  improve- 
ment is  completed,  would  easily  be  25  000  000  tons  annually  and  possibly  double 
or  treble  that  quantity.  However,  during  the  months  the  dams  are  up,  the 
lockage  capacity  would  be  much  below  that  rate. 

Project  for  Improvement. — The  appropriation  by  the  Government  for  the 
improvement  of  the  Ohio  River  for  all  purposes  to  June  30th,  1918,  totals 
$59  500  000. 

Since  the  design  and  construction  of  all  the  locks  and  dams  on  the  upper 
half  of  the  river,  above  the  sill  levels,  are  nearly  the  same,  it  is  evident  that 
the  large  differences  in  cost,  as  shown  in  the  Annual  Eeport  of  the  Chief 
of  Engineers  for  1920,  are  largely  due  to  the  difference  in  the  foundations. 
Other  causes  affecting  such  differences  are  prices  of  work  as  contracted, 
materials  purchased,  and  management. 

From  1890  to  1908,  the  policy  was  to  construct  first  those  dams  below  the 
large  cities  and  below  mouths  of  large  navigable  tributaries.  This  policy 
was  modified  later  and  now  has  become  fixed  in  favoring  a  continuous  order 
from  the  head  of  the  river. 

It  is  well  known  that  a  project  substituting  fixed  dams  for  movable  dams 
would  be  less  expensive;  but  the  requirements  of  navigation  and  the  popular 
fear  of  an  increase  in  flood  heights  made  the  building  of  fixed  dams  in  this 
river  appear  at  that  time  to  be  impracticable. 

The  project  for  the  improvement  as  now  contemplated  was  adopted  by  the 
Act  of  June  25th,  1910,  per  the  report  of  the  Lockwood  Board.*  The  total 
number  of  locks  proposed  was  54,  but  by  the  Act  of  August  8th,  1917,  it  was 
proposed  to  construct  one  lock  and  fixed  dam  with  high  lift  to  replace  Dams 
Nos.  1  and  2,  and  by  the  Act  of  September  12th,  1913,  Dam  No.  42  was  omitted 
by  increasing  the  lifts  of  several  others,  Nos.  43  to  46,  inclusive.f  It  is  proposed 
to  omit  Dam  No.  40  by  the  increased  height  made  in  Dam  No.  41.  Before 
the  system  is  completed,  other  modifications  may  make  further  reduction  in 
the  number;  the  omission  of  Dams  Nos.  51  to  54,  inclusive,  now  appears 
to  be  quite  probable. 

In  1894,  there  were  in  operation  Lock  and  Dam  No.  1  near  Pittsburgh  and 
Dam  No.  41  at  Louisville,  Ky.  In  1912,  there  were  13  locks  in  operation  and 
in  March,  1921,  33  locks  had  been  completed,  making  a  total  of  432  miles  of 
improved  river. 

Principal  Features. — The  principal  features  of  a  complete  lock  and  movable 
dam  with  equipment,  as  constructed  on  the  Ohio  River,  are  the  lock,  navigable 
pass,  weir,  abutment  and  its  bank  protection,  upper  and  lower  guide-walls  of 
the  lock,  lock  esplanade  and  esplanade  slope,  bank  protection  below  and  above 
esplanade,  power  house,  operating  machinery,  maneuvering  boat  and  appliances, 
men's  quarters  and  grounds,  and  fuel  for  power,  heat,  and  light.  Besides 
these  auxiliaries,  other  important  features  to  be  arranged  for  or  to  be  provided 

•  House  Doc.  No.  492,  60th  Cong.,  1st  Sess.,  and  additional  Information  in  House  Doc 
No.  1159,  62d  Cong.,  3d  Sess. 

t  House  Doc.  No.  1695,  64th  Cong.,  2d  Sess. 


LOCKS  AND  MOVABLE   DAMS  ON  OHIO  RIVER 


99 


are  a  turbine  with  complete  auxiliary  power  machinery  which  replaces  steam  or 
natural  gas  engines  when  the  dam  is  up,  telegraph,  telephone,  mail  service, 
highway  and  rail  connections,  farm  lands,  schools,  churches,  and  amusements. 

The  original  provisions  called  for  a  minimum  navigable  depth  of  6  ft.,  a 
minimum  width  of  navigation  channel  of  600  ft.,  and  lock  chambers  110  ft. 
wide  by  600  ft.  long  between  gates.  The  River  and  Harbor  Act  of  March  2d, 
1907,  provided  for  an  increase  of  navigable  depth  to  9  ft.,  and  for  moving  the 
existing  and  prospective  traffic,  lock  chambers  110  ft.  wide  by  600  ft.  long 
between  gates  and  navigable  channels  from  600  to  700  ft.  wide,  have  become 
standard. 

With  the  foregoing  remarks  on  transportation  conditions  and  on  the  plans 
and  projects  for  improvement,  a  discussion  of  the  principles  influencing  the 
location  and  design,  together  with  some  notes  on  construction  and  operation, 
with  reference  to  Ohio  River  Dam  No.  18,  will  be  given. 


Fig.  2. 


Ohio  River  Dam  No.  18. 

Location. — When  the  construction  of  Dam  No.  18  was  assigned  to  the 
writer  in  August,  1901,  its  proposed  location  had  been  changed  from  Moore 
Junction  to  the  foot  of  Vienna  Island  (Fig.  2).  Core  drill  borings  over  the 
Vienna  site  and  the  site  finally  chosen  indicated  that  at  the  latter  location 
was  the  highest  ledge  between  the  mouth  of  the  Muskingum  and  the  mouth 
of  the  Little  Kanawha,  the  extreme  limits  for  the  location. 

The  final  location  having  been  decided  on,  surveys  were  made  at  the  site 
chosen  for  the  purpose  of  preparing  estimates  and  plans.  Topography  on  a 
2-ft.  contour  interval  was  taken  over  the  site,  together  with  soundings  taken 
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20  ft.  apart  over  the  areas  covered  by  the  proposed  works  and  40  ft.  apart 
elsewhere. 

Core  drill  borings  were  made  on  the  center  line  of  the  upper  and  lower 
guide-walls,  the  center  lines  of  the  river  and  land-walls  of  the  lock,  the  center 
line  of  the  abutment,  one  hole  at  each  gate  recess,  and  two  lines  of  holes,  one 
above  and  the  other  below  the  proposed  crest  of  the  dam.  The  drilling  was 
done  from  an  open  barge,  14  ft.  wide  and  23  ft.  long  by  3  ft.  deep,  with  the 
floor  a  few  inches  from  the  keel,  equipped  with  a  machine  drill  operated 
by  a  gasoline  engine. 

It  will  be  observed  that  the  lock  at  Dam  No.  18  is  located  on  the  concave 
shore.  The  principal  reasons  for  placing  it  on  the  concave  rather  than  on  the 
convex  shore  are,  as  follows: 

(1)  The  depth  of  water  across  the  river  admitted  placing  the  sills  at  the 
height  desired. 

(2)  It  is  on  the  extreme  end  of  a  bar  with  deep  water  immediately  below, 
with  no  danger  of  having  any  part  of  the  wickets  and  sill  "sanded  up"; 
whereas,  the  Island  site  is  on  a  bar  with  the  possibility  of  "sanding  up"  the 
wickets  and  pass  sill. 

(3)  A  saving  in  cost  of  from  $200  000  to  $400  000. 

(4)  As  built,  all  the  masonry  has  rock  foundation,  whereas,  if  the  lock 
had  been  on  the  opposite  shore,  a  part  of  it  would  have  been  on  piles. 

(5)  The  lock  and  approaches  are  less  likely  to  "sand  up",  and,  therefore, 
are  less  expensive  in  maintenance  and  operation. 

Aside  from  the  more  favorable  conditions  for  the  foundations,  in  compari- 
son with  the  site  at  the  foot  of  Vienna  Island,  other  reasons  in  favor  of  the 
site  chosen  are.  as  follows: 

(6)  A  better  and  easier  approach  from  both  directions. 

(7)  A  view  from  a  distance  up  stream  of  4  miles,  and  of  2  miles  down 
stream,  whereas,  on  the  opposite  shore,  the  up-stream  view  would  have  been 
i  mile  or  less. 

(8)  Ground  above  high  water  lies  within  200  ft.  of  the  lock,  whereas,  on 
the  opposite  shore,  it  would  have  been  about  1  000  ft.  away,  a  great  disad- 
vantage in  time  of  floods. 

(9)  A  better  location  for  the  power  house  and  dwellings  which  are  above 
high  water  and  near  the  lock  and  power  house. 

(10)  It  is  5  miles  above  the  business  part  of  Parkersburg,  W.  Va.,  and  the 
,  mouth  of  the  Little  Kanawha  River,  at  the  upper  end  of  the  plateau  on  which 

Parkersburg  is  being  built,  which  makes  its  location  such  as  to  be  assured 
that,  in  years  of  future  gro^vth,  that  city's  harbor  will  not  be  cut  in  two;  and 
it  is  7  miles  below  Marietta,  Ohio,  and  the  mouth  of  the  Muskingum  River, 
which  is  a  favorable  distance  as  to  pool  height  and  pool  fluctuations  for  the 
mouth  of  the  Muskingum  and  the  wharf  and  harbor  of  the  town.  It  is  also  so 
favorably  located  in  reference  to  Parkersburg  as  to  have  city  telephone  service, 
city  natural  gas  for  heat,  light,  and  power,  and  interurban  trolley  car  service. 

(11)  The  topography  of  the  lock  grounds  is  more  adaptable  to  a  pleasing 
appearance. 
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(12)  The  railroad  spur  to  the  power  house  is  much  shorter  and  less  expen- 
sive to  operate. 

(13)  It  is  near  enough  to  the  Muskingum  River  to  give  sufficient  depth  on 
the  lower  gate-sill  of  Lock  No.  1  of  that  river,  and  yet  far  enough  removed  to 
reduce  the  annoyance  and  danger  from  drift,  which  would  have  existed  had 
it  been  within  2  miles  of  the  mouth  of  that  river. 

(14)  Its  distance  from  the  mouths  of  the  Little  Kanawha  and  the  Mus- 
kingum Rivers  renders  the  annoyance  from  the  maneuvers  of  the  dam  less 
than  would  occur  to  either  if  it  was  closer. 

Design. — A  theoretical  detailed  computation  and  design*  for  the  following 
parts  of  a  set  of  plans  of  a  typical  Ohio  River  lock  and  dam,  as  reported  in 
1912,  by  Capt.,  now  Maj.,  L.  M.  Adams,  Corps  of  Engineers,  U.  S.  A.,  M.  Am. 
Soc.  C.  E.,  have  been  made:  Rolling  gates;  lock  walls;  gate  track  foundations; 
river  wall  power  house;  steam  and  water  power  plants;  valve  operating  mech- 
anism; gate  operating  machinery;  analj'sis  of  design  of  wicket,  horse,  and 
prop;  pile,  arched  cellular,  and  solid  concrete  pass  foundation;  and  91-ft. 
bear-trap  weir  and  foundations. 

In  general,  these  parts  are  common  to  all  locks  and  dams,  except  those 
which  have  mitered  gates  and  those  which  do  not  have  river  wall  power  houses. 

This  information  is  a  part  of  a  public  document  and  for  that  reason  will  not 
be  repeated  in  this  paper.  However,  the  considerations  and  methods  used  in 
the  determination  of  the  dimensions  of  the  various  parts  of  the  dam  will  be 
taken  up  in  detail. 

In  regard  to  the  movable  parts  of  the  dam,  the  writer  reported  to  the 
District  Officer,  Maj.,  now  Col.,  G.  A.  Zinn,  Corps  of  Engineers,  U.  S.  A.,  in 
part,  as  follows: 

"In  studying  this  design  careful  consideration  has  been  given  the  designs 
of  the  Upper  Ohio  River  dams,  the  Great  Kanawha  dams,  and  the  Louisa  Dam 
on  the  Big  Sandy.  You  have  already  approved  of  the  height  of  the  sill  for 
the  pass,  and  of  building  the  pass  600  ft.  long  of  Chanoine  wickets  on  a 
concrete  foundation.  It  is  therefore  necessary  now  to  discuss  only  the  design 
of  the  weir  and  abutment." 

In  designing  the  weir,  conditions  of  first  importance  to  be  fulfilled,  as 
reported  by  the  writer,  were  as  follows: 

1. — To  regulate  perfectly  the  height  of  the  water  in  the  upper  pool,  at  all 
stages  of  the  river  at  which  it  may  be  desirable  to  keep  up  the  pass.  In  this 
case,  it  does  not  seem  that  it  will  ever  be  necessary  to  keep  the  pass  wickets  up 
when  the  river  is  above  a  10-ft.  stage. 

2. — To  place  the  weir  sill  so  low  that  when  the  pass  wickets  are  down,  no 
boat  or  fleet  will  be  stopped  by  the  "swell  head"  or  increased  velocity  of  water 
through  the  pass. 

3. — To  make  the  dimensions  of  the  weir,  pass,  and  lock  such  that,  with  the 
lock-gates  open  and  the  dam  down,  the  velocity  of  the  water  will  not  interfere 
with  navigation.  It  is  also  desirable  to  have  this  condition  fulfilled  with  the 
dam  down  and  the  lock-gates  closed. 

*  House  Doc.  No.  1159.  62d  Cong.,  3d  Sess. 


103  LOCKS  AND   MOVABLE   DAMS   ON   OHIO  RIVER 

4. — To  place  the  weir  sill  stiificiently  high  to  prevent  its  "sanding  up".  Ease 
of  operation  and  regulation  make  it  desirable  to  place  the  weir  sill  as  high  as 
possible. 

5. — To  arrange  the  weir  for  passing  drift  and  floating  ice  with  the  least 
danger  to  the  structure  and  the  greatest  ease  to  the  operatives. 

6. — It  is  desirable  to  place  the  sills  of  a  bear-trap  or  other  gate  maneuvered 
by  power,  and  a  part  of  the  weir  sill  adjacent  to  the  pass,  so  low  that  when  the 
pass  wickets  are  raised  at  a  stage  below  the  top  of  the  main  weir  sill,  head 
cannot  be  produced  sufficient  to  interfere  with  the  raising  of  the  pass. 

7. — To  have  the  dam  of  such  a  type  that  during  the  stages  of  least  flow  it 
will  conserve  sufficient  water  to  maintain  a  full  pool  and  also  afford  water  for 
lockages. 

8. — To  have  movable  parts  of  the  type  which  can  be  maneuvered  with  safety 
and  ease. 

9. — To  adopt  a  type  of  dam  which  is  the  most  economical  in  cost  and  in 
maintenance. 

The  Chanoine  wickets  and  bear-traps  appear,  from  the  writer's  observations 
on  the  Upper  Ohio  River,  at  Louisville,  on  the  Great  Kanawha,  and  from 
descriptions  of  European  dams,  to  fulfill  Conditions  5,  8,  and  9  better  than 
any  of  the  other  well  known  types  of  movable  dams. 

In  regard  to  Condition  6,  provision  may  be  made  against  such  difficulty  by 
placing  a  50-ft.  bear-trap  dam  next  to  and  at  the  same  level  as  the  pass  sill. 
In  his  "Canalization  de  la  Mouse",  M.  Hans  says  that  the  head  referred  to 
should  not  exceed  1  m.  The  writer  believes  that  it  is  desirable  to  prevent  its 
exceeding  1  or  2  ft.  In  the  dams  now  being  built,  this  condition  is  fulfilled 
by  placing  the  sill  of  both  traps  at  the  same  level  as  the  pass  sill. 

Considering  the  question  of  tightness,  Condition  7,  it  is  believed  that  bear- 
trap  dams  can  be  made  as  tight  as  any  other  type  of  dam.  Needles,  curtains, 
gates,  and,  possibly,  other  types  can  be  made  tighter  than  wickets.  With  the 
use  of  wickets,  calculations  should  show  a  shortage  of  water  not  more  than 
once  in  10  to  20  years.  The  lowest  recorded  discharge  measurement  of  the 
Ohio  River  was  taken  in  1892,  below  the  mouth  of  the  Muskingum,  the  dis- 
charge being  3  255  cu.  ft.  per  sec.  Since  this  quantity  is  five  or  six  times  as 
much  water  as  will  be  required  for  lockages,  it  appears  that,  with  cover  strips 
between  wickets,  sufficient  water  may  be  expected  nine  years  out  of  ten,  unless 
an  artificial  shortage  is  produced  by  the  raising  of  dams  up  stream.  Computa- 
tions indicate  that,  with  pass  wickets  15  ft.  high,  with  weir  wickets,  12  ft. 
high,  and  with  the  pass  and  weir  of  the  lengths  proposed,  the  leakage  through 
the  interstices  between  the  wickets  will  about  equal  the  discharge  of  the  river 
at  a  3-ft.  stage.  Therefore,  during  several  weeks  of  each  year,  needles  over 
the  interstices  will  be  necessary. 

Considering  Condition  5  in  reference  to  the  passing  of  drift,  it  is  found 
that  below  about  a  9-ft.  stage,  with  no  wind,  the  drift  is  distributed  almost 
uniformly  over  the  surface  of  the  river.  As  the  water  rises  above  a  9-ft.  stage, 
with  no  wind,  the  drift  goes  to  the  Ohio  or  lock  shore.  The  prevailing  wind 
is  from  the  west,  and  winds  of  15  or  20  miles  per  hour  cause  nearly  all  the 
drift  or  floating  ice  to  be  driven  against  the  West  Virginia  or  abutment  shore. 


LOCKS  AND  MOVABLE   DAMS   ON   OHIO  EIVEE  103 

When  the  bear-traps  can  be  maneuvered  readily,  they  afford  as  easy  a  passage 
for  drift  and  ice  as  any  other  well  tried  type  of  dam,  and  a  safer  one.  As  their 
cost  and  likelihood  of  getting  out  of  working  order  increases  rapidly  with  their 
length,  two  50-ft.  sections  for  passing  drift  were  proposed,  one  in  the  middle 
of  the  river,  for  use  when  no  wind  is  blowing,  and  the  other  next  the  West 
Virginia  shore,  for  use  when  the  wind  is  carrying  drift  and  ice  against 
that  shore. 

Conditions  1  to  4  will  be  considered  jointly:  At  the  site  chosen  there  is 
sufficient  room,  without  widening  the  river,  for  500  ft.  of  weir,  and  computa- 
tions were  based  on  utilizing  that  width.  In  making  the  necessary  com- 
putations for  Condition  1,  the  most  applicable  formula  is  the  Chanoine 
formula  used  for  a  similar  computation  in  connection  with  the  Louisa  Dam 
on  the  Big  Sandy,* 

Q  =  m  (L'  H')  V  2  g  (h  -\-  Z) (1) 

in  which, 

Q  =  discharge  of  river,  in  cubic  feet  per  second; 
m  =  constant  depending  on  stage; 
U=  length  of  weir; 

H'  =  height  of  water  on  crest  of  dam  above  sill  of  weir ; 
g  =  acceleration  due  to  gravity  :^  32.2; 
h  =  height  of  water,  or  head,  causing  velocity  of  approach  of  wa- 

ter  =  - — :  and, 
2g' 

Z  =    head  due  to  swell  caused  by  the  water  being  forced  through  a 

reduced  area  on  account  of  the  construction  of  the  works. 

The  values  for  m  in  Equation  (1)  and  the  following  equations  were  selected 

from  M.  Hans'  book,  "Canalisation  de  la  Meuse,"  in  which  all  calculations 

were  based  on  Z  =  0.5  ft.    After  the  completion  of  the  Louisa  Dam  the  late 

Mr.  Thomas  found  the  value  of  Z  to  be  about  0.35  ft.  when  the  lock-gates  were 

closed.     Therefore,  the  latter  value  of  Z  was  adopted,  and  the  correct  value 

of  m  for  the  weir  for  various  stages  of  the  river  was  found,  as  follows : 


0.5-ft. 

stage. 

m 

= 

0.458 

5.0-ft. 

stage, 

m 

= 

0.808 

6.0-ft. 

stage, 

m 

= 

0.811 

7.0-ft. 

stage. 

m 

= 

0.830 

13.0-ft. 

stage. 

m 

= 

0.896 

To  determine  whether  the  weir  will  regulate  the  upper  pool  when  the  water 
is  at  a  10-ft.  stage,  with  the  top  of  the  weir  sill  3  ft.  above  the  top  of  the  pass 
sill,  apply  the  following  values  in  Equation  (1),  m  =  0.885;  L'  =  500  ft.;  i7'  = 
12  it.',h  =  0.137;  Z  =  1.7,  the  "swell  head;"  and  Q  =  57  700  cu.  ft.  per  sec. 

The  discharge  of  the  river  at  that  stage  is  only  54  600  cu.  ft.,  as  shown  in 
Table  3,  which  gives  the  discharge,  area  of  section,  velocity  of  flow,  and  velocity 
head  for  the  Ohio  River  at  Dam  No.  18.  Therefore,  it  appears  that  with  the 
sill  of  the  weir  3  ft.  above  the  pass  sill,  the  river  can  be  regulated  to  a  dis- 
charge equal  to  a  10-ft.  stage,  without  any  spill  over  the  crest  of  the  dam. 

*  "Movable  Dams",  by  the  late  B.  F.  Thomas,  M.  Am.  Soc.  C.  E.,  Transactions,  Am.  Soc. 
C.  E.,  Vol.  XXXIX  (1898),  p.  469;  or  "Improvement  of  Rivers",  by  Thomas  and  Watt. 
p.  214. 
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The  values  of  m  and  Z  are  only  approximate.    The  value  of  Z  may  be  con- 
siderably in  error,  but  it  is  conservatively  small  for  such  conditions. 


TABLE  3. 


Gauge. 

Quantity,  in 
second-feet. 

Area,  in  square 
feet. 

Velocity,  in  feet 
per  second. 

Velocity  head. 

0 

900 

5  210 

0.17 

1 

2  940 

6  380 

0.46 

0.003 

2 

5  550 

7  530 

0.74 

0.008 

3 

8  910 

8  620 

1.03 

0.0165 

4 

13  350 

9  940 

1.34 

0.028 

5 

19  110 

11030 

1.73 

0.046 

6 

26  100 

12  310 

2.12 

0.07 

7 

33  3W 

14  420 

2.34 

0.085 

« 

40  200 

15  820 

2.57 

0.103 

9 

47  100 

16  920 

2.78 

0.120 

10 

54  600 

18  350 

2.97 

0.137 

1] 

66  400 

20  MO 

3.18 

0.157 

12 

73  500 

21810 

3.40 

0.180 

In  making  the  computations  for  Condition  2,    Equation  (2)  is  applied : 

Q  =  m  (i  B.)  -/  2  ^  (Z  +  /i) (2) 

in  which, 

Jj  =  length  of  pass; 

H  =  height  of  water  on  crest  of  dam  above  the  sill  of  pass;  and 

Z  =  swell  head. 

In  these  computations  a  "swell  head"  of  0.25  ft.  is  assumed.  The  problem 
to  be  solved  in  this  case  is,  how  high  can  the  weir  sill  be  placed  without  the 
"swell  head"  through  the  pass  exceeding  0.25  ft.  Assume  that  the  water  is 
at  a  3-ft.  stage,  or  4.6  ft.  above  the  pass  sill,  and  that  the  weir  is  closed.  It  is 
foimd  that  there  can  be  discharged  through  the  pass,  with  a  "swell  head"  not 
exceeding  0.25  ft.,  9  186  cu.  ft.  per  sec,  whereas  at  that  stage  the  actual  dis- 
charge, as  shown  in  Table  3,  is  8  910  cu.  ft.  per  sec.  Therefore,  with  the  weir 
sill  not  more  than  4.6  ft.  above  the  pass  sill,  the  "swell  head"  should  never 
exceed  0.25  ft. 

It  is  found  in  meeting  Condition  3  that  if  this  condition  is  fulfilled  with 
the  water  just  to  the  top  of  the  lock  river  wall  (or  16.4  ft.  stage)  and  with 
the  lock-gates  closed,  it  will  be  fulfilled  under  all  other  conditions  which  are 
likely  to  arise.  In  making  this  computation,  the  formula  of  Chanoine  and  De 
Lagrene,  used  by  Maj.  Lockwood  and  the  late  Mr.  Thomas,*  for  a  similar  com- 
putation for  the  Louisa  Dam,  namely. 


/  S^  \     1 


in  which, 

Z  =  "swell  head,"  in  this  case,  0.25  ft. ; 
V  =  mean  velocity ; 

S  =  discharge  area  of  river  before  construction  of  works; 
/gfj  =  discharge  area  of  river  after  construction  of  works ;  and 
g  =  32.2. 

*  Transactions,  Am.  Sec.  C.  E.,  Vol.  XXXIX  (1898),  p.  471. 
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Substituting  the  proper  values  in  Equation  (3),  in  which  Z  =  0.25;  m  = 
1.05  instead  of  1.5  when  the  "swell  head"  is  reduced  from  0.5  to  0.25;  v  =  4.34; 
^  =  24  600  sq.  ft. ;  and  8^  =  18  250  sq.  ft. 

Using  135  sq.  ft.  as  the  discharge  area  over  the  top  of  the  piers  and  abut- 
ment, to  find  the  height  of  the  weir  sill  to  give  the  foregoing  area,  apply  Equa- 
tion (4): 

135  -f  500  a;  +  (600  X  18-0)  =  18  250 (4) 

Solving  for  x,  the  height  of  the  weir  opening  =  14.63  ft.  Therefore,  18.0 
ft.  —  14.63  ft.  =  3.37  ft.,  the  height  the  top  of  the  weir  sill  may  be  above  the 
pass  sill  and  not  cause  a  "swell  head"  exceeding  0.25  ft.  Substituting  the 
values  of  Z  and  h,  from  Equation  (4)  in  Equation  (5)  : 

y  ^  s/2g(Z  +  H) (5) 

the  velocity  of  water  through  the  pass  at  these  critical  stages  is  obtained. 
With  the  weir  closed,  and  the  water  3  ft.  deep  on  the  pass  sill,  the  velocity  is 
2  miles  per  hour;  and  when  the  water  is  at  the  top  of  the  river  wall  of  the 
lock,  with  a  weir  sill  3  ft.  above  the  pass  sill,  the  velocity  is  4  miles  per  hour. 
It  is  not  believed  that  a  velocity  of  less  than  5  miles  -per  hour  will  seriously 
interfere  with  fleets  of  empty  barges  going  up  stream.  During  construction, 
in  1908,  such  fleets  passed  between  the  lock  and  weir  coffer-dam  against  a  7- 
mile  current. 

Relative  to  Condition  4,  from  experience  at  other  dams,  it  is  known  that 
when  the  sill  is  placed  too  low,  there  is  likely  to  be  serious  trouble  from  sanding. 

After  considering  all  these  conditions  and  the  development  of  the  bear- 
trap  at  that  time,  the  writer  recommended  that  the  weir  be  divided  into  three 
parts,  as  follows: 

First. — Next  the  pass,  a  bear-trap  dam,  50  ft.  long. 

Second. — Chanoine  wicket,  400  ft.  long,  operated  by  a  bridge. 

Third. — Next  the  abutment,  a  bear-trap  dam,  50  ft.  long. 
Also,  that  the  sill  of  the  bear-trap  next  to  the  pass  be  placed  at  the  same 
level  as  the  pass  siU,  and  that  the  remainder  of  the  weir  sill  be  placed  3  ft. 
above  the  top  of  the  pass  sill,  or  1.4  ft.  above  low  water.  These  recommenda- 
tions were  adopted,  except  for  the  wicket  weir  which  was  made  300  ft.  long 
and  the  pass,  which  was  made  700  ft.  long,  as  ordered  by  the  Chief  of  En- 
gineers. This  resulted  in  easier  and  possibly  safer  navigation  for  some  fleets 
of  boats,  but  more  difficult  operation,  and,  in  case  of  a  rapid  rise,  an  increase 
in  the  hazard. 

In  the  report  of  the  Lockwood  Board*  is  a  diagram  of  a  large  coal  tow  for 
the  upper  river.  This  tow  is  130  ft.  wide  by  696  ft.  long.  There  is  also  a  dia- 
gram of  one  of  the  largest  fleets  on  the  river  below  Louisville,  312  ft.  wide  by 
1 132  ft.  long.  It  is  thus  evident  that  in  order  to  operate  with  ease  and  effi- 
ciency a  series  of  movable  dams,  the  navigation  passes  must  increase  in  length 
as  the  river  increases  in  width.  As  the  weir  of  Dam  No.  18  was  designed  before 
any  of  the  others  between  it  and  Dam  No.  6,  its  length  could  not  be  governed 
by  the  lengths  of  any  weirs  on  the  river,  except  those  of  Dams  Nos.  1  to  6.  If 
designed  in  order,  it  is  evident  that  each  weir  in  succession  down  stream. 

•  House  Eoc.  No.  492,  60th  Cong.,  1st  Sess.,  d.  18. 
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should  have  the  capacity  of  the  one  above  when  fully  open,  plus  the  tributaries 
emptying  into  its  pool. 

Wichets. — The  location  of  the  exact  place  for  hinging  the  wickets  was 
studied  from  both  the  theoretical  and  historical  points  of  view,  the  design  of 
the  wickets  for  all  other  dams  of  which  plans  could  be  obtained,  being  con- 
sidered. 

The  correct  general  principle  for  the  hinging  of  the  pass  wicket  may  be 
briefly  stated  as  follows:  The  axis  of  rotation  for  pass  wickets  should  be 
placed  as  low  as  possible,  but  at  such  height  that  they  will  never  automatically 
go  on  swing  from  head  of  water  alone.  Computations  for  Dam  No.  18 
indicate  that  the  pass  wickets  will  never  go  on  swing  without  some  force  other 
than  the  water. 

When  operated  by  a  bridge,  the  general  principle  for  hinging  the  weir 
wickets  may  be  briefly  stated  thus:  The  axis  of  rotation  should  be  placed  so 
that  the  wickets  will  automatically  go  on  swing  just  at  the  time  the  lower  pool 
rises  to  that  height  at  which  the  dam  should  be  lowered.  In  general,  the 
wickets  will  not  be  depended  on  to  work  automatically,  but  are  designed  to 
work  in  this  manner  in  case  of  emergency  and  for  ease  in  operation.  Should 
a  rapid  rise  occur,  and  the  attendants  be  slow,  or  should  an  unexpected  rise 
occur  at  night  and  not  be  observed,  the  upper  pool  may  be  relieved  by  the 
automatic  swinging  of  the  weir  wickets.  Computations  for  the  weir  wickets 
of  Dam  No.  18  indicate  that  they  will  automatically  swing  at  the  time  the 
upper  pool  level  rises  6  in.  over  their  tops  and  the  lower  pool  level  reaches  a 
stage  of  about  9^  ft.  above  low  water. 

It  would  probably  be  better  to  hinge  the  weir  wickets  so  that  they  would 
not  swing  with  less  than  1  ft.  on  the  crest.  However,  there  is  not  entire  agree- 
ment on  that  rule.  After  years  of  operation,  the  writer  believes  the  hinge 
point  for  the  pass  wickets  is  satisfactory.  For  the  weir  operated  with  a  bridge, 
the  percentage  for  butt  might  be  slightly  increased.  For  weirs  operated  with 
a  boat,  it  is  never  desirable  to  have  wickets  hinged  so  as  to  swing  automat- 
ically. If  hinged  to  swing  so  easily,  they  might  possibly  fail  to  hold  the 
maneuver  boat  at  stages  over  the  crest.  On  one  occasion  a  rise  with  about 
18  in,  of  water  on  the  crest,  head  reduced  to  about  4  ft.,  and  acres  of  heavy  drift 
against  the  maneuver  boat  and  dam,  caused  the  pass  wickets  below  the  boat 
to  swing,  dropping  the  boat  over  them  into  the  lower  pool. 

For  this  study,  the  writer  had  computations  made  which  indicated  that 
with  very  slow  current,  6  in.  on  crest,  and  with  the  following  height  of  heads 
to  hinge  the  weir  wickets  so  they  would  just  swing,  the  percentage  for  breech 
should  be  as  given  in  Table  4. 

TABLE  4. 


Head,  in  feet. 

Length  of  breech, 
in  feet. 

Length  of  wickets, 
in  feet. 

Percentage 
of  breech  length. 

8 
9 
10 
11 

5.28 
5.48 
5.71 
5.95 

12.92 
12.92 
12.92 
12.92 

41. 
42.4 
44.2 
46. 
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The  designer  must  consider  two  forces,  namely,  the  increased  pressure 
against  the  butts  by  increased  current,  and  the  increased  pressure  at  the  top 
of  the  chase  by  increased  pressure  of  the  drift  or  of  the  maneuver  boat.  With 
these  conditions  known,  and  his  method  of  operation  determined,  he  is  then 
prepared  to  determine  his  hinge  point. 

After  the  plans  were  prepared,  the  length  of  the  pass  and  weir  wickets  and 
the  relative  length  of  the  butt  and  chase  were  reported  for  each,  as  follows: 

Pass  wickets: 

Ifi  ft    OM      loner  5  Breech,  8  ft.  2}  in.,  51.12%  of  length. 

lb  tt.  U4  1   .  long.  ...  I  ^j^^g^^  ^  j^   ^Q  .^ 

Weir  wickets: 

19  ff  111   in   lon^      i  Breech,  5  ft.  7^>^  in.,  43.5%  of  length. 
iz  It.  11^^  in.  long. .  j  cj^agg^  7  ft   31  ij^ 

The  wickets  were  of  long-leaf  yellow  pine  which  the  writer  considers  the 
best  wood  for  the  purpose,  because  it  remains  true  to  its  original  form.  In 
many  of  the  dams,  white  oak  wickets  have  been  used  exclusively.  The  differ- 
ence in  their  strength  or  life  for  use  as  a  wicket  are  not  material  considerations. 

The  Behout  WicTcet. — The  only  improvement  of  the  Chanoine  wicket, 
which  has  been  used  is  the  Bebout  wicket.  The  first  wicket  of  this  type  for 
practical  use  was  installed  in  the  pass  of  Dam  No.  18  in  1914. 

Fig.  3  is  a  view  of  Bebout  and  Chanoine  wickets  at  their  junction  in 
Dam  No.  22,  and  Bebout  wicket  horses  assembled  on  their  foundation. 

The  advantages  claimed  by  the  inventor  for  this  wicket  over  the  Chanoine 
are: 

1. — It  can  be  raised  with  ease  and  without  loss  of  time  at  any  open-river 
stage  up  to  the  top  of  the  wicket. 

2. — It  can  be  raised  against  any  differences  in  pool  levels,  if  sufficient  power 
is  applied  at  the  chains;  it  is  possible  to  raise  it  against  an  8-ft.  difference  in 
pool  levels  with  comparative  ease  and  without  delay. 

3. — It  can  be  lowered  under  all  conditions  of  river  stages  and  pool  levels. 

4. — With  adaptable  appliances,  the  wicket  may  be  maneuvered  from  either 
the  upper  or  the  lower  pool. 

5. — During  maneuvers  all  parts  have  little  exposure  to  drift,  both  float- 
ing and  submerged,  whereas  Chanoine  wickets  have  great  exposure. 

6. — When  raising  wickets,  drift  cannot,  except  in  extreme  cases,  obstruct 
or  become  entangled  in  the  parts  to  such  extent  as  to  prevent  this  maneuver. 

Y. — The  sill  and  foundation  of  the  dam,  and  the  wickets  themselves  may 
be  completely  covered  with  sand  and  gravel  without  serious  delay  to  the 
maneuvering. 

8. — A  boat,  barge,  or  heavy  drift  in  striking  the  top  of  the  wicket  will  cause 
it  to  collapse  without  damage  to  boat  or  dam. 

9. — In  case  of  a  sudden  rise  overtopping  the  wicket,  it  will  either  trip  or 
else  form  no  obstruction  to  navigation. 

10. — It  is  impossible  to  have  the  dam  caught  by  a  sudden  rise  in  the  river, 
and  not  be  able  to  lower  the  wicket. 

.11. — The  sill  and  foundation  of  the  dam  can  be  washed  by  raising  the 
butts  of  the  wickets  in  the  same  manner  as  with  Chanoine  wickets. 
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12. — The  maneuvers  are  direct  and  are  made  in  one  operation.  Raising 
and  lowering  may  be  accomplished  in  a  short  time. 

13. — The  first  cost  of  wickets  and  foundation  should  be  no  greater  than 
that  of  Chanoine  wickets. 

14. — For  the  same  factor  of  safety,  the  foundation  will  be  materially 
cheaper;  or,  for  the  same  foundation,  the  factor  of  safety  will  be  greater. 

15. — The  maneuvers  may  be  performed  from  the  lower  pool  in  case  of 
emergency, 

16. — Less  equipment  and  no  powerful  sinking  device  is  required  to  sink 
the  wickets. 

17. — The  ease  with  which  wickets  may  be  maneuvered  should  reduce  the 
operating  costs.  There  is  less  wear  and  tear  on  the  operation  of  the  appliances, 
wickets,  and  foundation. 

18. — Nine  or  ten  men  should  be  able  to  operate  a  lock  and  dam  instead  of 
thirteen  or  eighteen,  as  may  be  required  to  operate  dams  with  Chanoine 
wickets. 

19. — Since  the  dam  may  be  raised  at  any  stage  of  the  river,  it  is  unnecessary 
to  allow  the  lower  pool  to  drop  below  normal  and  a  9-ft.  stage  will  be  pro- 
vided ,  without  interruption. 

20. — Complaints  from  boating  interests  will  be  reduced  to  a  minimum, 
since  no  boat  should  be  stranded  when  dams  are  raised. 

21. — A  saving  will  be  effected  by  the  avoidance  of  a  large  number  of  long- 
distance telephone  calls.  It  will  not  be  necessary  to  telephone  except  to  give 
notice  of  the  approach  of  quick  rises.  Each  lock-master  to  a  great  extent  can 
operate  his  dam  independently  of  other  dams. 

22. — The  wicket  is  well  adapted  for  use  as  an  emergency  gate  and  could 
be  used  as  such  during  the  renewal  or  failure  of  a  lock-gate,  and  could  be 
made  to  serve  the  purpose  of  a  coffer-dam  during  repairs  to  locks. 

23.— It  is  possible  to  dispense  with  one  bear-trap  and  all  the  present  weirs 
at  the  upper  river  dams,  rexDlacing  them  with  a  navigable  pass-section  equipped 
with  the  new  wickets. 

24. — Both  the  bear-traps  and  the  Chanoine  weir  could  be  dispensed  with 
at  the  lower  river  dams. 

Since  the  Bebout  wickets  are  maneuvered  successfully  against  heads  of  10 
ft.,  or  more,  a  cluster  of  two  or  three  for  passing  drift  near  each  end  of  the 
pass  is  such  a  great  convenience,  that  two  or  more  clusters  may  eventually  be 
considered  essential  in  the  passes  of  all  the  dams. 

Bear-Traps. — In  1904,  when  the  writer  was  preparing  the  plans  for  the 
bear-traps  for  Dam  No.  18,  the  principal  traps  then  known  to  him  were  the 
wooden  ones  in  Dams  Nos.  1  and  6,  designed  in  1898  and  1900,  the  two  steel 
traps  in  Herrs'  Island  Dam,  Allegheny  River,  the  three-leaf  dam  in  the  Louis- 
ville Chute,  and  the  wooden  three-leaf  dam  in  the  Mississippi  River  at  St. 
Paul,  Minn.  All  these  dams  were  in  service  except  Dam  No.  6,  and  the  en- 
gineers directly  in  charge  were  believed  to  consider  each  suitable  for  its  pur- 
pose. 

After  discussing  the  merits  of  each  with  the  District  Officer,  and  after  a 
study  of  the  best  papers  be  could  find  on  the  subject,  the  writer  recommended 


-BEBOUT    AND    CHANOINE    WICKETS    AT    THEIR    JUNCTION    IN    OHIO    RiVER    DAM    NO.    22, 
AND   BEBOuf   WICKET    HORSES   ASSEMBLED    AT    THEIR   FOUNDATIONS. 


Fig.  4. — View  of  Completed  Weir,  Dam  No.   18. 
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steel  traps  for  Dam  No.  18,  and  with  the  aid  of  the  Junior  Engineer,  the  late 
C.  J.  Rannells,  Assoc.  M.  Am.  Soc.  C.  E.,  prepared  the  designs  and  working 
plans  for  two  50-ft.  traps.  Fig.  5  is  a  cross-section  of  the  eastern  or  smaller 
bear-trap. 

The  traps  were  completed  in  1908  and  put  in  operation  in  May,  1910,  and 
have  always  .maneuvered  with  ease,  under  any  conditions  of  river. 

The  years  of  experience  with  these  traps,  and  the  many  other  traps  since 
constructed  for  other  dams,  has  demonstrated  that  for  regulating  the  stage  of 
water  in  the  pools,  for  ease  of  operation,  and  for  safety  of  parts,  the  bear- 
traps,  in  50-ft.  lengths  and  as  since  built  in  91-ft.  lengths,  are  the  ideal  movable 
parts.  The  sills  may  be  placed  at  the  same  level  as  the  pass  sill  without  fear 
of  "sanding  up"  seriously  interfering  with  operation. 

It  is  believed  that  the  maneuvers  of  the  entire  dam  will  be  more  efficient 
and  made  much  easier  by  placing  both  traps  next  to  the  abutment  and  the 
wicket  weir  next  to  the  pass  wickets.    With  this  arrangement,  the  weir  wickets 
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and  the  pass  wickets  can  be  operated  by  the  same  maneuver  boat,  thereby 
eliminating  the  bridge  which  is  much  more  difficult  to  maneuver  and  to  keep 
clean  of  drift  than  the  wickets  alone.  Therefore,  the  writer  would  recommend 
placing  both  bear-traps  next  to  the  abutment,  the  400-ft.  wicket  weir,  with 
11-ft.  wickets,  between  the  traps  and  the  pass,  and  making  the  bank  protection 
below  the  abutment  sufficient  to  withstand  the  increased  scour. 

Care  was  used  in  the  design  to  obtain  the  greatest  possible  head  for  acting 
on  the  leaves.  The  girts  were  made  stiff  enough  to  lift  the  dam  with  air 
under  only  one-third,  or  one  compartment,  of  the  lower  leaf,  or  stiff  enough 
to  admit  of  a  deflection  of  not  more  than  1  in.  when  lifted  with  water  alone,  the 
water  entering  from  one  pier  only  and  giving  a  maximum  pressure  at  one  end 
and  zero  at  the  other.  It  was  believed  that  the  great  deflection  under  such 
conditions  was  the  most  serious  defect  in  traps  previously  constructed.  The 
galvanizing  of  the  thin  parts  of  metal  and  the  use  of  nickel  steel  were  con- 
sidered; but  plain  carbon  steel  was  used  throughout  on  account  of  the  cost 
and  the  difficulty  in  galvanizing  such  large  sheets  as  those  used  on  the  skin. 
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For  convenience  in  cleaning,  repainting,  or  in  making  repairs,  manholes 
were  placed  in  the  lower  leaf  and  in  the  girts.  Wooden  water  seals  were  used 
for  closing  the  gap  between  the  leaves  and  the  masonry.  When  the  central 
trap  was  cleaned  in  1914,  the  seals  were  found  to  be  entirely  destroyed,  and 
new  ones  were  not  considered  essential,  since  no  difficulty  had  been  experi- 
enced in  operation.  In  the  later  designs,  metal  seals  are  being  installed. 
The  dimensions  of  the  leaves  were  as  follows: 

Westerly,  or  larger  bear-trap: 

Length  of  lower  leaf,  34  ft.  0[|  in. 
Length  of  upper  leaf,  24  ft.  4^|  in. 

Easterly,  or  smaller  bear-trap: 

Length  of  lower  leaf,  2G  ft.  lOjijf  in. 
Length  of  upper  leaf,  19  ft.  4  in. 

All  the  dimensions  are  given  from  center  of  hii:;ge  to  extreme  end. 

Ordinarily,  the  most  severe  stresses  will  occur  under  the  following  three 
conditions  of  operation : 

1. — In  the  girders  of  the  lower  leaf,  with  low  water  in  the  lower  pool,  and 
a  full  pool  above,  the  trap  partly  up,  and  a  head  of  water  applied  with  suffi- 
cient force  to  raise  the  trap  to  the  top. 

2. — In  the  girders  of  the  upper  leaf,  with  low  water  in  the  lower  pool,  and 
a  full  pool  above,  and  the  water  emptied  from  the  recess  under  the  trap. 

3. — In  the  girts  of  both  leaves,  should  the  trap  be  lifted  by  water  pressure 
alone,  applied  with  sufficient  pressure  at  one  end  of  the  trap  to  move  it  and 
diminishing  to  zero  at  the  other  end. 

Computations  were  made  to  insure  strength  enough  to  withstand  the 
stresses  which  might  be  produced  under  other  assumptions  not  so  severe. 
Since  the  lower  leaf  is  likely  to  be  subjected  to  more  severe  conditions  than 
the  upper  leaf,  the  same  working  stresses  were  not  used.  The  working  stress 
used  in  the  girders  of  the  lower  leaf  was  6  200  lb.  per  sq.  in.,  and  in  girts  8  000 
lb.  per  sq.  in.  The  estimated  cost  of  the  movable  part  of  the  eastern  trap,  12 
ft.  high,  was  $148.38  per  lin.  ft.,  and  that  of  the  western  trap,  15  ft.  high, 
$212.28  per  lin.  ft.  From  1  to  IJ  min.  are  required  to  raise  the  bear-traps  at 
any  stage  with  18  in.  of  head  or  more,  and  they  may  be  lowered  at  any  stage 
within  1  min.  They  maneuver  with  either  water  or  air,  or  both.  Ordinarily, 
only  the  water  pressure  is  used. 

The  widths  of  the  piers  from  which  they  were  operated  and  supplied  with 
water  are  11  and  12^  ft.,  respectively.  The  hydraulic  head  has  always  been 
sufficient  to  operate  the  traps  when  the  wickets  are  up.  In  submitting  the 
plan  for  the  traps  to  the  District  Office,  the  writer  stated,  "it  appears  that, 
if  the  mechanical  working  of  the  traps  now  in  service  was  perfect,  it  would 
be  better  to  make  the  traps  longer  than  50  ft.  When  the  working  of  the 
traps  has  been  made  perfect,  the  economical  length  of  any  series  of  traps  will 
depend  largely  on  the  character  of  the  foundation,  but  such  lengths  will 
generally  fall  between  75  and  150  ft."  (See  page  129.)  The  standard  length 
for  the  Ohio  Eiver  bear-traps  is  now  91  ft.  in  most  of  the  dams,  and  they 
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are  placed  between  the  pass  and  wicket  weir.  They  are  now  built  and  operated 
with  the  same  confidence  of  success  as  lock-gates  or  other  similar  structures. 

Plan  for  Loch. — In  1902,  when  the  plans  and  specifications  for  Lock  No.  18 
were  submitted  to  the  District  Officer,  Locks  Nos.  1  and  6  had  been  com- 
pleted and  Nos.  2  to  5,  inclusive,  were  under  construction.  The  plans  for 
Lock  No.  18,  included  the  following  details  which  differed  from  the  dams 
previously  mentioned: 

1. — Masonry  all  monolithic  Portland  cement  concrete,  instead  of  cut  stone 
as  used  in  Locks  Nos.  1  and  6;  or  of  natural  cement  faced  with  Portland 
cement,  or  with  timber  on  the  chamber  walls  and  coped  with  stone  like  Locks 
Nos.  2  and  5  then  being  built. 

2. — Faces  of  chamber  walls  and  guide-walls  battered  |  in.  in  12  in.  instead 
of  being  vertical. 

3. — The  top  width  of  river  wall  along  the  chamber,  8  ft.  instead  of  11  ft. 

4. — The  flushing  of  conduits  and  drift  chutes  omitted  and,  instead,  each 
gate  recess  provided  with  stop  planks  and  sump  for  use  in  annual  unwatering 
and  cleaning. 

5. — Gate  and  valve  machinery  operated  by  fluid  or  air  machinery  instead  of 
steam. 

6. — Ten  emptying  and  filling  valves  instead  of  sixteen,  but  with  equal 
capacity. 

7. — Each  valve  operated  by  its  separate  engine  instead  of  all  being  operated 
by  one  engine. 

8. — Valves  rectangular  instead  of  circular. 

9. — The  pipe  well  and  conduit  omitted  and,  instead,  the  pipes  laid  across  the 
lock,  descending  and  ascending  the  lock  walls  in  open  channels  in  the  concrete. 

All  these  features  were  approved  except  the  battering  of  the  chamber  walls 
and  the  form  of  the  valves,  and,  except  for  the  number  of  valves,  have  become 
standard  construction  on  Ohio  River  dams.  Rectangular  valves  have  since 
been  introduced.  All  engineers  in  charge  of  the  operation  of  locks  with  bat- 
tered walls,  who  have  expressed  their  opinions  to  the  writer,  prefer  the 
battered  rather  than  the  vertical  walls.  The  battered  face  is  not  cut  so  rapidly 
by  the  rubbing  of  boats ;  it  also  enables  boatmen  to  walk  the  gunwales  of  barges 
when  moored  in  the  lock  and,  for  an  equal  area  of  section,  it  gives  a  slightly 
increased  factor  of  stability.  The  fact,  however,  that  the  lock  walls  when  com- 
pleted were  of  the  vertical  type  was  good  reason  for  not  making  the  change. 
All  the  lock  masonry  is  designed  for  stability  as  gravity  walls;  the  river  wall 
on  the  assumption  of  being  completely  unwatered  and  with  a  stage  of  the 
river  to  the  top  of  the  wall;  the  gate  tracks  and  Poiree  dam  foundations  on  a 
similar  hypothesis,  and  the  land  wall  and  guide-walls  on  the  hypothesis  of 
being  surcharged  retaining  walls.  They  were  not  designed  on  the  hypothesis  of 
having  a  full  head  of  water  under  the  entire  foundation  masonry  beds,  but  it 
was  considered  that  such  a  head  might  occur  over  small  areas  of  the  foundation. 
Thinner  walls  of  reinforced  concrete  were  considered  for  the  guide-walls,  but 
were  discarded  on  account  of  the  danger  from  shock  by  heavy  boats  or  by  fleets 
of  loaded  barges. 


114  locks  and  movable  dams  on  ohio  river 

Construction  Features  of  Dam  No.  18 

Plant  and  Materials. — In  building  Lock  No.  18,  the  sand  and  gravel  re- 
quired for  the  concrete  was  taken  from  the  river  bed  near  the  site.  Coal  was 
obtained  by  barge  from  river  mines,  and  nearly  all  the  remaining  materials 
were  received  on  a  spur  track  of  a  railroad  the  line  of  which  passed  along  the 
top  of  the  bank  within  50  ft.  of  the  work.  Materials  were  transferred  to  the 
work  from  storage  sheds  and  yards  along  the  siding  by  tramway  cars  operated 
by  men  and  mules. 

The  contract  for  building  the  dam  and  abutment  was  let  about  a  year  before 
the  lock  was  completed.  The  contractor  received  materials  in  the  manner 
previously  described,  except  that  his  coal  and  some  other  materials  arriving 
by  rail  were  received  near  the  West  Virginia  river  bank  on  a  siding  about  800 
ft.  from  the  abutment,  and  carted  to  the  work  by  teams.  Materials  from  the 
latter  siding  were  transferred  to  the  work  by  a  cableway.  The  cable  was 
maintained  as  required  by  law  at  a  minimum  height  of  90  ft.  above  low- 
water  datum.  The  towers  were  set  well  back  from  the  bank,  making  a  clear 
span  of  about  1  760  ft.,  thus  securing  protection  against  accident  and  giving 
adequate  storage  and  loading  space  for  materials  and  plant. 

The  best  and  most  economical  method  of  transfer  to  be  adopted  for  building 
any  particular  lock  and  dam  will  be  influenced  by  the  economy  of  extending 
standard  railroad  track  to  the  river  banli  alongside  the  work,  or  down  into 
tlie  lock  coffer-dam.  The  use  of  a  cableway  is  more  expeditious  than  other 
methods. 

It  is  conceded  that  every  flood  over  a  coffer-dam,  when  work  is  fully  under 
way,  will  cost  in  actual  damage  and  expense  rarely  less  than  $1  000  and  usually 
much  more.  The  cableway  is  especially  advantageous  and  adaptable  to  this 
work,  since  the  cost  and  time  of  transfer  of  the  materials  and  plant  from  the 
coffer-dam  in  case  of  flood  are  greater  by  other  methods.  Whether  or  not  its 
use  is  advisable,  depends  on  the  quantity  of  material  which  can  be  moved 
advantageously.  In  the  writer's  opinion,  the  sand  and  gravel  required  for  the 
concrete  can  be  unloaded  more  economically  from  the  barges,  by  fixed  or 
floating  derricks,  and  it  is  more  economical  to  move  the  concrete  from  the 
mixers  to  the  forms  by  tramway,  or  by  chutes,  than  to  move  it  and  place  it  by 
cableway.  This  economy  is  due  to  the  fact  that  buckets  from  the  cableway  are 
not  easily  dumped  in  the  forms.  Also,  the  sand  and  gravel  must  be  unloaded 
from  barges  moored  under  the  cableway  in  the  navigation  channel,  which  is  a 
dangerous  process  at  stages  below  6  ft.,  and  impracticable  at  stages  a  little 
higher,  thereby  resulting  in  serious  delays  to  concrete  construction.  The  work 
advantageously  done  by  a  cableway  and  for  which  it  is  especially  adapted  is 
the  transfer  of  all  materials  to  their  place  in  the  coffer-dam  enclosure,  and  the 
transfer  of  plant  and  tools  to  and  from  their  place  of  usage. 

Coffer-Dams. — The  construction  of  the  No.  18  lock,  dam,  and  abutment  re- 
quired four  coffer-dams :  One  for  the  lock,  one  for  the  abutment  in  which  one 
section  of  bear-trap  foundation  was  included,  one  for  650  ft.  of  the  pass,  and 
one  for  the  weir,  bear-traps,  and  the  remaining  50  ft.  of  pass.    For  building  the 
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guide-walls  of  the  lock,  levees  8  ft.  in  height  were  thrown  up  from  material 
excavated  in  preparing  the  foundation. 

The  proper  order  for  building  the  coffers  is,  first,  the  lock  and  abutment 
coffers ;  second,  the  pass  coffer ;  and,  third,  the  weir  coffer.  It  is  not  im- 
portant whether  the  lock  coffer  or  the  abutment  coffer  is  started  first,  or  whether 
both  are  started  together.  The  other  two,  of  course,  must  follow  in  succession ; 
but  it  is  important  to  have  the  masonry  and  the  bank  back  of  the  masonry 
finished  and  sufficiently  protected  against  scour,  since  the  latter  coffers  pro- 
duce a  "swell  head"  and  increased  current. 

Due  to  the  high  sill  of  the  weir,  it  is  essential  to  build  the  pass  before 
the  weir.  On  account  of  the  "swell  head"  and  high  velocity  of  current,  it  is 
expensive,  more  or  less  dangerous,  and  detrimental  to  navigation  to  hold  the 
weir  and  pass  coffers  in  the  river  over  winter. 

The  program  followed  by  Government  forces  and  by  some  contractors  on 
lock  and  dam  construction  is  to  complete  the  work  and  remove  the  coffers 
in  early  winter.  Some  of  the  slower  contractors  increase  the  number  of 
coffers  to  five,  the  fifth  being  made  to  enclose  the  bear-traps  and  adjacent  end 
of  the  pass.  It  is  unusual  for  the  construction  of  the  lock  to  be  completed 
in  one  season;  hence,  it  is  customary  for  the  lock  coffer  to  be  continued  in 
service  over  one  winter. 

For  the  lock,  a  crib  coffer  was  built,  enclosing  the  entire  lock  and  lock 
area  as  planned  and  specified  by  contract.  The  abutment  and  dam  box  coffers 
were  specified  with  the  option  of  changing,  si;bject  to  approval  by  the  con- 
tracting officer. 

In  studying  the  economical  height  of  these  coffers,  the  writer  used  the 
hydrograph  sheets  of  daily  stages  at  Marietta,  and  from  them  computed  the 
probabilities  of  coffers  varying  in  height  from  10  to  20  ft.  being  flooded  dur- 
ing the  working  season.  "With  the  adopted  height  of  18  ft.,  it  was  concluded 
that  the  work  would  probably  be  flooded  once  during  the  working  season  from 
May  to  December. 

In  constructing  the  lock  coffer,  a  channel  was  dredged  with  a  dipper- 
dredge,  the  bed-rock  being  scraped  as  clean  as  possible.  The  cribs  were 
built  in  water  and  sunk  on  the  rock  ledge  thus  prepared.  The  logs  forming 
the  longitudinal  walls  were  barked  on  the  inside,  and  those  forming  ties 
were  wrapped  with  several  rings  of  oakum  to  retard  seepage.  To  reduce 
leakage  to  a  minimum  all  the  wall  cracks  were  carefully  covered,  and  selected 
material  was  used  for  filling  the  pockets.  This  coffer-dam  was  built  in  the 
spring  of  1903  and  was  in  use  until  the  fall  of  1904,  going  through  a  winter 
and  spring  of  much  high  water  and  a  long  run  of  ice  from  12  to  18  in,  thick. 
The  resulting  damage  was  repaired  at  a  cost  of  less  than  $50.  Two  12-in. 
centrifugal  pumps  easily  kept  out  the  leakage,  and  at  stages  up  to  within  2  ft. 
of  the  top  of  the  coffer-dam,  one  pump  removed  all  the  leakage.  The  inside 
wall  was  vertical,  and  stood  about  10  ft.  from  the  concrete  masonry.  The  top 
being  so  near  the  permanent  work,  proved  a  great  convenience  for  storing 
materials  and  offered  no  obstruction  to  the  transfer  of  materials  from  barges 
and  other  boats  by  derrick-boat  into  the  concrete  forms  or  to  the  top  of  the 
wall.    This  proved  to  be  more  economical  than  the  box  coffer,  with  its  top  40 
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ft.  or  more  from  the  masonry,  which  is  a  serious  obstruction  in  the  transfer 
of  materials  required  in  the  work. 

The  coffer  which  enclosed  about  GOO  ft.  of  the  pass,  was  built  in  1905  and 
was  of  the  box  type.  It  was  602  ft.  long  inside  by  150  ft.  wide  at  the  river 
wall  and  200  ft.  wide  at  the  outer  end,  and  rested  on  bed-rock  with  the  top 
18  ft.  above  low  water.  The  upper  arm  was  20  ft.  high  at  the  river  wall  and 
32  ft.  high  at  the  outer  or  channel  end.  The  contractor  chose  this  type  at 
his  own  option;  whereas  the  writer  believes  that  a  crib  coffer-dam  of  the 
type  used  for  the  lock  would  have  been  more  economical  for  that  part  of 
the  pass  where  the  high  elevation  of  bed-rock  made  necessary  a  coffer  wall  only 
20  to  25  ft.  in  height.  The  pass  coffer  was  poorly  built  and  was  wrecked  when 
overtopped  by  a  flood,  as  shown  on  Fig.  7.  Presumably  built  to  hold  out  water 
at  14  to  16-ft.  stages,  it  was  effective  only  to  12  ft.,  on  account  of  leakage,  at 
which  stage  three  12-in.  pumps  were  required  continuously. 

Five  separate  attempts  were  made  at  levee  and  coffer  building  for  the 
abutment.  Work  was  first  commenced  in  June,  1905,  and  continued  through 
the  seasons  of  1905,  1906,  and  1907.  The  abutment  masonry,  sheet-pile  pro- 
tection, and  the  bulkheads  extending  the  seal  into  the  bank  behind  the  abut- 
ment, were  not  finished  until  N"ovember,  1907.  The  masonry  plan  showed  the 
foundation  bed  22  ft.  below  low-water  level,  and  the  contractor  made  two  un- 
successful attempts  to  build  the  abutment  within  a  simple  levee  made  from 
the  light  bank  material.  The  third  attempt  was  a  rather  light  box  coffer- 
dam. The  two  levees  and  the  light  box  were  entirely  swept  away  by  the  river 
before  the  concrete  forms  were  built,  and,  later,  a  second  box  coffer  was  lost. 
The  fifth  and  successful  attempt  followed  the  construction  of  a  fairly  sub- 
stantial box  coffer,  protected  with  round  piles  and  rip-rap. 

The  weir  coffer  for  Dam  No.  18,  built  by  Government  hired  labor,  was 
placed  by  having  both  lower  and  upper  arms  run  out  from  shore  simultane- 
ously and  connected  by  the  channel  arm.  The  timber  and  metal  for  the 
coffer  was  salvaged  from  the  coffers  which  preceded  it.  The  bed-rock  was 
from  14  to  23  ft.  below  low-water  datum.  The  bed  on  which  the  sheeting  stood 
was  prepared  with  dredges  excavating  or  refilling  as  required  to  level  it  to 
14  ft.  below  low  water.  The  lumber  -for  the  coffer-dam  was  framed  on  shore 
and  on  a  work  barge,  and  erected  in  position  alongside.  The  width  of  channel 
left  for  navigation  between  the  coffer-dam  and  the  river  wall  over  the  pass 
sill  and  wickets  was  384  ft.  and,  in  addition  thereto,  the  lock  chamber 
was  open. 

A  report  made  in  reference  to  the  coffer-dam  while  the  work  was  in  progress 
is,  in  part,  as  follows: 

Size  inside,  590  by  225  ft. 

Height  of  upper  arm,  37.5  ft.  at  shore  to  32.0  ft.  at  outer  end. 

Length  of  upper  arm,  590  ft. 

Pumps  required  at  12-ft.  stage  of  water,"  four  12-in.  centrifugal. 

Extreme  lift  by  suction,  17.0  ft.        )       no  j^^   j.  ^  ^  i-j-j. 
■^  ,..    ,       T.    1  r^^  r.   r     r  =  38  ft.  total  lift. 

Extreme  lift  by  discharge,  21.0  It.  ) 

The  difference  in  the  efficiency  of  the  three  coffers  in  holding  out  the 

water  was  so  great  that  it  is  worthy  of  note: 


i 


Fig.  6. — View  of  Pass  Masonry,  Dam  No.  18,  Ohio  Riter. 


Fig.  7,. 


-Daji  No.  X8,  Ohio  River  :  View  of  Coffbr-Dams  After  S-Day  Flood, 
NOVEMBSR  30-DeCBMPER  10,   1905, 
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1. — The  crib  lock  coffer  set  on  bed-rock  was  effective  and  the  work  of  con- 
struction was  continued  through  a  flood  slightly  above  a  16-ft.  stage. 

2. — The  weir  coffer,  with  a  sump  23  ft.  below  low  water,  was  effective  up  to 
a  stage  of  12  to  14  ft. 

3. — The  pass  coffer,  with  a  sump  about  14  ft.  below  low  water,  was  only 
effective  from  8  to  10-ft.  stages,  and  actually  collapsed  at  a  9.5-ft.  stage, 
wrecking  all  the  plant  inside.  Such  differences  in  the  efficiency  of  the  coffers 
had  great  effect  on  progress  and  on  the  cost  of  the  permanent  work. 

Two  things  of  great  importance  in  building  a  coffer-dam  are,  first,  to 
obtain  the  service  of  a  designing  engineer  of  experience  to  select  the  type 
best  adapted  for  the  particular  purpose  and  duty;  and,  second,  to  engage  on 
its  construction  a  foreman  or  mechanic  who  can  be  relied  on  to  close  cracks, 
wrap  tie  timbers  or  rods,  and  select  and  place  filling  material  so  as  to  reduce 
the  percolation  to  a  minimum.  In  few  construction  details  does  vigilance 
pay  greater  returns  than  in  the  building  of  a  deep  coffer-dam. 

Swell  Head. — Observations  taken  October  23d  and  24th,  1905,  to  determine 
the  "swell  head"  produced  by  the  coffers  are,  as  follows : 

October  23d,  1905 : 

10  A.  M. — Water  at  lower  end,  upper  guide-wall.  ..Elevation  580.89  ft. 
Water  at  lower  end,  lower  guide-wall . . .  Elevation  579.01    " 

Head  1.88  ft. 

Stage  about  level  with  top  of  16-ft.  coffer-dam  and  falling. 

5  P.  M. — Water  at  upper  guide-wall Elevation  580.18  ft. 

Water  at  lower  guide-wall Elevation  578.55    " 

Head 1.63  ft. 

October  24th,  1905: 

9  A.  M. — Water  at  upper  guide- wall Elevation  578.11  ft. 

Water  at  lower  guide-wall Elevation  576.89    " 

Head  1.22  ft. 

The  normal  regimen  of  the  river  at  a  16.0-ft.  stage  before  work  was  com- 
menced was  24  000  sq.  ft.  The  approximate  area  of  the  openings,  on  October 
23d,  1905,  was  11  080  sq.  ft. 

During  the  winter  and  spring  following  these  observations,  the  navigation 
channels  between  the  coffer-dams  were  scoured  to  bed-rock,  from  17  to  20  ft. 
below  low-water  datum,  but  the  abutment  bank  paving  and  rip-rap  was  not 
injured. 

This  restriction  in  such  a  short  and  shallow  channel  over  the  pass  produces 
the  swiftest  current  caused  in  the  construction  of  these  locks  and  dams,  and 
is  near  the  maximum  which  Ohio  River  boats  find  tolerable.  Under  such 
conditions  at  Dam  No.  33,  ascending  packets  and  gasoline  boats  sometimes 
used  lines  to  pass  the  dam  and  occasionally  turned  back;  towboats  cut  their 
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tows  in  two  or  more  parts  during  the  two  winters  this  condition  existed.  Under 
all  conditions  and  positions  of  the  coffer-dams,  the  maximum  "swell  head" 
and  swiftest  current  usually  occur  at  a  stage  which  is  about  the  top  of  the 
obstruction  and  is  generally  greater  on  a  rising  than  on  a  falling  river. 

Masonry. — Fig.  4  is  a  view  of  the  completed  weir.  Fig.  6  is  a  view  of  the 
pass  masonry.  The  200  lin.  ft.  in  the  foreground  varies  in  thickness  from  12 
to  36  in.,  the  thinnest  wicket  foundation  masonry  on  the  river.  The  wickets 
that  it  carries,  have  been  in  successful  operation  since  1910,  which  demon- 
strates the  great  economy  of  a  rock  foundation  near  the  sill  level  and,  also, 
that  a  very  thin  concrete  slab  well  anchored  to  the  ledge  is  sufficient. 

For  the  pass,  it  was  computed  that  under  extreme  conditions  there  might 
possibly  be  an  upward  pressure  of  $53  000  lb.  against  a  single  wicket  founda- 
tion slab,  4  ft.  in  width.  The  concrete  foundation  for  the  pass  is  27  ft.  wide 
by  700  ft.  long  and  varies  from  about  12  in.  in  thickness  at  thinnest  part  of 
the  slab  to  15  ft. 

Two  plans  were  considered  for  anchorage,  one  of  which  required  four  2i-in. 
bolts  for  each  4  ft.  of  the  slab,  two  in  the  upper  edge  and  two  in  the  lower, 
with  the  intervening  concrete  reinforced  with  steel  rods.  The  other  plan 
required  two  2^-in.  and  six  1-in.  hurter  bolts  into  bed-rock  for  each  4  ft.  of 
slab,  or,  in  other  words,  for  each  wicket.  The  latter  plan  was  finally  approved, 
except  that  only  two  of  the  1-in.  hurter  bolts  were  authorized  to  be  made  for 
anchors  into  the  bed-rock.  Therefore,  as  built,  where  the  concrete  is  less 
than  about  6  ft.  thick,  it  is  anchored  to  the  bed-rock  with  four  bolts  for  each 
wicket,  two  of  which  are  2J  in.  in  diameter  and  two  1  in.  in  diameter.  The 
2i-in.  bolts  were  placed  about  4  ft.  into  bed-rock  and  the  1-in.  bolts  about  3  ft. 
therein.  The  anchor-bolts  for  the  bear-traps  are  2i  in.  in  diameter  and  are 
placed  4  ft.  into  bed-rock.  When  the  grout  around  one  of  the  2^-in.  bolts 
which  went  into  the  bed-rock  only  42  in.,  had  stood  for  less  than  a  day,  it 
failed  to  move  by  a  lift  of  more  than  20  tons,  the  greatest  pull  for  which 
facilities  were  available. 

In  laying  the  foundation,  great  care  was  used  to  make  an  impervious  joint 
to  the  bed-rock  foundation  for  the  upper  third  of  its  entire  surface.  In  other 
words,  the  seal  between  the  upper  and  lower  pools  was  made  along  and  im- 
mediately below  the  upper  face  of  the  dam.  To  make  this  seal  as  perfect  as 
possible,  all  loose  shale  was  removed,  and  the  bed-rock  was  scrubbed  with 
brooms  and  water.  Thus  prepared,  fresh  mortar  was  spread  over  the  founda- 
tion bed,  followed  by  concrete.  In  placing  the  foundation  layer,  care  was 
used  to  see  positively  that  no  stream  of  water  crossed  it,  and  that  any  stream 
which  came  up  through  a  crevice  in  the  bed-rock  was  conducted  out  below 
the  dam  without  producing  any  head  or  upward  pressure.  Under  the  lower 
two-thirds  of  the  foundation,  drains  were  inserted  at  intervals  of  about  20  ft. 
to  carry  off  any  water  which  might  seep  in.  All  concrete  up  to  the  top  of  the 
rock  was  placed  without  forms,  thus  securing  bond  into  all  the  interstices  of 
the  ledge. 

The  foundation  for  the  chamber  walls  of  Lock  No.  18  was  prepared  by 
excavating  to  a  depth  of  1  ft.  below  the  chamber-floor  level,  carefully  removing 
all  loose  rock  and  cleaning  with  hose  and  brooms.     Immediately  on  top  of 
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the  ledge  thus  prepared  and  drained,  grout  was  spread,  in  order  to  make  as 
nearly  as  possible  an  impervious  joint  between  the  concrete  wall  and  the  bed- 
rock. For  some  locks  on  the  river,  a  key  about  2  ft.  by  2  ft.  was  cut  into  the 
rock  along  the  center  line  of  the  lock  walls. 

The  superior  quality  of  the  structures  with  the  masonry  laid  on  rock  ledge 
over  those  lajd  on  piles  appears  to  the  writer  a  more  important  reason  for 
seeking  a  location  with  rock  foundation  and  for  holding  to  it  when  found, 
than  even  great  differences  in  cost. 

Most  of  the  old  cut-stone  locks  and  dams  built  from  25  to  75  years  ago 
show  serious  signs  of  failure.  It  is  entirely  possible  that  most  of  the  locks 
and  dams  being  built  in  the  Ohio  River  will  be  satisfactory  for  the  purpose 
intended,  without  change  in  design,  for  100  years  or  more.  Therefore,  it  ap- 
pears desirable  to  take  every  reasonable  precaution  to  obtain  excellency  of  work. 

For  that  part  of  the  pass  foundation  of  Dam  No.  18,  which  is  more  than 
8  ft.  deep,  and  for  all  the  wicket  weir  foundation,  a  plan  was  prepared  for  the 
cellular  type,  but  the  bid  for  the  solid  type  proved  to  be  the  more  economical. 
For  the  bear-traps  only  the  cellular  type  was  planned.  In  placing  the  cellular 
masonry  for  the  bear-traps,  drains  were  used  to  relieve  any  head  which  might 
otherwise  occur.  However,  entire  dependence  was  not  placed  on  such  expedi- 
ents, but  the  cellular  bear-trap  masonry  was  bolted  to  the  ledge  with  2i-in. 
bolts.  There  were  some  indications  of  the  passage  of  water  through  the  bed- 
rock, principally  in  the  sandstone  where  anchor  holes  were  drilled,  water 
spurting  3  or  4  ft.  from  several  of  the  anchor  holes  for  the  westerly  bear- 
trap.  It  was  the  usual  custom  to  place  all  the  masonry  in  monoliths  about 
30  to  35  ft.  long,  the  full  width  of  the  wall.  In  placing  the  monoliths,  the 
rule  was  to  key  alternating  sections  with  from  one  to  three  vertical  keys  about 
2  ft.  wide  and  from  6  to  20  in.  deep,  at  intervals  of  not  more  than  8  ft.,  and 
not  more  than  6  ft.  from  the  outside  surface  of  the  wall.  Where  the  nature 
of  the  design  would  permit,  concrete  was  placed  continuously  from  the  foun- 
dation bed  to  the  finished  top,  to  prevent  a  horizontal  plane  of  weakness,  other- 
wise, horizontal  keys  were  placed  about  2  to  2J  ft.  wide  and  about  li  ft.  deep. 
In  the  wicket  pass  and  weir,  care  was  taken  not  to  permit  stoppage  closer 
than  8  ft.  from  the  sill  level,  thereby  insuring  a  monolith  with  sufficient  weight 
to  hold  the  wickets.  The  concrete  sections  of  the  bear-traps  were  placed  con- 
tinuously from  bottom  to  top,  except  the  small  parts  immediately  about  the 
hinges. 

After  Lock  and  Dam  No.  18  were  completed,  tests  for  seepage  and  hydro- 
static head  were  made  by  drilling  several  holes  through  the  lock  river  wall  near 
the  middle  of  the  section  and  observing  the  rate  of  filling  and  height  of  rise. 
In  most  cases,  so  little  seepage  occurred  that  the  upward  pressure  against  the 
base  of  the  wall  was  believed  to  be  negligible.  Only  one  hole  filled  rapidly,  a 
full  head  from  the  upper  pool  being  possible.  Since  the  blue  shale  founda- 
tion under  that  wall  is  of  the  same  nature  and  quality  as  the  foundation  of 
the  adjacent  part  of  the  pass,  these  tests  indicated  the  possibility  of  a  head 
against  the  base  of  some  part  of  the  pass  masonry;  and  the  stability  of  the 
pass  may  be  due  to  the  anchor-bolts.  Experience  and  observation  confirm  the 
writer's  belief  in  the  importance  and  advisability  of  the  use  of  anchor-bolts. 


123 


LOCKS  AND   MOVABLE  DAMS   ON   OHIO  RIVER 


In  August,  1912,  after  the  dam  had  been  in  operation  for  two  years,  the 
bed-rock  at  the  toe  of  the  down-stream  face  of  the  pass  foundation  was  ex- 
amined, and  no  cutting  or  wear  could  be  detected.  Fig.  8  is  a  view  of  the 
completed  Lock  and  Dam  No.  18. 

Cost  of  Masonry  and  Excavation,  Loch  No.  18. — A  tabulation  of  estimated 
quantities,  contract  prices,  and  amounts,  together  with  the  actual  cost  of  the 
completed  work  for  lock  and  guide-wall  masonry,  is  given  in  Table  5.  The 
cost  figures  were  furnished  by  C.  H.  Wright,  Local  Manager  for  the  Con- 
tracting Company. 

TABLE  5. 


Item. 


Grubbing  and  clearing,  in  acres 

Lumber,  in  feet  B.  M 

Round  timber,  in  linear  feet 

Common  fill,  in  cubic  yards 

Puddle,  in  cubic  yards 

Stone  fill,  in  cubic  yards 

Common  excavation,  in  cubic  yards. . 
Rock  excavation,  in  cubic  yards 


O" 


Concrete,  in  cubic  yards 

Concrete  cut  out  of  wall,  in  cubic  yards. 

Paving,  in  cubic  yardst 

Curbing,  in  cubic  yardst 

Oak  timber,  in  feet  B.  M 

Bolt-holes,  in  linear  feet 

Iron  anii  steel,  in  pounds 


Vitrified  pipe,  8-in.,  in  linear  feet 

"    12-"     "       •'        "  

Qalvanized-iron    pipe,    3-in.,  in  linear 

feet 

Galvanizediron    pipe    2-in.,  in    linear 

feet 

Galvanized-iron  pipe,  IJ^-in.,  in  linear 

feet 

Iron  placed,  in  pounds 

Gravel  and  spawls,  in  cubic  yards 


Grand  total. 


5.5 

343  614^0 

35  316.0 

88  010.0 

1  055.0 
5  812.7 

28  047.9 

11 189.6 

27.8 

20  402.6 

1.0 

4  807.6 

70.3 

2  084.0 
415.0 

163  423.0 


863.0 
196.0 

2  404.0 

2  747.0 

110.0 

106  754.0 

961.4 


Contract. 


Unit  price. 


i  25.00 

40.00  per  1  000 

0.25 

0.27 

2.00 

1.50 

0.25 

2.50 

3.75 

4.00 

5.00 

3.50 

7.00 
50.00  per  1  000 

0.50 

0.055 


0.35 

0.50 

0.60 

0.40 

0.40 

0.0075 

1.00 


Amount. 


$  137.50 
13  744.56 
8  829.00 
23  762.70 
2  110.00 
8  764.05 

7  011.98 
27  974.00 

104.25 

81  610.40 

5.00 

16  826.60 

492.10 

104.20 

207.50 

8  988.26 

$200  672.10 

302.05 

98.00 

1  442.40 

1  098.80 

44.00 
800.66 
961.40 

$205  429.41 


Co.<5T  TO  Contractor. 


Unit§ 
price. 


%  85.00 
33.57 
0.17 
0.213 
0.57 
1.53 
0.312 
1.294 


Amount. 


S  137.50 
11  535.12 
6  003.72 
18  746.13 
601.35 
8  939.33 
8  7.50.93 
14  479.34 


Separatecost  notkept 
3.50    i     71409.10 
Cost  not  kept. 
5.65 
12.00 
48.40 
0.167 
0.0445 


0.045t 
0.045t 

0.026t 

0.026J 

0.0261 


$176  051.58 


*  Rock  excavation   less  in   section   than   4   sq.   ft.   and   10   ft.   below  low  water. 

t  This  was  the  principal  work  done  in  1905  ;  the  cost  includes  a  large  amount  for  super- 
intendence and  management. 

t  The  cost  here  given  is  for  labor  of  laying  only ;  the  cost  of  the  pipe  delivered  on  the 
work  was  not  obtainable. 

§  The  unit  cost  to  the  contractor  does  not  include  shipment  of  plant  to  work,  interest 
on  investment,  insurance,  cost  of  bonds,  deterioration  in  plant,  or  general  office  expense. 
In  this  cost  was  included  all  labor,  superintendence,  and  clerical  accounts  at  the  work, 
materials  and  everything  of  expense,  except  cost  of  machinery  moved  to  this  work  from  other 
jobs  of  the  contracting  company.  Most  of  the  machinery  was  provided  in  this  manner.  The 
cost  of  improvements  to  machinery,  repairs,  and  maintenance  and  some  new  pieces  of 
machinery  were  included. 


Operation  of  Dam  No.  18. 

Land  for  Loclc  and  Abutment. — When  the  location  of  Dam  No.  18  had  been 
definitely  decided  on,  5.5  acres  of  land  were  purchased  at  a  fair  farm  valuation, 
above  the  top  of  the  bank  on  the  lock  shore,  including  the  banks  up  and  down 
stream  to  the  ends  of  the  guide-walls,  together  with  3.1  acres  on  the  abutment 
shore,  for  use  of  construction.    Long  delay  in  making  purchases  after  locating 


Fig.  8. — View  of  Completed  Lock  and  Dam  No.  18,  Ohio  River. 


FxG.  9. — View  of  Maneuver  Boat. 
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the  lock  sometimes  results  iji  paying  two  or  three  times  the  farm  value,  or 
resorting  to  the  expensive  process  of  condemnation. 

Although  the  purchase  was  quite  large,  compared  with  the  lands  acquired 
for  the  up-river  dams,  it  was  found  that  more  land  was  needed.  In  1910, 
the  District  Officer,  Maj  *  F.  W.  Altstaetter,  Corps  of  Engineers,  U.  S.  A., 
M.  Am.  Soc,  C.  E.,  authorized  the  parking  of  all  the  land  between  the  slope 
of  the  lock  esplanade  and  well  back  of  the  rear  line  of  the  lockmen's  dwellings, 
and  further  authorized  the  purchase  of  several  additional  acres  of  pasturage. 

The  writer  believes  it  is  wise  and  to  the  interest  of  the  Government  to 
arrange  such  facilities  for  employees,  in  order  to  supply  commodities  and  give 
remunerative  exercise  within  easy  call  of  duty.  These  accommodations  inter- 
fere in  no  way  with  their  duties,  because  during  many  hours  they  have  nothing 
else  to  do  except  wait  for  boats. 

Loch  Houses. — Two  residences  were  built  having  basements  of  concrete, 
first  story  of  brick,  second  story  of  terra  cotta,  tile  roof  with  attic  finished  for 
storage,  furnace  in  cellars  and  equipped  for  hot  air,  natural  gas  for  light  and 
heat,  hot  and  cold  water,  with  three  rooms  on  each  floor,  bath  on  second  floor, 
and  laundry  in  basement.  The  buildings  complete  cost  about  $7  000  each. 
They  are  used  by  the  lock-master  and  chief  engineman  with  their  families. 
All  the  other  employees  live  in  their  own  homes  and  come  daily  to  work.  Men 
who  do  not  live  within  calling  distance  of  a  mile  are  required  to  have 
telephone  connection  with  the  lock-master's  office. 

Power  Plant. — The  operating  power  plant  for  the  lock  and  dam  consists 
of  two  80-h.p.  gas  engines,  each  being  sufficient  for  operation,  thus  eliminating 
as  nearly  as  possible  any  possibility  of  stopping  traffic  through  the  lock.  Each 
is  belted  to  and  operates  an  air  compressor  with  a  capacity  of  300  cu.  ft.  per 
min.  The  auxiliary  parts  are  one  starting  engine,  four  air  receivers,  with  a 
combined  capacity  of  1  500  cu.  ft.,  an  air  pump,  a  steel  tower  and  tank  on 
the  hillside  for  water  supply  to  the  power  house,  lock,  and  dwellings. 

The  lock-gates  are  operated  from  a  wire  line  winch  with  an  air-operating 
engine  having  a  pull  capacity  of  50  000  lb.  in  either  direction.  Each  engine  is 
provided  with  an  auxiliary  receiver.  Where  a  reliable  fuel  supply  can  be 
obtained,  the  gas  engine  is  the  ideal  power  machine  for  the  operation  of  a 
lock,  since  requirements  are  intermittent  and,  usually,  of  short  duration. 

At  Dam  No.  33,  which  was  opened  for  service  in  October,  1921,  all  the 
valve  jacks  and  jacks  for  maneuvering  the  mitered  gates  are  operated  by  oil 
pressure.  The  oil  piunp  is  operated  by  steam,  and  when  the  dam  is  up,  a 
duplicate  oil  pump  is  operated  by  a  water  turbine  in  the  river  wall,  using 
water  from  the  upper  pool,  thus  providing  a  duplicate  power  unit.  The  use 
of  compressed  air  is  thus  reduced  to  occasional  requirements  for  the  bear-trap 
operation  and  for  signals  on  the  lock  walls. 

Maneuver  Boat. — The  maneuver  boat  is  a  very  substantially  built  deck 
barge,  60  by  22  ft.,  with  a  cabin  14  ft.  wide  by  24  ft.  long,  covering  the  prin- 
cipal pieces  of  machinery.  The  deck  when  equipped  ready  for  operation  stands 
about  14  in.  above  the  surface  of  the  water  and  the  timber  fenders,  6  by  15  in. 
The  principal  equipment  for  the  boat  consists  of  one  triple-drum  reversible 

*  Now  Col.,  U.   S.   A.    (Retired). 
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hoist  engine  with  three  winches,  double  9  by  12-in.  cylinders  and  pony  drum  for 
slewing  the  derrick,  rigged  with  J-in.  wire  line;  one  vertical  40-h.  p.  boiler;  one 
stiff-leg  derrick  with  boom  located  mid-deck  near  the  bow ;  one  outrigger  sheave 
projecting  from  the  bow  for  carrying  the  i-in.  line  used  in  raising  and  low- 
ering wickets;  one  steam  capstan  near  the  stern  with  an  engine  for  operating, 
which  carries  the  line  for  maneuvering  the  boat;  a  boiler-feed  pump,  a  bilge 
pump,  a  steam  siphon,  and  a  hand  pump.  The  smaller  equipment  is  a  wicket 
raising  pole,  an  extra  heavy  raising  pole,  a  wicket  tripping  pole,  pike  poles, 
skiffs  and  oars,  2-iu.  manila  stem  line,  750  ft.  long,  two  IJ-in.  manila  side 
lines,  100  ft.  long,  several  hand  lines  |  in.,  1  in.,  and  li  in.,  one  anchor,  and 
one  tarpaulin. 

The  cost  of  the  boat  and  the  principal  equipment  in  1909  was,  as  follows: 

Deck  barge,  ready  for  equipment $3  800.00 

Engine  and  boiler  complete   1  525.00 

Wire  lines  for  derrick   108.14 

Wire  rope  sheaves,  etc ^ 53.10 

Spuds,  six 170.00 

Duplex  piston  pump,  9  by  5^  in 50.00 

Orange  peel  bucket,  15  cu.  ft 499.00 

Total  $6  205.74 

An  electric  generator  with  incandescent  and  arc  lights,  with  the  necessary 
auxiliary  parts,  has  since  been  added. 

Maneuvers. — The  three  principal  maneuvers  of  the  lock  and  dam  consist 
of:  (1)  operation  of  the  lock  when  the  dam  is  up  for  the  passage  of  boats; 
(2)  raising  of  the  dam ;  and  (3)  lowering  of  the  dam. 

The  annual  force  maintained  is  ten  men,  which  force  is  supplemented  by 
several  additional  laborers  when  the  dam  is  up  during  the  summer  and  fall. 
The  annual  force  consists  of  one  lock-master,  three  enginemen,  one  dam- 
tender  and  five  lock-men.  Each  is  an  expert  at  one  of  the  mechanical  trades 
or  other  useful  work,  aside  from  the  duties  indicated  by  his  position.  With 
spare  parts  and  materials  for  the  machines  and  structures,  this  force  main- 
tains the  lock  and  dam  and  appurtenances  without  additional  help,  except 
extra  labor  engaged  locally. 

The  ordinary  maneuvers  of  the  lock  for  the  passage  of  boats  are  the  same 
as  those  required  of  locks  with  fixed  dams.  The  usual  time  for  the  passage 
of  a  boat  through  the  lock  is  from  7  to  12  min.  The  time  required  for  the 
different  operations  is  about,  as  follows : 

Closing  gate 1  min.  to  1^  min. 

Filling  or  emptying  lock  chamber 1     "       "4       " 

Opening  gate  1     "       "    U     " 

Departure  of  boat 4    "      "    5       " 

Total   7  min.  to  12     min. 

After  the  winter  floods,  or  after  a  summer  flood  of  unusual  duration,  it 
requires  from  1  to  2  days'  time  of  the  entire  lock  force  with  a  maneuver  boat 
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to  remove  the  deposit  from  each  of  the  lock-gate  recesses,  and  to  clean  the 
gates,  engine,  and  engine  pit,  and  place  them  in  a  serviceable  condition.  It 
requires  a  day  or  more  to  raise  the  weir  and  put  the  maneuver  boat  in  posi- 
tion to  raise  the  pass.  The  raising  of  the  pass  usually  requires  from  6  hours 
to  1  day.  Fig.  9  is  a  view  of  the  maneuver  boat  raising  the  pass  of  Dam 
No.  1.  A  wicket  prop  is  being  raised  with  pike  pole  on  butt  ready  to  right 
the  wicket  the  instant  the  prop  drops  over  the  hurter-step.  Since  it  is  desirable 
both  for  workmen  and  navigators  of  boats  to  have  this  maneuver  made  by 
daylight,  the  weir  is  put  in  readiness,  and  the  raising  of  the  pass  wickets  for 
final  closure  is  usually  started  in  the  early  forenoon.  Raising  the  bear-traps 
usually  requires  only  a  few  minutes  by  the  head  of  water  in  the  upper  pool. 
The  weir  wickets  are  easily  "righted  up"  from  the  "swing"  or  raised  and  put 
up  as  desired,  if  done  before  there  is  more  than  4  or  5  ft.  of  head.  With  from 
5  to  10  ft.  of  head,  the  work  becomes  much  more  difficult. 

It  is  possible  to  lower  the  pass  in  from  2  to  3  hours,  but  it  usually  requires 
from  4  to  8  hours.  On  very  rapid  rises,  the  weir  is  sometimes  lowered  at  the 
same  time  as  the  pass;  but  the  lowering  of  the  last  weir  wickets  is  usually 
left  until  the  pass  is  down.  The  lowering  of  Dam  No.  18  pass  usually  pro- 
ceeds from  the  lock  wall  to  the  weir  and  the  raising  in  the  reverse  direction. 
Some  dams  on  the  river  make  these  maneuvers  in  the  reverse  order. 

Maneuvering  the  Weir. — In  1912,  Lockmaster  Rowe  reported  on  the  man- 
euver of  the  dam,  as  follows: 

"Ordinarily,  we  raise  the  service  bridge  with  the  maneuver  boat  as  the 
river  falls  and  the  time  approaches  for  raising  the  pass. 

"When  the  maneuver  boat  is  in  position  at  the  abutment  end  of  the  weir, 
the  boom  of  the  derrick  is  lowered  until  the  main  fall  is  directly  over  the 
chain  connected  with  the  section  of  bridge  to  be  raised.  A  hook  constructed 
so  that  it  will  engage  with  the  bridge  chain  at  any  point  is  used  on  the  main 
fall.  One  man  is  stationed  in  a  yawl,  whose  duty  it  is  to  connect  this  hook 
with  the  bridge  chain  as  low  down  in  the  water  as  convenient.  This  section 
of  the  bridge  is  then  raised  with  the  main  fall  of  the  derrick,  until  the  end 
of  the  apron  is  on  a  level  with  the  top  of  bridge  on  pier.  A  1^-in.  manila 
rope,  with  an  iron  hook  on  the  end,  is  then  hooked  into  the  ring  on  the  end 
of  the  apron.  This  rope  passes  through  a  snatch-block  on  the  pier  back  of 
the  starting  point,  or  on  preceding  section  of  bridge,  then  back  through 
fixed  sheave  on  forward  end  of  boat  and  is  pulled  with  steam  capstan.  The 
rope  swings  the  section  of  bridge  back  until  the  bent  is  perpendicular.  The 
apron  is  held  up  at  the  proper  height  with  the  derrick  until  in  position  for 
dropping  down  over  pins  in  pier  or  in  preceding  section.  About  four  sec- 
tions can  be  raised  with  boat  in  the  same  position.  The  boat  lies  below  the 
bridge  with  bow  up  stream.  This  maneuver  requires  seven  men:  One  for 
operating  engine,  one  for  operating  capstan,  one  in  yawl  for  engaging  hook, 
two  on  bridge  for  connecting  up  sections,  moving  snatch-block,  etc.,  and  two 
on  deck  of  boat  for  handling  lines,  moving  boat,  etc.  The  bridge  can  be 
raised  in  this  manner  in  one-half  the  time  required  for  raising  it  with  the 
winch. 

"When  the  bridge  is  up,  the  maneuver  boat  is  then  moved  over  to  the  pass 
and  two  crews  are  organized  so  that  the  weir  wickets  and  pass  wickets  can  be 
raised  at  the  same  time.  [Fig.  10  shows  a  wicket-sinking  arrangement  for  weir 
service  bridge  for  Dam  No.  18]. 

"In  raising  the  weir  wickets  with  the  winch,  the  duties  of  the  men  are 
about  as  follows :     One  man  for  operating  the  gasoline  engine,  clutch-coupling 
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and  foot-brake;  one  for  placing  chain  on  wheel  and  keeping  it  from  getting 
fouled  in  the  gear;  two  for  moving  and  clamping  ear  on  track,  handling  chains, 
etc.  The  weir  wickets  are  left  on  swing  until  they  are  all  up  in  that  position, 
and  then  the  same  crew  rights  them  up  with  pike  poles  after  the  navigation 
pass  is  closed. 

"By  leaving  the  weir  on  swing  and  both  bear-traps  down,  we  rarely  have 
more  than  2  ft.  of  head  when  closing  the  pass. 

"There  is  other  work  to  be  done  aside  from  that  mentioned  in  raising  and 
lowering  the  dam,  sunken  logs,  boulders,  etc.,  are  encountered,  props  are  found 
to  be  out  of  hurters,  hurters  have  to  be  cleaned  out,  etc.  When  these  things 
are  encountered,  all  the  members  of  the  crew  work  to  adjust  them.  One  man 
who  handles  the  catching  hook  will  sometimes  dive  down  and  lift  a  prop  over 
into  a  hurter  by  hand,  rather  than  make  the  maneuver  again." 


CHANOINE  WEIR. 

WICKET-SINKING  ARRANGEMENT  FOR 

WEIR  SERVICE  BRIDGE. 

OHIO  RIVER   LOCK  AND 

DAM   NO.  If 


Fig.  10. 

Due  to  the  ease  of  operating  the  traps  and  the  difficulty  of  moving  the 
maneuver  boat  around  the  traps  and  their  piers,  in  a  dam  without  a  bridge 
and  which  has  the  traps  near  mid-stream,  between  the  wicket  navigation  pass 
and  wicket  weir,  when  the  dam  is  up  or  after  raising  is  started,  the  lockmen 
at  some  of  the  dams,  depend  almost  entirely  on  the  traps  for  regulating  the 
pool  and  neglect  to  use  the  weir  for  that  purpose,  the  function  for  which  it 
Avas  btiilt. 

This  difficulty  makes  it  now  appear  that  on  those  dams  having  abutment 
shores  of  ledge  rock,  or  ledge  within  10  or  15  ft.  of  the  sill  level,  a  desirable 
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location  for  the  traps  would  have  been  next  to  the  abutment,  thereby  placing 
the  weir  wickets  next  to  the  pass  wickets. 

Except  for  the  excessive  cost  of  the  traps,  an  ideal  arrangement  would  be 
to  abandon  the  wicket  weir  and  substitute  bear-traps  having  sufficient  water- 
way to  regulate  the  pools  for  a  natural  10  or  11-ft.  stage  discharge. 

In  1914,  the  writer  had  the  15-ft.  trap  in  Dam  No.  18  cleaned  and  re- 
painted.   His  report  of  this  work  is  as  follows : 

When  unwatering  was  completed,  a  deposit  estimated  to  be  about  65 
cu.  yd.  was  found  in  the  recess  under  the  two  leaves.  The  deposit  on  the  upper 
side  of  the  area  was  largely  of  silt,  but  on  the  lower  side  near  the  lower  hinge, 
it  was  principally  gravel  ranging  from  the  size  of  a  pea  to  that  of  an  acorn. 
Much  of  the  gravel  was  clean  washed  and  lay  2  ft.  or  more  in  depth  on  the  recess 
floor.  In  all  the  pockets  of  the  lower  leaf,  the  deposit  was  from  14  to  18  in. 
deep,  composed  of  silt,  containing  little  or  no  gravel. 

On  the  top  skin  of  the  lower  leaf,  from  60  to  70%  of  the  metal  was  bare  of 
paint,  the  remainder  being  fairly  well  covered  with  the  shop  coat.  The  under 
side  of  the  lower  skin  and  the  exposed  metal  on  the  under  side  of  both  leaves 
were  practically  bare  of  paint.  On  the  inside  of  the  pockets  of  the  lower 
leaf,  from  80  to  90%  of  the  metal  was  covered  with  paint.  After  being 
cleaned,  there  was  slight  indication  of  the  metal  being  pitted  by  rust. 

The  two  wooden  seals  were  almost  destroyed.  The  lower  flange  of  the 
lower  end  of  the  easterly  girder  in  the  lower  leaf  was  bent  from  4  to  10  ft. 
in  front  of  the  hinge;  the  lower  flange  of  one  of  the  other  girders  was  slightly 
bent ;  thirteen  girder  web-plates  were  bent,  and  the  two  lower  ones  in  the  east- 
erly girder  over  the  bent  flange,  were  badly  buckled;  eleven  of  the  cross  web- 
plates  were  slightly  bent;  eighteen  plates  of  the  lower  skin  were  bent;  two 
bolts  near  one  of  the  hinges  were  out,  but  no  sheared  rivets  or  loose  rivet- 
heads  were  found. 

Since  the  trap  had  been  operated  successfully  for  some  time  without  the 
water  seals,  they  were  not  replaced.  The  damage  to  the  metal  work  was  not 
considered  sufficient  to  affect  seriously  its  strength,  therefore,  no  attempt 
was  made  to  repair  it. 

The  approximate  cost  for  all  this  work  was  about,  as  follows : 

Labor    $1158.43 

Painting  materials    173.01 

Lumber    118.48 

Supplies,  caulking  material,  etc 35.00 

Miscellaneous    78.57 

Gas  85.00 

Coal    100.63 

Total  $1  649.12 

In  order  to  ameliorate  the  adverse  conditions  described,  the  following 
changes  for  future  plans  were  suggested: 

"(a)  In  each  of  the  piers  there  should  be  a  pump-well,  at  least  4  by  6  ft., 
to  admit  of  using  a  larger  pulsometer.  Directly  under  each  of  the  manholes 
in  the  lower  leaf,  next  to  the  piers,  there  should  be  a  similar  sump. 
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;  .""(6)  The  piers  should  be  long  enough  at  the  lower  end  to  give  a  plain  sur- 
face bearing  for  the  end  coffer-dam  needles.  About  the  perimeter  of  the  lower 
culvert  portals  there  should  be  a  recess  with  a  plain  surface  at  least  6  in.  in 
width,  in  order  to  make  the  bulkhead  more  easily  fitted  and  more  easily  caulked. 

"(c)  The  greatest  danger  from  the  deposit  underneath  the  leaves  is  be- 
lieved to  be  in  lifting  or  holding  the  lower  leaf  above  its  natural  position  on 
the  floor,  thereby  throwing  undue  strains  on  some  of  the  girders  or  creating 
a  short  lever  arm  and  bringing  excessive  pull  on  some  of  the  hinges.  This  is 
especially  dangerous  wliere  the  support  under  the  girders  is  near  the  lower 
end  hinges.  This  may  be  prevented  by  placing  the  upper  and  lower  water 
passages  between  the  bear-trap  recess  and  the  culverts  close  to  the  hinges. 
It  is  also  advisable  to  make  those  openings  from  3  to  5  ft.  high  instead  of  2^ 
ft.  Should  this  method  not  entirely  relieve  the  trouble,  in  new  construction 
a  pipe  or  culvert  laid  just  below  the  line  of  the  hinges  with  an  opening  along- 
side each  hinge  leading  from  the  bear-trap  recess  to  the  culvert  no  doubt  could 
be  made  effective  in  washing  out  any  deposit  which  might  occur. 

"(d)  In  order  to  clean  the  pockets  of  the  lower  leaf  more  easily  it  is 
desirable  to  substitute  channels  and  angles  for  some  of  the  web-plates.  The 
elimination  of  this  method  of  bracing  and  the  elimination  of  half  the  plates 
would  make  the  cleaning  very  much  easier." 

As  the  writer  was  not  able  to  find  any  record  of  a  trap  having  been  unwa- 
tered,  cleaned,  and  painted  elsewhere,  somewhat  better  progress  could  be  made 
on  another  similar  job  with  this  experience. 

Maneuvering  Pass. — The  first  sixteen  wickets  of  the  pass  are  raised  with 
the  maneuver  boat  lashed  to  the  pier.  After  they  are  up,  the  maneuver  boat 
is  laid  alongside  them,  and  the  raising  proceeds  as  described  by  the  writer,  in 
his  report  of  May,  1912,  as  follows : 

'"The  head  of  the  boat  is  brought  up  so  that  the  front  edge  of  the  bow  is 
within  a  few  inches  of  being  flush  with  the  last  wicket  raised,  the  boat  being 
held  in  place  by  a  stern  line  to  the  pier,  and  two  side  lines  made  fast  to  con- 
venient wickets — one  near  the  bow  and  one  near  the  stern.  With  the  boat 
thus  prepared  and  held  in  position,  the  lockman  casts  the  raising  hook  to 
land  on  the  upper  face  of  the  wicket  to  be  raised.  After  striking  the  wicket 
it  is  drawn  along  it  by  a  i-in.  wire  line  wound  on  one  of  the  drums  of  the 
hoisting  engine,  until  the  hook  engages  in  the  handhold  at  the  butt  of  the 
wicket.  The  wicket  is  then  drawn  up  until  the  prop  is  heard  to  fall  into  the 
step  of  the  hurter.  At  that  instant  the  lockman  disengages  the  raising  hook, 
and  another  man  with  a  pike  pole  forces  the  butt  of  the  wicket  down  against 
the  pass  sill.  At  the  instant  the  wicket  strikes  the  sill,  a  third  lockman,  tend- 
ing the  stern  line,  releases  4  ft.  of  slack,  and  the  current  carries  the  boat 
forward  the  width  of  a  wicket.  At  the  same  time  the  engine-man  takes  up  4 
ft.  of  the  head  side  line  while  the  lockman  on  the  head  of  the  boat  maneuvers 
the  side  line  on  the  winches  of  the  engine.  This  movement  usually  requires 
from  10  to  15  sec.  from  the  time  the  butt  of  the  wicket  strikes  the  sill.  In 
general,  it  is  not  necessary  to  operate  the  spuds  in  either  raising  or  lowering 
the  wickets  During  this  maneuver  the  stern  spud  and  upper  side  spud  are 
raised  and  hooked  up.  The  lower  side  spud  is  left  down  just  far  enough  to 
engage  the  wicket.  By  so  doing,  it  serves  two  purposes :  The  boat  is  made 
steady,  and  as  it  engages  the  wicket  below  the  axis,  it  prevents  it  going  on 
swing." 

In  lowering  the  pass  wickets  the  movements  of  the  boat  are  a  reverse  of 
those  described  previously.  The  lockman  engages  the  lowering  hook  in  the 
upper  hand  hold  of  the  wicket,  and  signals  to  the  engine-man  to  pull  on  thfe 
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line  attached  to  the  hook.  The  instant  the  locknian  hears  the  prop  drop  out 
of  the  step  of  the  hurter,  he  disengages  the  hook,  and  the  wicket,  if  not  ob- 
structed, is  carried  gently  down  by  the  current  into  position  below  the  sill. 
At  the  instant  he  disengages  the  hook,  the  boat  is  brought  in  position  for 
lowering  another  wicket. 

The  maneuvers  of  the  wickets  are  often  interfered  with  by  obstructions  of 
gravel,  boulders,  and  driftwood.  The  methods  of  overcoming  these  difficulties 
are  only  learned  by  experience. 

Water  Supply. — The  water  supply  was  taken  by  an  air-lift  pump  from  the 
rear  end  of  the  upper  gate  recess  and  by  sedimentation  gave  a  potable  water. 
At  sites  where  a  natural  supply  is  not  found,  the  filter  should  be  constructed 
at  a  convenient  place  in  the  lock  coifer-dam.  For  Locks  Nos.  20  and  33,  and  for 
some  of  the  others,  filters  are  constructed  in  the  angle  between  the  upper  face 
of  the  navigable  pass  and  the  river  wall. 

Signal  Lights. — Signal  lights  are  maintained  for  indicating  whether  the 
dam  is  up  or  down,  and  the  position  of  the  ends  of  the  river  wall  and  bear-trap 
piers.  The  number  of  lights,  their  positions,  and  colors  are  prescribed  by  the 
Engineer  of  the  Light  House  Department.  The  lights  are  carried  on  standards. 
Supports  of  concrete  and  steel  have  been  tried,  but  have  not  yet  proven  en- 
tirely satisfactory.  The  supports  after  being  submerged  and  the  lights  ex- 
tinguished are  a  menace  to  navigation  as  long  as  the  depth  of  water  is  too 
shallow  to  prevent  boats  passing  safely  over  them.  During  periods  of  swift 
current,  drift,  and  ice,  it  has  not  been  easy  to  maintain  floating  supports  for 
carrying  the  lights.  In  April,  1915,  a  passenger  steamer  hit  one  of  the  lower 
towers  on  Lock  No.  19,  sank  within  a  few  minutes,  and  about  17  people  were 
drowned. 

Snubbing  Posts. — The  next  greatest  menace  to  navigation  are  the  snubbing 
posts  on  lock  walls  and  piers.  In  March,  1907,  a  steamer  hit  the  second  snub- 
bing post  (from  head)  on  the  river  wall  of  Lock  No.  18  in  clear  weather,  when 
there  was  about  a  foot  of  water  over  it,  and  sank  within  15  min.  on  the  head 
of  Neals  Island,  with  several  people  narrowly  escaping  drowning.  At  the  time, 
the  water  breaking  on  the  nose  of  the  wall  clearly  marked  its  position.  The 
light  towers  and  snubbing  posts  continue  to  be  the  greatest  source  of  danger 
to  the  navigation  of  the  locks  and  dams. 

Disposition  of  Drift. — It  has  been  the  custom  to  dispose  of  the  drift  by 
hand  or  derrick  or  by  letting  down  one  or  more  wickets  or  a  bear-trap.  The 
writer  believes  that  all  big  logs  and  trees  should- be  landed  on  shore,  cut  up,  and 
burned,  thereby  preventing  injury  to  passing  boats,  or  further  attention  at 
the  next  dam  below. 

The  writer  wishes  to  make  acknowledgment  of  courtesies  extended  by 
Col.  Earl  I.  Brown,  Corps  of  Engineers,  U.  S.  A.,  M.  Am.  Soc.  C.  E.,  for 
access  to  the  records  of  the  first  Cincinnati  District,  as  supplemental  assist- 
ance in  the  preparation  of  this  paper. 
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DISCXJ  SS  ION 


Thomas  P.  Egberts,*  Esq.  (by  letter). — Referring  to  the  late  W.  Milnor 
Roberts,  Past-President,  Am.  Soc.  C.  E.,  the  author  states  that  Mr.  Roberts 
recommended  locks  with  movable  tops  on  Ohio  River  dams.  The  fact  is,  he 
never  recommended  "movable  tops"  on  dams,  as  such  term  is  understood  by 
river  engineers.  In  1839,  in  a  report  to  the  Monongahela  Navigation  Com- 
pany, he  advocated  the  extension  of  locks  with  fixed  dams  for  the  Ohio  River, 
such  as  he  was  constructing  on  the  Monongahela.  Later,  in  1857,  in  a  paper 
published  by  the  Franklin  Institute,  Mr.  Roberts  repeated  more  fully  the  same 
recommendation.  In  1866,  he  was  made  one  of  the  two  U.  S.  Civil  Engineers, 
authorized  by  Act  of  Congress,  and  assigned  to  the  Ohio  River  to  complete 
the  survey  of  that  stream  from  Pittsburgh,  Pa.,  to  Cairo,  111.,  and  to  under- 
take minor  improvements  for  the  immediate  betterment  of  navigation.  The 
chief  object  of  his  employment  by  the  Government  was  to  obtain  his  views 
on  the  various  schemes,  or  projects,  which  had  been  referred  to  the  Chief  of 
Engineers  for  the  radical  improvement  of  the  Ohio. 

In  his  final  report,  dated  April  21,  1870,  referring  to  the  dams  he  was 
recommending,  Mr.  Roberts  sanctioned  the  idea  of  lilacing  in  them  "chutes" 
300  ft.  wide,  for  the  benefit  of  descending  coal  fleets,  thus  making  navigation 
practicable  for  them,  even  during  moderate  rises  of  the  river.  The  chutes 
were  not  described  in  detail  in  his  report,  but,  to  the  writer,  he  stated  that 
chute  shutters  might  be  made,  say,  3  ft.  deep  in  dams  of  6-ft.  lift,  such  as 
were  contemplated  by  him.  The  shutters  were  to  be  raised  by  a  shaft  operated 
from  the  lock  wall,  the  shaft  turning  geared  wheels  at  proper  intervals 
beneath  the  shutters.  The  time  required  to  raise  them  against  the  water  pres- 
sure was  a  matter  of  indifference,  the  longer  the  time,  the  less  the  power 
required.  He  clung  to  this  idea  even  after  meeting  the  late  Col.  William  E. 
Merrill,  Corps  of  Engineers,  U.  S.  A.,  M.  Am.  Soc.  C.  E.,  his  successor  in  charge 
of  the  Ohio  River,  who  had  but  recently  returned  from  France,  where  he  had 
seen  and  was  greatly  pleased  with  the  Chanoine  wickets  on  the  Marne  and 
Upper  Seine  Rivers.  Concerning  the  project  of  Mr.  Alonzo  Livermore  who 
had  constructed  the  locks  and  dams  on  the  Green  River,  in  Kentucky,  Mr. 
Roberts  made  no  objection  to  placing  a  contrivance  in  the  form  of  a  down- 
river extension  of  chutes  in  dams,  arranged  so  that  current  velocities  could 
be  reduced  sufficiently  to  enable  ascending  steamers  to  pass  through  the  chutes. 
Mr.  Livermore  was  to  demonstrate  the  feasibility  of  his  project,  which,  although 
theoretically  practicable  for  clear  water,  might  not  have  been  advisable  for 
rivers  in  which  snags  and  drift  complicated  the  problem  during  floods. 

Ip  an  historical  review  of  other  projects  for  river  improvement,  submitted 
to  Mr.  Roberts  for  his  opinion,  it  may  be  permissible  to  refer  briefly  to  some 
of  them.  The  most  important  of  these  projects  was  suggested,  years  prior  to 
the  Civil  War,  by  Col.  Charles  Ellet,  a  distinguished  writer  on  river  hydraulics, 
as  well  as  on  railroads  and  bridges. 

Based  on  ten  years'  records  of  rainfall  and  river  discharge  at  Wheeling, 
W.  Ya.,  made  under  his  personal  supervision.  Col.  Ellet  demonstrated  that 

*  U.    S.    Engr.    Office,  Pittsburgh,   Pa. 


I 


discussion:    locks  and  movable  dams  on  OHIO  RIVER  133 

a  6-ft.  minimum  to  9-ft.  maximum  stage  could  be  permanently  maintained 
on  the  Upper  Ohio,  provided  the  excess  of  flood  water  on  tributaries  could  be 
stored  in  reservoirs.  This  project  was  so  ably  set  forth  by  Col.  Ellet  and  Mr. 
Elwood  Morris,  as  to  attract  much  public  attention  and  was  even  favorably 
considered  by  Congress  which  was  about  to  appropriate  a  large  sum  for  start- 
ing surveys  for  reservoirs,  when  Mr.  Roberts,  almost  alone  in  his  opposition, 
interposed  with  his  pamphlet  entitled,  "Practical  Views  on  Ohio  Eiver  Im- 
provement". He  showed  that,  in  1847,  to  have  had  full  control  of  storm 
waters,  the  reservoirs  above  Wheeling  should  have  had  a  capacity  of  more  than 
one  trillion  cubic  feet.  His  strongest  point  was  that  the  records  indicated  the 
probability  that  some  of  the  more  important  reservoirs  would  have  been  full 
when  certain  floods  occurred.  Other  river  engineers,  including  Col.  C.  McD. 
Townsend,  U.  S.  A.  (Retired),  M.  Am.  Soc.  C.  E.,  formerly  President  of  the 
Mississippi  Kiver  Commission,  have  since  demonstrated  that,  as  great  river 
floods  frequently  originate  from  comparatively  limited  areas,  for  instance, 
such  as  have  created  very  high  floods  at  Cairo,  such  floods  might  be  aggravated 
by  waste  waters  from  reservoirs  at  the  head  of  the  Ohio,  etc.  It  has  been 
proved  that  to  reduce  materially  the  height  of  great  floods  at  Pittsburgh,  re- 
straining reservoirs  should  be  as  near  as  possible  to  the  city,  for  the  flood- 
producing  storms  reaching  Western  Pennsylvania  are  only  rarely  more  than  90 
miles  in  width  of  excessive  precipitation.  However,  on  rare  occasions,  Nature 
doubles,  or  even  trebles,  what  is  termed  her  excessive  precipitation,  as  appeared 
in  1913  over  Northern  Indiana  and  Ohio,  just  covering  about  one-eighth 
of  the  Allegheny  Eiver  water-shed.  That  one-eighth,  however,  with  a  precipita- 
tion of  from  7  to  9  in.,  produced  a  flood  which  at  Pittsburgh,  100  miles  below, 
was  greater  in  discharge  than  any  preceding  flood  developed  from  more  than 
triple  the  same  storm  area.  Had  the  1913  storm  moved  eastward  only  80  miles 
farther,  careful  study  indicates  that,  at  Pittsburgh,  the  flood  would  have  been 
at  least  15  ft.  higher  than  the  record  flood  of  1907.  It  is  useless  to  attempt 
to  estimate  the  damages  which  would  have  resulted  from  such  a  flood  to  the 
towns,  bridges,  etc.,  above  Pittsburgh.  The  200  acres  of  low  land  embraced 
in  the  business  section  of  that  city,  with  currents  of  from  8  to  10  miles  per 
hour,  of  from  12  to  14  ft.  in  depth,  through  its  streets,  can  be  imagined  if  not 
described.  What  would  have  been  left  for  salvage  of  the  city  would  have 
been  chiefly  steel  beams,  protruding  from  a  great  area  of  gravel,  building 
materials,  etc.  To  talk  of  restraining  reservoirs  for  such  floods,  at  least  for 
the  area  above  Pittsburgh,  is  waste  of  time.  From  the  evidence  of  the  topog- 
raphy of  the  Allegheny  Valley,  glacial  drift  remains,  etc.,  no  such  flood  has 
occurred  at  Pittsburgh  since  the  last  flood  waves  of  the  glacial  epoch  passed 
along  the  Upper  Ohio  Valley  not  less  than  10  000  years  ago. 

Wrong  impressions  of  the  transportation  capacity  of  the  Ohio  River, 
when  finally  improved,  should  not  be  perpetuated  in  the  publications  of  the 
Society.  It  is  of  the  first  importance  that  Congress  should  not  vote  away 
public  funds  on  projects  that  will  not  adequately  benefit  the  public  interests. 
More  and  more  it  is  being  demonstrated  that  without  the  utilization  of  the 
inland  waterways  to  cheapen  transportation  to  the  seaboard,  all  hope  of  a 
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world-wide  extension  of  commerce  must  be  abandoned.  The  railways  now 
staggering  under  the  loads  imposed  on  them,  would  be  greatly  relieved  if 
some,  such  as  coal,  and  other  items  of  low  intrinsic  value,  could  be  taken 
from  them. 

It  is  unfortunate  that  the  river  engineers  of  the  United  States  competent 
to  portray  the  advantages  of  waterways  are,  in  a  way,  debarred  from  promul- 
gating their  views,  but  must  usually  confine  themselves  to  the  engineering 
duties  assigned  them.  On  the  subject  of  the  real  potential  capacity  of  the 
Ohio  when  improved  throughout  its  entire  length,  Mr.  Hall  writes  as  follows: 

"The  capacity  of  the  river  for  package  and  barge  freight,  when  the  im- 
provement is  completed,  would  easily  be  25  000  000  tons  annually  and  possibly 
double  or  treble  that  quantity.  However,  during  the  months  the  dams  are 
up,  the  lockage  capacity  would  be  much  below  that  rate." 

From  such  a  statement  the  inference  is  that  locks  600  ft.  long  by  110  ft. 
wide  (the  same  width  as  provided  for  the  Panama  Canal),  and  9  ft.  deep 
on  gate-sills,  would  be  "much  below"  a  capacity  of  25  000  000  tons  annually. 

In  the  Pittsburgh  Engineer  District  there  are  included  ten  locks  600  ft.  by 
110  ft.  on  the  Ohio,  three  locks  and  dams  on  the  Allegheny  River,  and  fifteen 
locks  and  dams  on  the  Monongahela  River.  Six  of  the  dams  on  the  Monon- 
gahela,  next  in  order  above  Pittsburgh,  are  provided  with  twin  parallel  locks 
averaging  a  lift  of  about  9  ft.,  with  available  chamber  dimensions  of  360  ft.  by 
56  ft.,  with  limiting  depth,  at  one  lock,  of  9.2  ft.  on  gate-sills,  up  to,  and  includ- 
ing locks,  at  Dam  No.  6.  Yet,  during  1920,  with  practically  all  the  traffic  being 
compelled  to  pass  through  the  locks,  there  was  accommodated  24  000  000  tons. 
The  lock  most  used  was  at  Dam  No.  3,  where  for  three  months  during  1920,  the 
traffic  was  confined  to  one  lock  chamber.  During  this  period  of  three  months, 
there  were  passed  through  the  single  lock  in  one  day  93  000  tons,  with  not 
quite  all  the  time  available  for  locking  utilized.  The  tonnage  was  nearly  all 
down  stream,  while  empty  fleets  (which  might  as  well  have  been  loaded) 
passed  upward.  Upward  bound  fleets  meeting  descending  fleets  have  both 
been  passed  through  Lock  No.  3  in  35  min.,  although  40  min.  are  usually 
allowed  (single  steamers,  of  course,  in  both  directions  in  considerable  less 
time).  Had  this  traffic  through  a  single  lock  at  Dam  No.  3  been  maintained 
for  a  year  of  280  days,  it  would  have  amounted  to  nearly  26  000  000  tons. 

Only  stern-wheel  boats  equipped  with  balanced  rudders  are  used  on  the 
Monongahela.  When  backing  their  wheels,  these  boats  develop  an  enormous 
steering  power,  and  are  capable  of  doing  such  a  business  safely  in  the  narrow 
confines  of  lock  approaches.  Collisions  of  vessels  or  serious  damages  to  lock- 
gates  are  rare  occurrences  on  the  Monongahela.  "Tunnel  boats",  or  inde- 
pendent double-screw  boats,  will  probably  never  be  built  for  the  rivers  about 
Pittsburgh,  as  they  are  all  deficient  in  steering  power.  Pittsburgh  is  the  seat 
of  inland  waterway  transportation,  more  than  equalling  the  present  tonnage 
of  the  entire  Mississippi  and  its  tributaries  below  the  city.  Here,  also,  were 
made,  at  much  cost,  experiments  with  bear-traps,  Chanoine  wickets,  roller 
lock-gates,  etc.,  leading  up  to  further  improvements  elsewhere  on  the  river. 
There  is  no  better  school  than  "the  school  of  experience". 
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The  Monongahela  locks  will  now  be  compared  with  those  built,  or  in  process 
of  construction,  on  the  Ohio.  Fleets  of  9  000  tons  have  been  frequently  passed 
down  the  Ohio  through  Locks  Nos.  1,  2,  and  3,  which  locks  have  the  same 
dimensions  as  all  locks  on  the  river  below  to  Louisville,  Ky.,  600  miles  below 
Pittsburgh.  These  fleets  were  passed  through  these  locks,  usually  in  20  min., 
and  ascending  fleets  meeting  descending  fleets,  including  the  time  required  in 
filling  the  lock  chambers,  were  passed  in  45  min.  Considering  adverse  winds, 
and  contingencies  of  freshet  currents  approaching  locks,  it  is  considered  safe 
to  say  that  fully  10  000  tons  per  50  min.  could  be  passed  down  the  river,  and 
a  theoretical  tonnage  of  nearly  equal  amount  might  be  passed  up.  Therefore, 
50  min.  would  permit  of  twenty-eight  down,  and  twenty-eight  up,  lockages 
per  diem.  Ignoring  up-stream  tonnage  and  restricting  down  lockages  to 
8  000  tons  would  make  a  possible  down  tonnage  of  224  000  tons  daily,  as  com- 
pared with  the  93  000  tons  daily  for  a  single  lock  on  the  Monongahela,  pre- 
viously referred  to. 

The  writer  has  been  in  charge  for  more  than  20  years  of  Monongahela  locks 
and  dams  and  is  fully  aware  of  the  likelihood  of  locks  being  closed  for  repairs, 
necessity  for  which  at  times  may  put  a  lock  out  of  commission  for  extended 
periods.  The  Ohio  locks,  however,  have  an  important  advantage  over  those 
on  the  Monongahela,  where  there  is  no  open-river  navigation,  in  the  fact  that, 
on  the  Ohio,  repair  work  is  often  practicable  during  the  periods  of  open-river 
navigation,  or  when  the  locks  would  not  be  used  by  passing  vessels.  Doubtless, 
however,  Ohio  River  dams,  in  due  time,  as  necessity  arises,  will  be  provided 
with  second  locks,  such  as  are  already  constructed  at  the  Emsworth  Dam  on 
the  Ohio,  9  miles  below  Pittsburgh. 

As  open-river  conditions  will  be  maintained  longer  on  the  Ohio  River  below 
Wheeling,  90  miles  below  Pittsburgh,  than  above  that  point,  there  will  be  a 
greatly  lessened  dependence  on  locks  below  in  the  river  to  Cairo.  With  open- 
river  conditions,  the  capacity  of  the  Ohio  for  traffic,  of  course,  would  be  exceed- 
ingly great,  but  one  must  not  be  unmindful  of  the  fact  that,  for  a  regular 
annual  traffic  on  the  Ohio,  the  worst  low-water  conditions  should  be  assumed, 
for  the  traffic  is  not  dependent  on  weather  conditions,  but  comes  from  human 
needs — "the  law  of  supply  and  demand."  It  can  be  depended  on  that  the 
capacity  of  the  river  when  the  growth  of  traffic  demands  it,  can  be  made  con- 
siderably more  than  100  000  000  tons  per  annum  passing  any  given  point,  or 
more  than  four  times  the  present  annual  traffic  of  the  Monongahela  River  with 
its  small  locks  and  no  open-river  navigation. 

At  the  risk  of  unduly  prolonging  this  discussion,  the  writer  urges  atten- 
tion to  an  important  topic  raised  by  Mr.  Hall  in  the  last  paragraph  of  page  97. 
It  coitcerns,  as  he  says,  the  "fallacy  of  free  rivers"  improved  and  maintained 
by  the  Government  and  left  for  "Tom,  Dick,  and  Harry"  to  rival  each  other  in 
picking  up  package  freight  and  cutting  each  other's  throats  with  lower  and 
lower  rates,  until  finally  no  profit  is  possible.  At  present,  the  Ohio  is,  to  a 
considerable  extent,  only  a  playground  for  the  owners  of  small  locally  owned 
boats  engaged  in  short-distance  transportation.  Under  such  circumstances, 
no  responsible  companies  will  undertake  to  construct  on  a  large  scale,  first-clasa 
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terminals  and  operate  steamer  and  barge  lines  on  schedule  time,  and  never 
will,  until  something  is  done  under  the  auspices  of  the  Government.  The 
writer  in  saying  this  does  not  wish  to  discredit  several  small  companies  re- 
cently organized  to  place  steamers  on  the  river  above  Cincinnati  to  Pittsburgh. 
They  are  doing  well  and  their  business  is  increasing. 

In  time,  there  must  come  on  the  Ohio,  steel  barge  lines  towed  in  fleets  for 
long-distance  transportation,  that  is,  freight  towed  in  fleets  separate  from  the 
miscellaneous  light  traffic  possible  for  fast  passenger  boats,  before  traffic 
worthy  of  attention  will  be  developed.  The  barges  will  have  to  be  loaded  at  the 
mills  and  mines  in  500  to  1  000-ton  lots,  otherwise,  the  old  low  ton-mile  rate 
will  never  be  revived.  Rivers  in  this  respect  are  in  no  way  different  from 
railways.     However,  with  rivers,  no  maintenance  of  "roadbed"  is  necessary. 

The  writer,  several  years  ago,  stated  in  a  published  article  that  the  freedom 
of  navigation  on  the  Western  rivers  had  led  to  almost  the  entire  extinction  of 
traffic  on  them.  Nevertheless,  it  is  best  that  the  rivers  be  left  free,  if  for  no 
other  than  physiological  reasons.  To  charter  companies,  would  lead  to  the 
development  of  animosities  fraught  with  mischief. 

To  revive  interest  in  the  rivers,  the  writer  proposed  a  plan  somewhat  as 
follows :  First,  the  appointment  of  a  commission  by  the  Government  directed 
to  visit  every  important  commercial  or  manufacturing  community  along  the 
rivers  (say,  for  a  trial  section,  the  Ohio  between  Pittsburgh  and  Louisville,  600 
miles),  the  navigable  tributary  streams  to  be  included,  to  obtain  information 
as  to  their  commercial  or  manufacturing  resources,  tonnage  traffic,  etc. 
Second,  that  the  commission  be  authorized  to  meet  boards  of  trade  or  promi- 
nent business  men  and  inform  them  that  for  the  cost  of  modern  terminals 
and  railway  connections  the  Government  would  subscribe  51%,  provided  the 
citizens  of  the  locality  subscribe  49%  of  said  cost,  the  Government  guaranteeing 
3J%  on  all  private  investments  (approved  by  the  commission,  and,  later,  of 
course,  indorsed  by  the  National  authorities).  Third,  that  boat  lines,  steamers, 
barges,  repair  yards,  etc.,  be  organized  in  the  large  cities  on  the  same  basis, 
no  profit  in  the  operation  of  boat  lines  or  terminals  to  be  in  excess  of  3i% 
on  the  total  investment  of  capital  including  maintenance,  renewal  of  plants, 
etc. ;  any  further  profit  desired  by  private  subscribers  to  be  found  only  in  the 
extension  of  their  business  by  trading  with  distant  markets  secured  to  them 
by  the  boat  lines. 

The  writer's  conviction  was,  and  is,  that  this  is  the  best  and  surest  method 
of  interesting  vast  numbers  of  people  in  the  benefits  of  inland  navigation. 
Any  small  companies  desiring  to  compete  with  the  semi-national  boat  lines 
should  be  allowed  to  do  so,  except  that  they  should  pay  proper  charges,  where 
they  utilize  the  National  terminals.  All  the  Government  desires  is  to  develop 
the  usefulness  of  the  rivers.  If  private  boat  companies  can  be  organized  to  do 
business,  on  a  reasonably  large  scale  along  the  rivers,  at  rates  lower  than  the 
official  rates,  then  the  "official"  boats  can  be  withdrawn  from  the  trade  and 
utilized  elsewhere.  Private  subscribers  to  terminal  landings,  where  such  would 
be  abandoned  for  lack  of  income,  should  be  refunded. 

With  this  proposition  nothing  would  be  done  by  the  Government  unless 
it  was  amply  assured  by  the  data  secured  by  the  investigating  commission. 
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Earl  I.  Brown,*  M.  Am.  Soc.  0.  E.  (by  letter). — The  improvement  of  the 
Ohio  Kiver  for  navigation  purposes,  under  the  present  project,  is  a  problem  of 
intense  interest  to  all  engineers  who  have  been  connected  therewith.  Literature 
on  the  subject  describing  the  locks  and  dams  and  the  methods  of  construc- 
tion used  to  meet  the  special  problems  that  arise  in  connection  therewith, 
is  scarce,  and  Mr.  Hall's  paper  is  a  valuable  contribution  to  it. 

As  explained  by  the  author,  the  project  for  improvement  has  been  carried 
forward  progressively  from  Pittsburgh,  Pa.,  toward  the  lower  end  of  the 
river,  to  such  an  extent  that  practically  all  the  locks  and  dams  between  Pitts- 
burgh and  Louisville,  Ky.,  either  have  been  completed  or  placed  under  con- 
struction, as  well  as  several  between  Louisville  and  Henderson,  Ky.  The 
experience  gained  in  the  construction  of  these  locks  and  dams  has  been  such 
as  more  or  less  to  crystallize  and  systematize  the  methods  of  construction  for 
these  structures.  The  methods  described  by  the  author  for  Dam  No.  18  may 
be  taken  as  representative  of  the  later  practice  in  the  construction  of  locks  and 
dams  on  the  upper  part  of  the  Ohio  River  as  far  down  as  Dam  No,  31,  at 
Portsmouth,  Ohio. 

Practically  all  the  dams  from  Pittsburgh  to,  and  including,  Dam  No.  31, 
are  founded  on  rock.  This  fact  simplifies  the  construction  on  account  of  the 
inability  of  the  current  to  erode  the  bottom  of  the  river  when  the  bed  is 
contracted  by  the  coffer-dams  utilized  for  construction  purposes.  In  several 
instances,  on  dams  below  Dam  No.  31,  constructed  on  sand  and  gravel  founda- 
tions, extensive  erosion  of  the  banks  and  bed  of  the  stream  has  occurred 
during  freshets,  due  to  the  presence  of  the  coffer-dams.  This  has  resulted  in 
difficult  and  expensive  work  in  filling  the  eroded  area  and  in  replacing  damaged 
parts  of  the  coffer-dam  and  other  structures. 

The  quantity  of  sediment  carried  by  the  river  in  times  of  flood  also  varies 
greatly  in  different  parts  of  the  river,  increasing  from  the  head-waters  down- 
ward. In  the  upper  half  of  the  river,  construction  work  was  not  greatly 
hindered  by  deposits  in  the  working  area  within  the  coffer-dams  during  floods, 
but,  in  the  middle  and  lower  sections,  these  deposits  become  very  great  and 
cause  considerable  loss  of  time  and  great  expense  for  their  removal  after  the 
freshets  subside  and  before  construction  operations  may  be  resumed.  Dam 
No.  48,  near  Henderson,  Ky.,  is  the  lowest  one  of  the  series  on  Avhich  any 
work  has  yet  been  attempted,  and  its  history  has  been  one  of  great  difficulties 
encountered  and  unexpected  cost  from  shifting  sand  and  damage  by  flood 
and  deposits. 

These  conditions  have  led  to  a  reconsideration  of  the  project,  with  a  view 
of  meeting  these  increasing  difficulties  by  some  modification  of  the  plan. 
Studies  have  been  made  with  reference  to  the  possible  elimination  of  all  locks 
and  dams  below  Dam  No.  49  and  a  substitution  therefor  of  a  system  of  im- 
provement by  regulation.  It  has  been  pretty  well  established  that  a  system 
of  regulation  by  open  channel  work  below  Dam  No.  49  is  feasible,  but  that 
the  expense  of  such  a  system  of  regulation  would  exceed  the  cost  of  locks 
and  dams  above  the  mouth  of  the  Tennessee  Eiver  at  Paducah,  Ky.    Below 

*  Col.,  Corps  of  Engrs.,  U.   S.  A.,  Wilmington,   Del. 
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Paducah,  it  is  probable  that  improvement  by  regulation  would  not  be  more 
than  50%  of  the  cost  of  improvement  by  locks  and  dams.  This  is  due  to  the 
fact  that  this  part  of  the  river,  about  47  miles  in  length,  is  aifected  by  back- 
water from  the  Mississippi  River  at  Cairo,  and  the  low-water  discharge  is 
practically  doubled  since  the  Ohio  receives  the  discharge  from  the  Tennessee 
River,  the  low-water  discharge  of  which  is  practically  equal  to  that  of  the 
Ohio.  It  may  be  stated,  therefore,  that  these  studies  indicate  that  the  pro- 
ject might  be  modified  further  to  advantage,  by  the  elimination  of  Dams 
Nos.  53  and  54  in  that  section  of  the  river  between  Paducah  and  Cairo. 

By  reason  of  shifting  sand  bottom,  broad  channel  of  the  river,  lack  of 
rock  foundation  within  reasonable  reach  of  the  surface,  and  small  low-water 
discharge,  the  construction  of  dams  from  No.  48  downward  will  be  difficult. 
Moreover,  back-water  from  the  Mississippi  River  extends  its  influence  up  the 
Ohio  River  at  low  water  to  great  distances,  practically  to  the  location  of 
Dam  No.  49. 

As  the  coffer-dams  in  which  these  structures  are  built  cannot  with  safety 
be  constructed  to  exclude  freshets  of  more  than  16  to  18  ft.,  the  number 
of  working  days  possible  during  the  year  depends  on  the  number  of  days 
the  river,  at  the  site  of  the  dam,  is  at  and  below  these  stages.  In  the  upper 
part  of  the  river,  where  construction  has  heretofore  been  carried  on,  the  num- 
ber of  days  the  river  is  at  and  below  these  stages  is  relatively  large,  averaging 
well  over  100  days  per  year.  In  contrast,  an  examination  of  the  records  of 
the  stages  of  the  river  at  Cairo,  near  the  location  of  the  proposed  Dam  No.  54, 
shows  that  the  river  is  at  and  below  an  18-ft.  stage  only  about  60  days  in 
the  year,  leaving  only  about  2  months  available  for  active  construction  work. 
The  present  types  of  coffer-dam,  therefore,  would  become  increasingly  in- 
efficient as  the  work  progresses  down  stream. 

In  those  locks  that  are  not  founded  on  rock,  certain  modifications  of 
features,  previously  considered  to  be  standardized,  have  been  found  to  be  de- 
sirable. To  prevent  a  leakage  under  these  structures  through  the  sand  and 
gravel  foundation,  it  has  been  found  necessary  to  provide  a  cut-off  wall  of 
steel  sheet-piling  extending  continuously  across  the  river  from  the  lock  to  the 
abutment  and  penetrating  the  bottom  to  a  depth  of  from  30  to  40  ft.  This 
cut-off  wall  is  also  carried  entirely  around  the  chamber  of  the  lock  so  as  to 
exclude  leakage  into  the  chamber.  "With  this  continuous  cut-off  wall,  it  has 
been  found  possible  to  omit  the  concrete  floor  of  the  lock,  which  has  hitherto 
been  provided,  and  to  substitute  therefor  a  layer  of  broken  stone  about  2^  ft. 
thick,  at  much  less  expense.  Most  of  the  locks  heretofore  constructed  have 
been  provided  with  a  Poiree  dam  at  each  end,  for  the  purpose  of  unwatering 
the  lock  when  making  repairs  to  the  chamber  and  gates.  It  has  been  found 
feasible  to  omit  this,  utilizing  instead  a  short  section  of  ordinary  box  coffer, 
which  can  be  placed  in  position  in  about  the  same  time  as  the  Poiree  dam 
and  which  reduces  the  first  cost  of  the  lock  by  several  thousand  dollars. 

Most  of  the  locks  heretofore  constructed  have  been  provided  with  rolling 
gates,  which  type  was  developed  to  suit  local  conditions  on  the  Upper  Ohio 
River.    On  the  lower  part  of  the  river,  many  objections  have  developed  to  the 
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rolling  gates,  and  it  has  now  been  definitely  decided  to  construct  no  more  dams 
with  this  type  of  gate,  but  to  use  instead  the  ordinary  mitering  gates.  The 
principal  objection  to  the  rolling  gate  is  the  fact  that  it  requires  one  or  two 
weeks  at  the  beginning  of  each  season  after  the  freshets  subside  to  place  the 
gates  in  commission,  by  reason  of  the  difficulty  experienced  in  removing  de- 
posits of  mud  and  sand  which  accumulate  in  the  gate  recess.  It  has  been 
found  impracticable  to  seal  these  recesses  sufiiciently  to  exclude  the  deposits 
of  fine  mud  and  sand,  which  are  carried  by  the  winter  floods  and  which  in- 
crease greatly  in  quantity  with  distance  down  stream.  This  trouble  does  not 
occur  with  the  mitering  gates,  and  the  expense  of  construction  is  not  greatly 
different  from  that  of  the  rolling  gates. 

In  the  operation  of  this  system  of  locks  and  dams,  much  trouble  has  been 
experienced  by  reason  of  inability  to  raise  the  dams  at  stages  higher  than 
about  9  ft.  This  results  in  the  impounding  and  holding  back  of  the  dis- 
charge of  the  river  in  the  pools  of  those  dams  that  are  raised,  with  a  consequent 
rapid  falling  off  in  the  discharge  of  the  river  at  points  lower  down.  So  great 
has  this  effect  on  the  discharge  of  the  river  become,  that  at  times  much  delay 
and  obstruction  to  navigation  has  been  experienced  at  and  below  Louis- 
ville, by  reason  of  the  manipulation  of  the  dams  at  and  above  Cincinnati.  As 
the  number  of  dams  in  operation  increase,  the  effect  on  the  lower  part  of 
the  river  will  become  more  and  more  marked,  and,  at  times,  may  result  in  an 
almost  complete  absorption  of  the  discharge  of  the  river,  if  great  care  is  not 
exercised  in  the  raising  of  the  upper  dams. 

To  meet  this  difficulty,  a  comprehensive  scheme  of  control  of  operating 
the  dams  will  have  to  be  devised,  so  that  constant  reports  as  to  the  stages  of 
the  river  and  variations  of  discharge  may  be  received  at  a  central  point,  at 
which  will  then  be  determined  the  proper  time  for  the  raising  and  lowering 
of  all  dams,  thus  regulating  them  so  as  to  affect  the  discharge  in  the  lower 
parts  as  little  as  possible.  A  telephone  system  is  being  provided,  connecting 
all  dams  to  a  central  point,  which  will  probably  be  Cincinnati,  and  that  will 
he  the  point  from  which  this  centralized  control  will  be  exercised.  After 
some  means  can  be  devised  whereby  the  dams  can  be  raised  at  stages  above 
9  ft.,  much  benefit  will  be  gained,  and  it  is  understood  that  attempts  are  now 
being  made  to  devise  some  method  of  raising  the  dams  at  higher  stages. 

On  several  of  the  locks  and  dams,  experiments  have  been  made  in  the 
use  of  steel  sheet-piling  for  the  construction  of  coffer-dams,  with  some  degree 
of  success  in  the  matter  of  increasing  the  number  of  days  on  which  construc- 
tion operations  can  be  begun.  This  experiment  is  being  carried  out  most 
fully  at  Dam  No.  34.  It  is  hoped  that  additional  information  covering  this 
mode  of  construction  will  soon  be  available. 

William  W.  Harts,*  M.  Am.  Soc.  C.  E.  (by  letter). — To  those  members 
of  the  Profession  who  are  interested  in  the  navigation  of  inland  rivers,  the 
author's  painstaking  and  excellent  paper  should  be  welcome  as  a  valuable 
addition  to  their  information  on  this  subject. 

*  Col.,  F.  A.,  U.  S.  A.,'Coblenz,  Germany.  -        ' 
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Much  has  been  written  on  the  engineering  projects  undertaken  on  the 
Ohio  Eiver  during  the  last  fifty  years,  but  it  has  been  mainly  since  the  adoption, 
in  1875,  of  the  present  method  of  slack-water  by  means  of  movable  dams,  that 
this  river  has  acquired  a  great  engineering  interest.  It  may  be  stated  positively 
that  the  present  slack-water  system  of  the  Ohio  River  is  unsurpassed  anywhere 
in  the  world,  for  suitability  to  local  conditions,  practicability  in  operation, 
economy  of  cost  and  maintenance,  and  success  in  meeting  physically  the  needs 
for  which  it  was  adopted. 

For  many  years,  much  attention  has  been  devoted  to  the  details  of 
this  system,  and  examples  of  successful  practice  elsewhere  in  the  world  have 
been  examined  and  studied  and  often  combined  with  new  inventions  in 
a  project  for  this  stream,  which  now  challenges  the  admiration  of  engineers 
generally  for  its  excellence  and  success. 

The  east  and  west  direction  of  the  course  of  the  Ohio,  so  fortunately  parallel 
to  the  great  east  and  west  freight  movement  in  the  area  south  of  the  Great 
Lakes,  together  with  the  large  deposits  of  coal  along  its  head-waters,  often 
on  the  very  banks  of  its  tributaries,  gave  an  enormous  importance  to  the 
navigation  of  this  river  in  earlier  years  and  stimulated  the  need  of  better 
channels  and  depths  as  the  pressure  for  fuel  increased  in  the  West,  and  as  the 
size  and  unwieldiness  of  coal  fleets  increased. 

Already,  some  of  the  tributaries  had  been  made  the  subject  of  engineering 
attention  by  the  States  through  which  they  passed,  and  their  steep  slopes  had 
been  overcome  during  these  earlier  years  by  slack-water  projects,  using  locks 
and  fixed  dams.  Through  these  .developments  the  coal  on  some  of  these 
tributaries  could  be  brought  out  more  easily  during  the  year  and  held  in 
pools  ready  to  float  down  the  Ohio  in  huge  fleets  on  the  spring  floods,  to  supply 
the  growing  markets  of  the  Lower  Ohio  and  Mississippi  Rivers. 

This  important  traffic  in  coal,  thus  commenced,  grew  in  later  years  to  an 
enormous  volume,  reaching,  in  1900,  nearly  15  000  000  tons.  It  was  only 
natural  that  it  should  have  been  the  early  aim  of  the  Government  engineers 
to  use  the  well-known  slack-water  system,  already  applied  to  some  of  the 
tributaries,  for  application  also  to  the  Ohio  River,  but  until  the  early  objection 
to  the  fixed  dams  of  the  tributaries  could  be  overcome  nothing  could  be 
accomplished. 

The  Ohio  is  subject  to  extreme  floods.  Sometimes,  as  much  as  70  ft.  in 
range  is  recorded,  and  great  injury  and  loss  invariably  result  to  the  towns 
along  the  banks.  Nothing  could  be  allowed  in  the  bed  of  this  stream  that 
would  be  likely  to  increase  this  range,  and  in  the  public  mind  fixed  dams  were 
objectionable  for  this  reason.  Large  quantities  of  sand  and  mud  are  carried 
down  at  each  freshet,  which,  it  was  feared  by  some,  might  fill  the  channels  if 
fixed  dams  were  used  and  thus  ruin  the  existing  navigable  depths,  and,  further- 
more, the  pilots  of  the  towboats  which  guided  the  great  fleets  of  coal  barges  down 
the  Ohio  at  high  stages,  would  not  consent  to  any  obstruction  that  might  make 
the  management  of  these  fleets  more  difficult  at  open-river  stages.  A  movable 
dam  of  some  type  was  believed  to  be  necessary  to  meet  these  objections. 

Accordingly,  search  was  made  everywhere  for  types,  and  the  following  were 
finally  found  to  be  the  best  suited  to  the  condition,  namely,  wickets,  such  as  the 
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Clianoine,  needles,  such  as  the  Poiree,  and  bear-traps,  an  invention  of  the 
lumbermen  who  used  this  kind  of  dam  to  create  an  artificial  wave  to  float  out 
lumber  rafts  on  the  head-waters  of  streams  of  small  flow.  After  trial  on  one  of  the 
tributaries,  the  needle  type  was  abandoned  for  use  on  the  Ohio,  and  bear- 
traps  were  adopted  as  a  regular  device  for  controlling  levels. 

The  first 'dam  was  of  the  wicket  type,  of  low  lift,  and  was  authorized  by 
Congress  in  1875  on  the  recommendation  of  the  late  Col.  W.  E.  Merrill,  Corps 
of  Engineers,  U.  S.  A.,  M.  Am.  Soc.  C.  E.,  who,  with  much  justice,  has  been 
called  the  "Father  of  the  Ohio  River  Navigation".  Much  study  since 
the  construction  of  the  first  dam  has  produced  the  present  type  of  struc- 
ture, and  in  1910  the  canalization  of  the  entire  river  was  authorized  by 
Congress  at  a  cost  then  estimated  at  $G3  000  000.  Before  that  time,  the 
engineering  features  had  been  mainly  standardized  in  practice,  but  new 
improvements  were  eagerly  sought.  The  author's  description  of  these  standard 
designs,  as  applied  to  Lock  and  Dam  No.  18,  are  clear  and  instructive.  It 
is  believed  that  a  further  discussion  by  him  of  his  reference  to  the  economics 
of  the  entire  project  as  viewed  under  present  conditions,  would  have  been 
enlightening  and  profitable. 

The  enormous  development  of  the  steel  industry  in  the  Pittsburgh  region  and 
the  corresponding  increase  in  the  demand  for  coal  for  smelting  purposes  have 
led  to  the  more  perfect  control  of  the  coal  measures  of  the  Western  Penn- 
sylvania regions  by  the  steel  companies,  with  a  view  to  conserving  the  present 
stock.  This  has  succeeded  so  well  that  a  large  volume  of  coal  no  longer  seeks 
a  market  by  the  Ohio  River;  this  export  has  been  almost  stopped,  and  coal 
is  even  imported  to  the  Pittsburgh  region  from  the  West  Virginia  fields. 
Furthermore,  the  development  of  the  Alabama  coal  mines  and  the  discovery  of 
oil  in  Oklahoma  have  reduced  the  fuel  demands  for  Ohio  River  coal  in  the 
Lower  Mississippi  Yalley.  The  low  cost  from  the  newer  mines  of  Western 
Kentucky  and  Southern  Illinois  also  reduces  the  demand  for  Pittsburgh  coal. 
All  these  influences  have  had  a  marked  effect  on  the  commerce  of  the  Ohio  River 
of  late  years.  In  1900,  the  commerce,  principally  coal,  amounted  to  about 
15  000  000  tons,  whereas  in  1920  it  had  fallen  to  about  5  000  000  tons.  Thus, 
it  appears  that  in  about  20  years  the  commerce  had  dwindled  to  about  one- 
third  its  former  proportions,  notwithstanding  that,  in  the  meantime,  many 
troublesome  shoals  had  been  eliminated  by  the  new  locks  and  dams  which 
were  completed  from  time  to  time,  thereby  materially  increasing  facilities  for 
navigation,  as  may  be  seen  from  the  fact  that  thirty-three  of  the  proposed 
fifty-four  locks  and  dams  had  been  completed  by  the  latter  date. 

If  the  traffic  diminishes,  the  overhead  costs,  being  more  nearly  fixed, 
increase  relatively,  but  are  still  a  proper  charge  against  the  costs  of  water 
transportation.  The  main  interest  which  the  public,  as  a  whole,  has  in  works 
of  this  character,  is  in  the  saving  that  may  be  made  over  other  kinds  of 
transportation,  in  money  or  its  equivalent.  On  no  other  basis  can  works  of 
this  class  be  justified  economically.  The  overhead  charges  for  interest  on  the 
first  cost,  depreciation,  and  other  annual  charges,  together  with  the  cost  of 
maintenance  of  the  channels  by  the  public,  is  undeniably  a  part  of  this  cost 
of  transportation  and  must  be  added  to  the  shipper's  cost  of  water  haulage  to 
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ascertain  whether  the  actual  cost  of  transportation  by  water  is  less  than  by 
other  means.  A  short  computation  should  reveal  the  facts  in  this  regard.  If 
there  is  thus  shown  to  be  no  saving  or  a  loss  in  developing  transportation  by 
water  rather  than  by  other  methods,  all  features  considered,  the  enterprise  can- 
not be  classed  as  an  economic  success  and  its  value  as  a  public  venture  may  be 
negative.  In  such  a  case,  may  not  the  expenditure  of  public  funds  on  such 
works  be  criticized  as  of  questionable  propriety  ?  Are  there  any  important 
considerations  other  than  an  economic  justification  that  may  warrant  the  great 
outlay  for  such  works  ? 

It  seems  plain  that  engineers  should  never  permit  themselves  to  be  lured 
from  the  true  economic  solution  of  such  transportation  problems  by  the 
blandishment  of  local  commercial  organizations  which  sometimes  desire  large 
sums  to  be  spent  in  their  localities  with  only  a  minor  regard  for  the  National 
service  or  the  economic  success  of  the  project;  nor  should  engineers  permit 
themselves  to  be  misled  by  glittering  speculative  estimates  of  future  traffic 
that  a  more  careful  study  would  show  could  never  develop. 

The  supreme  test  of  the  public  value  of  any  inland  waterway  must  always 
be  an  economic  one.  Can  the  actual  ton-mile  cost  to  the  shipper  of  hauling 
by  barge  and  towboat,  or  by  other  similar  means,  when  added  to  the  ton-mile 
cost  of  interest  on  the  first  cost,  depreciation,  and  maintenance  of  the  water- 
way now  borne  by  public  taxation,  effect,  when  combined,  a  saving  over  other 
means  of  transportation  ?  How  many  of  the  inland  streams,  on  which  extensive 
navigation  projects  have  been  built,  can  now  meet  this  test? 
!  The  low  credit  of  the  railways  and  the  resulting  cramping  of  their  develop- 
ment of  late  years  by  the  present  public  policies,  may  have  a  serious  effect  in  the 
future,  when  a  new  prosperity  shall  follow  the  present  depression.  When  that 
time  comes,  many  years  and  much  money  may  be  necessary  before  the  com- 
panies can  replace  their  railways  on  a  basis  sufficiently  broad  to  handle  the 
volume  of  traffic  presented.  At  that  time,  water  transportation  may  perhaps  be 
considered,  to  supplement  other  methods,  and  many  of  the  waterways  may  then 
arrive  at  a  new  prosperity  and  public  usefulness.  How  permanent  and 
extensive  this  might  become  is,  of  course,  subject  to  the  usual  economic  laws 
from  which  there  is  no  escape. 

L.  M.  Adams,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  author's  interesting 
paper  can  be  read  with  great  profit  by  any  one  who  may  have  similar  works 
to  build  in  a  river  subject  to  sudden  and  irregular  flood  stages,  such  as  the  Ohio. 

It  was  the  writer's  good  fortune  to  have  considerable  to  do  with  the  design 
of  the  later  locks  and  dams  on  the  Ohio  River,  and  it  is  his  recollection  that 
.the  controlling  idea  in  adopting  the  Chanoine  type  of  movable  dam  for  the 
Ohio  Eiver  System  was  on  account  of  the  peculiar  method,  so  much  in  vogue, 
•of  making  up,  during  ordinary  river  stages,  great  fleets  of  loaded  coal  boats, 
which  moved  down  stream  on  subsequent  rises  of  the  river.  These  fleets 
were  so  large  that  the  stern-wheel  towboat  which  controlled  them,  could  do 
no  more  than  steer  the  floating  raft  and,  where  conditions  warranted,  return 
to  the  Pittsburgh  Coal  District  with  the  empty  barges  many  weeks  later. 

,  '  *  Maj.,  Corps  of  Engrs.,  U.  S.  A.,  Galveston,  Tex. 
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The  custom  had  become  established  of  handling  fleets  of  barges  in  this  manner 
and  the  mere  sviggestion  of  placing  fixed  dams  in  the  river,  which  would 
require  the  fleets  to  be  broken  up  to  pass  through  the  locks,  brought  violent 
opposition  which  could  not  be  overlooked. 

As  practically  all  the  tonnage  movement  was  down  stream  before  and 
during  the  period  the  movable  type  of  dam  was  adopted,  the  question  arose  at 
the  time,  whether  it  would  not  be  more  desirable  to  build  fixed  dams  of 
comparatively  low  lift,  say,  6  ft.,  with  the  idea  that  during  fair  sized  floods 
these  low  fixed  dams  would  be  drowned  and  the  coal  fleets  could  pass  down 
the  river  in  the  accustomed  manner,  special  care  being  used  not  to  start  until 
the  disturbance  at  the  dams  had  become  a  safe  minimum.  However,  the 
necessity  of  slightly  increasing  the  flood  heights  with  consequent  complaints 
and  claims  from  riparians,  and  the  determined  opposition  of  those  who  navi- 
gated the  river,  resulted  in  the  abandonment  of  the  idea  of  the  fixed  dam 
and  the  acceptance  of  the  movable  dam  in  lieu  thereof,  in  spite  of  its  enor- 
mous first  cost  and  large  cost  of  operation.  Thanks  to  the  long  experience 
of  the  French  in  successfully  operating  movable  dams  and  the  valuable 
experience  gained  in  building  and  operating  several  similar  dams  of  earlier 
date  along  the  Ohio  River,  it  was  not  a  difficult  matter  to  design  movable 
dams  of  unprecedented  height  and  length.  Many  interesting  features  arose 
during  the  two  years  occupied  in  designing  the  new  system,  such  as  whether 
transverse  rolling  gates  should  be  used  instead  of  the  more  common  mitered 
gates ;  whether  the  dams  should  be  built  on  piling,  or  excavation  be  continued 
to  bed-rock  at  somewhat  greater  expense;  whether  the  dam  foundation  should 
be  built  solid  or  be  of  cellular  construction ;  whether  it  was  desirable  to  install 
water  turbines  in  the  structure  or  to  take  advantage  of  the  low-head  power 
within  reach  when  the  dam  was  up;  whether  to  use  the  expensive  bear-trap 
weirs,  in  addition  to  the  long  sections  of  Chanoine  weir  at  each  site;  and, 
finally,  whether  fixed  dams  of  considerable  length  could  not  be  advantageously 
used  at  some  of  the  sites,  particularly  in  the  lower  river  where  the  fall  was 
slight,  the  river  wide,  and  ample  notice  of  approaching  floods  was  always 
available. 

It  so  happened  that  one  of  the  early  dams  to  be  considered  was  Dam  No. 
48,  below  Evansville,  Ind.  It  was  evident  from  a  study  of  the  survey  of  the 
river  that  the  situation  here  was  different  from  that  several  hundred  miles 
farthier  up  stream.  Unless  the  plans  were  afterward  changed  for  other  good 
reasons.  Dam  No.  48  contained  the  innovation  of  omitting  the  pair  of 
standard  bear-trap  weirs.  On  the  Lower  Ohio  River,  there  is  always  sufficient 
warning  of  the  approach  of  floods,  to  afford  ample  time  to  lower  the  Chanoine 
weir,  thus  offsetting  the  great  advantage  of  the  bear-trap  type  of  weir, 
namely,  speed  and  power  operation.  Furthermore,  a  decided  saving  in  the 
cost  of  the  dam  and  in  the  time  required  for  construction  appeared  possible 
by  the  omission  of  the  bear-traps.  The  width  of  the  river  at  this  site  was  so 
great  that  if  a  standard  type  of  construction,  like  that  in  the  upper  river, 
had  been  followed,  it  would  have  meant  the  building  of  a  700-ft.  navigable 
pass,  two  standard  91-ft.  bear-trap  weirs,  and  1 400  ft.  more  of  expensive 
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Chanoine  weir.  It  seemed  desirable  to  reduce  the  length  of  weir,  and  calcu- 
lations were  made  with  that  object  in  view.  The  discharge  of  the  Ohio  at 
low-water  elevation,  at  Dam  No.  48,  was  computed  to  be  7  160  cu.  ft.  per  sec. ; 
at  the  Y-ft.  stage  on  the  navigable  pass  sill,  the  discharge  became  26  000  cu.  ft. 
per  sec;  and  at  the  9i-ft.  stage  above  the  navigable  pass  sill,  which  corre- 
sponded to  a  7-ft.  stage  above  low  water,  the  discharge  became  48  000  cu.  ft. 
per  sec.  As  is  well  known,  the  discharge  for  certain  stages  is  greater  on  a 
rising  than  on  a  falling  river.  Careful  inquiry  was  made  among  the  lock- 
masters  in  the  Wheeling  District  and  in  the  Pittsburgh  District  to  ascertain 
at  what  maximum  stage  of  the  river,  the  typical  Chanoine  wickets  of  the 
pass  could  be  raised  with  certainty.  It  became  apparent  that  there  would  be 
no  detriment  to  navigation,  if,  on  a  falling  river,  the  stage  was  allowed  to 
fall  somewhat  below  9  ft.,  as  all  the  larger  barges  (known  as  ''boats")  would 
have  passed  down  before  this,  and  the  raising  of  the  dam  could  be  safely 
delayed  until  the  stage  had  fallen  to  7  ft.  above  low  water.  Therefore,  it  was 
concluded  in  the  design  of  Dam  No.  48,  that : 

First. — It  was  unnecessary  to  arrange  pass  and  weir  so  that  the  pass  could 
be  raised  on  greater  stages  than  about  9|  ft.  over  the  pass  sill  or  7  ft.  above 
low-water  gauge. 

Second. — It  would  be  possible  to  raise  the  pass  wickets  against  a  head  of 
5  ft.  and  this  would  mean  that  the  final  closure  of  the  pass  at  the  7-ft.  stage 
of  the  falling  river  would  be  made  with  the  upper  pool  about  13^  ft.  above  the 
pass  sill  and  the  lower  pool  about  SJ  ft.  above  this  same  level. 

With  the  weir  at  Dam  No.  48  designed  to  pass  the  discharge  of  a  7-ft. 
stage  of  48  000  cu.  ft.  per  sec,  with  the  upper  pool  at  13J  ft.  above  the  sill, 
any  delay  in  closing  off  the  pass  could  not  result  seriously,  as  the  difference 
between  pool  elevations  would  not  then  increase  above  the  allowable  5  ft., 
and,  as  a  matter  of  fact,  the  lower  pool  under  such  condition  would  begin 
to  re-approach  the  7-ft.  stage  and  the  head  to  decrease  slightly  and  this  again 
would  cause  a  slight  rise  in  the  upper  pool  until  equilibrium  was  established. 
By  calculation,  it  was  found  that  when  the  upper  pool  was  at  IBJ  ft.  above 
the  pass  sill  and  the  lower  pool  at  8^  ft.  above  the  same  point  and  the  river 
was  falling,  each  foot  of  navigable  pass  would  discharge  about  125  cu.  ft.  per 
sec,  each  foot  of  Chanoine  weir  would  discharge  about  80  cu.  ft.  per  sec, 
and  each  foot  of  the  bear-trap  weirs,  if  installed,  would  discharge  about 
120  cu.  ft.  per  sec,  these  figures  neglecting  velocity  of  approach  and  end 
construction.  It  then  became  a  simple  matter  to  determine  the  length  of 
Chanoine  weir  necessary  to  discharge  48  000  cu.  ft.  per  sec.  Neglecting  the 
2  000  cu.  ft.  per  sec.  as  the  minimum  escaping  between  the  pass  wickets,  it 
appears  that  600  ft.  of  standard  Chanoine  weir  should  suffice  to  prevent  the 
head  against  the  pass  wickets  from  rising  above  5  ft.  on  finally  closing.  If 
it  had  been  desired  to  introduce  two  standard  bear-trap  weirs  in  this  work, 
they  would  have  provided  about  19  600  cu.  ft.  per  sec.  in  themselves,  and  the 
length  of  Chanoine  weir  necessary  would  have  become  about  355  ft.  As,  at 
that  date,  two  bear-trap  weirs,  with  piers  and  piping,  were  estimated  to  cost 
$180  000  and  the  equivalent  length  of  Chanoine  weir,  245  ft.,  with  two  piers. 
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would  cost  only  $110  000,  a  saving  of  about  $70  000  seemed  possible  by  omitting 
the  bear-trap  type  from  this  design,  the  dam  to  be  operated  exactly  as  is  done 
with  similar  movable  dams  on  the  Kanawha  River,  where  success  has  been 
attained  without  the  installation  of  the  costly  bear-trap  weirs.  Low-water 
discharge  of  the  Ohio  River  at  Dam  No.  48  was  calculated  to  be  Y  160  cu.  ft. 
per  sec.  Taking  600  ft.  as  the  calculated  necessary  length  of  Chanoine  weir — 
no  bear-trap  weirs  to  be  used — it  is  found  that  the  remainder  of  the  river  can 
be  closed  off  with  a  fixed  dam  of  a  length  of  890  ft.,  and  that  its  crest  can 
be  fixed  at  2  ft.  below  normal  upper-pool  level.  This  lowered  elevation  of 
the  crest  of  this  fixed  dam  section  is  such  that  the  ordinary  summer  and  fall 
discharge  will  sufiice  to  maintain  a  full  upper  pool.  However,  a  design  to 
admit  of  flash-boards  was  provided  for  use  under  exceptional  circumstances 
of  extreme  low  water.  It  was  also  assumed  that,  at  low-water  discharge, 
openings  between  the  pass  and  weir  wickets  might  be  closed  with  4  by  4-in. 
timbers,  called  "needles".  However,  to  be  on  the  side  of  safety,  it  was 
assumed  that  there  would  still  be  a  1-in.  strip  of  leakage  space  left  between 
each  pair  of  pass  and  weir  wickets.  This  assumption  gives  a  low-water  loss 
through  the  pass  of  2  100  cu.  ft.  per  sec,  and  a  similar  leakage  loss  through 
the  Chanoine  weir  of  1  230  cu.  ft.  per  sec,  or  a  total  leakage  loss  of  3  330 
cu.  ft.  per  sec  The  remainder  of  the  low-water  discharge  of  3  770  cu.  ft.  per 
sec.  would  hardly  suffice  to  maintain  a  full  upper  pool  over  the  spillway  of 
the  fixed  dam,  but  when  this  unusual  condition  arose,  the  flash-boards  could 
be  used.  The  gauge  records  showed  that  it  would  not  be  necessary  to  use 
the  flash-boards  more  than  about  once  in  three  years. 

Further  calculations  were  necessary  to  determine  the  maximum  discharge 
that  could  be  passed  before  it  would  become  necessary  to  drop  the  pass  wickets. 
It  was  assumed  that  the  dam  would  be  lowered  when  the  upper  pool  rose  to 
a  point  6  in.  above  the  tops  of  the  pass  wickets  when  standing.  This  pool 
level  would  give  a  depth  of  11.5  ft.  above  the  Chanoine  weir  sill  and  15.9  ft. 
above  the  pass  sill.  Assuming  the  accepted  design  to  include  600  ft.  of 
standard  Chanoine  weir,  800  ft.  of  navigable  pass,  and  890  ft.  of  fixed  dam, 
with  crest  2  ft.  below  normal  upper  pool,  calculation  showed  that  the  leakage 
through  the  pass  wickets  amounted  to  5  000  cu.  ft.  per  sec.  and  the  6  in.  over 
the  pass  crest  carried  800  cu.  ft.  per  sec,  the  600-ft.  weir  discharged  61  800 
cu.  ft.  per  sec,  and  the  2i  ft.  over  the  fixed  dam  spillway  carried  off  11  000 
cu.  ft.  per  sec,  or  a  total  discharge  of  78  600  cu.  ft.  per  sec  passed  the  site, 
which  corresponded  to  an  open-river  stage  of  more  than  9  ft.  above  low-water 
level.  This  being  the  condition  for  which  the  test  calculations  were  being 
made,  the  design  seemed  satisfactory  as  it  would  permit  ordinary  rises — 
to  somewhat  above  9  ft. — to  be  passed  without  throwing  the  main  part  of  the 
dam  and  losing  the  pool.  This  feature  becomes  important  when  one  considers 
what  it  means  to  dams  farther  down  stream  to  be  suddenly  deluged  by  the 
great  volume  of  water  released,  and  also  one  must  consider  the  many  tribu- 
taries of  the  Ohio,  which  frequently  have  local  rain  storms  and  furnish 
small  floods  in  themselves,  which  could  be  taken  care  of  at  the  dams  on  the 
Ohio  without  losing  the  upper  pool. 
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Mr.  Hall's  suggestion  of  giving  to  certain  railroads,  crossing  the  Ohio 
River,  the  exclusive  privilege  of  operating  feeder  barge  lines  on  the  river, 
might  show  up  vpell  for  the  railroad  tonnage  for  the  particular  road  involved 
and  might  make  the  river  busier,  but  it  would  justly  arouse  strong  oppo- 
sition from  the  competing  railroads,  and  would  introduce  a  new  element  in 
the  rate  situation  under  the  supervision  of  the  Interstate  Commerce  Com- 
mission, which  rate  situation  already  is  sufficiently  complicated. 

Mr.  Hall's  statement  that  "Unfortunately,  neither  the  Engineer  Depart- 
ment, nor  other  Government  agency,  manages  or  seriously  concerns  itself 
with  any  part  of  the  transportation  problem  other  than  the  preparation  of 
a  sufficient  waterway",  is  open  to  discussion.  Before  Congress  adopts  any 
river  and  harbor  project,  such  as  the  canalization  of  the  Ohio,  elaborate 
preliminary  examination  and  survey  reports  are  made  to  cover  i'n  detail 
every  phase  such  as  "what  is  desired  by  local  interests",  "proposed  plans 
to  carry  out  the  improvement",  full  investigation  of  "terminal  facilities", 
the  "local  co-operation"  offered,  financial  or  otherwise,  full  "commercial  sta- 
tistics" of  the  locality,  "local  benefits"  to  be  expected,  and  "general  or  national 
benefits"  to  be  expected.  These  reports  by  District  Engineers  pass  the 
Division  Engineer  and  the  Board  of  Engineers  for  Rivers  and  Harbors, 
each  of  whom  makes  full  analyses  of  the  District  Officers'  reports,  visits  the 
locality,  holding  necessary  public  hearings,  and,  finally,  the  reports  pass  the 
Chief  of  Engineers,  U.  S.  A.,  who  makes  his  own  review  and  transmits  the 
data  through  the  Secretary  of  War  to  the  proper  committee  in  Congress,  with 
definite  recommendations  based  on  every  phase  of  the  transportation  situation 
in  the  locality. 

Recently,  the  Engineer  Department  transmitted  to  Congress  a  report  of 
2  400  pages,  fully  illustrated,  with  large  detail  maps,  on  "Water  Terminal 
and  Transfer  Facilities"  of  the  harbors  of  the  United  States.  This  is  one 
of  the  most  comprehensive  documents  ever  published  and  shows  what  great 
importance  is  attached  to  the  matter  of  terminals,  as  distinguished  from  the 
waterways  leading  to  them.  Similar  elaborate  investigations  have  been  made 
of  the  rail  facilities  leading  to  the  ports,  the  tributary  territory,  the  terminal 
charges,  etc. 

The  Interstate  Commerce  Commission  is  fully  empowered  to  regulate 
interstate  rates  by  water  as  well  as  by  rail,  and  it  frequently  refuses  to  grant 
requests  for  reductions  in  rates,  as  well  as  increases.  Here,  seems  to  lie  the 
agency  for  protection  against  "cut-throat"  competition. 

There  is  no  doubt  but  that  the  Federal  Government  could  force  a  greater 
use  of  its  rivers  by  the  grant  of  exclusive  privileges,  seizure  or  confiscation  of 
certain  rail  lines,  or  arbitrary  changes  in  freight  rates,  but  it  is  hardly  to  be 
supposed  that  the  situation  warrants  such  action.  There  are  many  good 
reasons  why,  in  the  United  States,  commerce  should  be  permitted  to  seek  its 
own  routes  irrespective  of  whether  the  Federal  Government  has  a  substantial 
investment  in  waterways,  some  of  which  may  not  be  making  a  satisfactory 
tonnage  showing.     What  would  the  situation  be  if  the  waterways  had  been 
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improved  at  the  expense  of  private  capital,  which  always  demands  interest 
and  return  of  the  original  investment?  This  problem  looms  large  to  the 
rail  carriers  and  their  security  holders. 

C.  I.  Grimm,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The  author  has 
discussed  to  a  greater  or  less  extent  all  the  engineering  features  that  pertain 
to  the  construction  of  locks  and  dams  on  the  Ohio  River,  and  particularly  to 
Dam  No.  18.  This  discussion,  therefore,  will  be  confined  to  elaboration  on  a 
few  subjects  which  have  been  of  interest  to  the  writer  in  studying  locations 
and  preparing  designs  and  estimates  for  a  considerable  number  of  locks  and 
dams  and  which  are  covered  rather  briefly  by  the  author.  These  subjects  are: 
(a)  Foundations;  (&)  weirs;  and  (c)  lock-gates. 

(a). — Foundations. — For  the  first  thirty-one  dams,  it  has  generally  been 
practicable  to  build  on  rock  foundation,  but  below  Dam  No.  31,  such  founda- 
tions are  exceptional.  Where  rock  is  not  available,  dams  are  supported  on 
wooden  piles,  generally  30  ft.  long,  and  the  present  practice  is  to  place  a  row 
of  interlocking  steel  sheet-piles,  40  ft.  long,  under  the  up-stream  edge  of  the 
foundation.  For  the  earlier  dams,  these  sheet-piles  are  of  wood,  25  ft.  long, 
and  of  tongue-and-groove  construction.  When  built  on  piles,  the  foundations 
are  protected  below  the  dam  by  a  rock-filled  timber  crib  and  an  apron  of  heavy 
rip-rap. 

Although  it  might  appear  that  for  these  low  lifts,  not  exceeding  9  ft.,  the 
importance  of  a  rock  foundation  is  not  significant,  this  is  not  true  on  account 
of  the  scour  below  the  weir,  which  is  so  extensive  that  the  stability  of  dams 
built  on  pile  foundations  is  endangered  to  some  extent,  thus  making  it  neces- 
sary to  take  soundings  i>eriodically  and  place  additional  rip-rap  from  time  to 
time.  This  is  especially  true  in  the  lower  stretch  of  the  river,  where  the 
underlying  material  is  sand  or  contains  a  large  percentage  of  sand.  Where 
rock  foundations  have  been  found,  the  rock  has  generally  been  at  such  an 
elevation  that  the  dams  were  constructed  economically  by  excavating  inside 
an  open  box  coffer-dam,  such  as  was  used  for  Dam  No.  18,  and  placing  the 
concrete  foimdations  on  a  cleared  rock  surface.  Such  construction  has  been 
carried  to  various  depths  up  to  a  maximum  of  about  20  ft.  below  low  water. 
If  rock  is  at  a  depth  of  20  ft.  or  more  below  low  water,  a  pile  foundation  will 
cost  less  than  one  on  rock.  The  advantages  of  building  on  rock,  however,  war- 
rant some  additional  cost.  It  has  not  usually  been  necessary  to  give  this 
matter  careful  consideration,  because  where  the  depth  of  rock  was  not  less 
than  20  ft.,  it  was  so  much  in  excess  of  this  that  the  cost  of  building  on  it 
was  readily  seen  to  be  excessive.  In  the  case  of  Dam  No.  32,  which  is  now 
being  designed,  the  depth  of  rock  is  about  23  ft.  below  low  water,  and  plans 
for  building  this  dam  on  rock  are  being  considered.  It  is  proposed  to  utilize 
a  box  coffer-dam  of  the  usual  type  and  inside  of  this  coffer-dam  to  sink  open 
concrete  caissons  from  the  river  bed  to  rock,  a  distance  of  about  12  ft.  These 
open  caissons,  which  are  comparatively  small  units,  will  then  be  pumped  out 
one  at  a  time  and  filled  with  concrete.  It  is  estimated  that  this  construction 
will  cost  little  more  than  a  pile  foundation.    At  Dam  No.  23,  where  the  under- 
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lying  rock  was  about  15  ft.  below  low  water,  the  Dravo  Contracting  Company 
constructed  the  dam  (840  ft.  long  from  the  lock  to  the  bear-trap)  inside  of 
coflFer-dams  about  45  ft.  wide  and  160  ft.  long,  the  walls  being  of  a  single  row 
of  Lackawanna  steel  piling  braced  across  the  45-ft.  width.  This  work  was 
accomplished  speedily  and  economically. 

Ohio  River  dams  constructed  on  sand  and  gravel,  with  a  cut-off  wall  of 
40-ft.  interlocking  steel  piles,  have  a  length  of  "creep"  equal  to  about  ten  times 
the  maximum  head,  and  where  25-ft.  wooden  piles  are  used,  it  is  about  eight 
times  the  maximum  head.  Experience  has  shown  that  in  practice  the  wooden 
sheet-piles,  even  though  carefully  driven,  are  not  suiEciently  tight  to  form 
an  effective  cut-off.  Their  use  has  been  limited  to  the  upper  part  of  the  river 
where  foundations  consist  of  rather  coarse  gravel  and  sand,  and  they  are  not 
regarded  as  adequate  for  the  more  sandy  foundations  of  the  lower  river.  No 
evidence  of  "boils"  under  any  dams  that  are  in  service  has  appeared,  and  it  is 
believed  that  these  dams  have  adequate  protection  from  this  danger,  unless 
they  are  undermined  by  scouring  action  below  the  weirs,  which  action  must 
be  carefully  guarded  against  by  proper  construction  and  periodical  inspection. 

(h). — Weirs. — The  weirs  for  Dam  No.  18  and  the  earlier  Ohio  River  dams 
were  designed  to  pass  a  flow  equal  to  the  open-river  flow  at  a  stage  of  from 
9  to  10  ft.  The  apparent  advantage  of  having  a  large  weir  capacity  is  that 
it  lessens  the  extent  of  maneuvering  the  wickets  of  the  navigable  pass,  but 
this  is  an  advantage  only  in  case  the  weir  can  be  maneuvered  with  greater 
ease  or  greater  speed  than  the  navigable  pass.  However,  in  practice,  no 
more  suitable  means  of  raising  the  wickets  of  the  weir  has  developed  than  the 
maneuver  boat.  Discharges  equal  to  a  12-ft.  stage  are  passed  through  the 
weir  and  a  part  of  the  lowered  dam,  since  the  dams  are  partly  raised  at  stages 
greater  than  9  ft.  and  are  not  entirely  lowered  when  the  capacity  of  the  weir 
is  reached,  unless  it  is  evident  that  the  approaching  rise  will  be  high  enough 
to  submerge  the  pass  wickets  the  tops  of  which  are  generally  about  13  ft. 
above  low  water.  In  practice,  a  part  of  the  navigable  pass,  therefore,  is  used 
as  a  weir  and  the  capacity  of  the  weir  including  the  lowered  part  of  the 
navigable  pass  is  equal  to  an  open-river  stage  of  about  12  ft.  As  stated  by  the 
author,  the  operation  of  the  Chanoine  weir  from  the  service  bridge  has  gen- 
erally been  discontinued,  and  on  account  of  their  inaccessibility  to  the  maneuver 
boat  which  operates  the  movable  dam,  these  weirs  are  not  used.  Many  of  the 
dams  now  in  operation  have,  therefore,  a  usable  weir  of  two  91-ft.  bear-traps 
only.  At  Dam  No.  29,  for  example,  the  capacity  of  the  bear-traps  is  about  equal 
to  a  7-ft.  open-river  stage.  This  dam  is  maneuvered  successfully  to  pass 
any  stage  up  to  12  ft.,  by  lowering  a  part  of  the  navigable  pass.  It  is  neces- 
sary, of  course,  to  raise  the  pass  wickets  against  greater  heads  than  would 
prevail  if  the  Chanoine  weir  was  in  use,  and  it  is  rather  difficult  to  raise  the 
last  wickets  of  the  pass.  In  view  of  the  foregoing,  it  is  not  regarded  as  nec- 
essary to  provide,  in  addition  to  the  navigable  pass,  a  weir  capacity  sufficient 
to  discharge  a  9-ft.  open-river  flow  and  as  the  cost  of  the  dam  is  decreased  by 
decreasing  the  length  of  the  weir,  this  factor  should  be  given  proper  weight 
in  the  design  of  weirs. 
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The  bear-trap  is  generally  recognized  by  those  who  have  had  experience  on 
the  Ohio  River,  as  the  most  satisfactory  regulating  weir  that  has  been  de- 
vised for  this  stream,  by  reason  of  the  fact  that  it  may  be  operated  with 
greater  ease,  greater  safety,  greater  speed,  and  more  certainty  than  any  other 
type".  However,  in  determining  the  extent  of  its  use,  consideration  must  be 
given  to  its  first  cost,  which  is  high  in  comparison  with  that  of  wicket  weirs. 
Two  91-ft.  bear-traps  with  their  piers  occupy  220  lin.  ft.  of  dam  and  will 
cost  more  than  double  the  same  length  of  wicket  weir.  The  cost  per  foot 
of  a  weir  of  Chanoine  or  Bebout  wickets  is  considerably  more  than  that  of  a 
fixed  dam,  and  where  a  part  of  this  weir  may  be  replaced  by  a  fixed  dam,  by 
using  some  of  the  navigable  pass  as  a  regulating  weir,  a  saving  in  cost  will  be 
effected.  Economic  considerations,  therefore,  should  limit  the  weir  lengths  to 
those  required  by  the  following  conditions: 

(1)  There  must  be  a  sufficient  area  of  movable  dam  and  weir  so  that,  when 
they  are  lowered,  the  velocity  in  the  contracted  channel  will  not  interfere 
with  navigation. 

(2)  The  weir  area  must  be  sufficient  so  that  the  pass  wickets  need  not  be 
maneuvered  against  a  head  greater  than  5  ft. 

In  the  recent  designs  for  Dams  'Nos.  34,  36,  and  38,  the  weirs  have  been 
given  considerable  attention,  and  the  completed  plans  have  some  features  which 
differ  from  Dam  No.  18,  or  any  other  Ohio  Eiver  dams.  In  these  designs, 
two  91-ft.  bear-traps,  with  the  sill  15  ft.  below  the  upper  pool,  are  provided 
and  also  a  weir,  100  ft.  long,  of  Chanoine  wickets,  with  the  sill  11  ft.  below 
the  upper  pool.  The  Chanoine  weir  is  provided  with  a  tripping  bar  for  low- 
ering, and  this  weir  is  placed  between  the  bear-trap  and  the  navigable  pass  so 
that  it  may  be  maneuvered  by  the  boat  which  maneuvers  the  navigable  pass, 
as  the  weir  wickets  will  be  raised  by  the  maneuver  boat.  The  tripping  device 
is  similar  to  that  which  has  been  in  successful  operation  on  weirs  of  the  Big 
Sandy  River  and  the  mechanism  for  operating  the  tripping  bar  is  on  the  bear- 
trap  pier. 

The  weirs  for  these  dams,  exclusive  of  the  navigable  pass,  will  discharge 
a  quantity  about  equal  to  an  8-ft.  open-river  stage  when  pools  are  at  normal 
height  above  the  dams.  The  height  of  the  upper  pool  above  low  water  is  as 
follows:  Dam  No.  34,  13  ft.;  Dam  No.  36,  13.7  ft.;  and  Dam  No.  38,  11.6  ft. 
As  the  discharge  through  the  weirs  will  raise  the  water  below  to  an  8-ft. 
stage,  the  maximum  heads  on  the  pass  wickets,  when  the  weirs  are  open  and 
the  upper  pools  normal,  will  be  as  follows,  without  allowance  for  leakage 
between  the  pass  wickets :  Dam  No.  34,  5  ft. ;  Dam  No.  36,  5.Y  ft. ;  and  Dam 
No.  38,  3.6  ft.  The  leakage  between  the  pass  wickets  will  further  reduce  this 
head,  as  will  also  the  raising  of  the  dams  below.  Furthermore,  the  raising 
of  the  pass  wickets  is  usually  completed  before  the  upper  pool  has  filled, 
although  this  does  not  apply  when  raising  only  a  part  of  the  dam  that  has 
been  lowered  to  pass  a  discharge  slightly  greater  than  the  weir  can  pass. 
In  view  of  these  considerations,  it  appears  that  the  pass  wickets,  which  are 
used  for  pool  regulation  at  these  dams,  will  usually  be  maneuvered  against 
heads  of  less  than  5  ft.  and  that  a  weir  capacity  equal  to  an  8-ft.  open-river 
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discharge  is  ample  for  these  dams.  The  space  between  the  bear-trap  and 
the  abutment  is  closed,  by  a  fixed  concrete  dam  having  a  minimum  length  of 
252  ft.  at  Dam  No.  36.  This  places  the  weirs  far  enough  from  the  bank  that 
no  appreciable  scouring  of  the  bank  is  anticipated.  On  account  of  the  severe 
scouring  action  that  occurs  below  the  bear-traps,  they  should  be  placed  some 
distance  from  the  river  bank  if  the  width  of  the  river  at  the  dam  permits  it. 

(c). — Loch-Gates. — The  lock-gates  of  Dam  No.  18  and  of  all  other  Ohio 
Kiver  locks  constructed  prior  to  1916,  are  of  the  rolling  type.  These  gates 
move  from  recesses  back  of  the  land  wall  across  the  lock  chamber,  closing  the 
ends  of  the  locks  and  forming  a  water-tight  bulkhead.  The  gate  at  the  upper 
end  of  the  lock  is  17.4  ft.  high  and  that  at  the  lower  end  22  ft.  high,  or  some- 
what less,  depending  on  the  lift.  Each  gate  is  mounted  on  ten  pairs  of  stand- 
ard car  wheels  which  roll  on  a  steel  track. 

This  type  of  gate,  although  somewhat  unusual,  was  selected  on  account  of 
the  limited  height  of  the  gates  and  the  great  width  of  the  lock,  which  are  far 
from  ideal  conditions  for  the  more  usual  type  of  mitering  gates.  The  rolling 
gates,  although  they  have  occasioned  some  minor  difficulty  from  broken 
wheels  and  tracks,  in  general,  have  operated  satisfactorily  in  the  upper  river. 
In  the  lower  river,  however,  where  deposits  of  mud  and  sand  are  extensive 
during  high  water,  the  recesses,  unless  closely  sealed,  become  so  filled  with 
deposits  that  the  cleaning  of  them  involves  considerable  expense  as  well  as 
possible  interruption  to  navigation  before  the  lock  can  be  placed  in  operation. 
In  view  of  the  difficulty  and  uncertainty  of  sealing  the  recesses,  the  rolling 
gates  were  not  regarded  as  satisfactory  for  the  lower  river  and,  in  1914,  the 
Ohio  River  Board  of  Engineer  Officers  adopted  a  design  for  mitering  gates. 
As  previously  stated,  the  great  width  of  the  lock  and  the  limited  height  of 
the  gates  are  conditions  which  are  not  favorable  for  mitering  gates,  but  by 
the  use  of  vertically  framed  gates,  well  braced,  and  with  strong  bearings  and 
anchorages,  a  satisfactory  design  has  been  effected.  These  gates  have  been 
installed  at  ten  locks  and,  except  for  a  few  minor  defects  in  details,  which 
were  readily  corrected,  have  operated  satisfactorily,  and  have  been  found 
readily  adjustable  for  any  wear,  deflection,  or  warping  that  has  occurred.  The 
recesses  for  the  rolling  gates  are  readily  coifered  by  means  of  a  timber  bulk- 
head and  pumped  out  when  repairs  or  painting  is  necessary,  whereaSj  for  the 
mitering  gates,  it  is  either  necessary  to  install  a  considerable  coifer-dam  and 
pump  out  the  lock,  or  to  lift  the  gates  out  by  derrick  boats.  It  appears  that,  in 
the  case  of  the  mitering  gates,  the  latter  method  and  the  carrying  of  spare 
gates  will  become  necessary  if  navigation  becomes  so  extensive  that  it  cannot 
be  interrupted  except  for  short  periods. 

Considerable  study  has  been  given  to  the  comparison  of  first  cost  of  Ohio 
River  locks  with  rolling  or  mitering  gates,  and  it  has  been  found  that,  in 
general,  neither  has  any  marked  iadvantage  in  this  respect  when  operating 
machinery  and  power  plant  are  considered.  If  the  lock  is  located  at  a  steep 
rocky  bank,  the  rolling  gates  are  at  a  disadvantage  as  it  is  either  necessary 
to  make  costly  excavation  for  the  recesses  or  to  move  the  lock  out  from  the 
bank  and  this  increases  the  cost  on  account  of  the  filling  and  paving  required 
back  of  the  land  wall.     Except  for  special  cases,  the  first  cost  is  not  a  con- 
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sideration  and  the  advantages  of  operation,  making  repairs,  replacements,  etc., 
although  somewhat  balanced  for  present  conditions,  would  be  in  favor  of  miter- 
ing  gates,  if  navigation  becomes  as  extensive  as  is  contemplated  and  hoped  for 
when  the  improvement  of  the  river  is  completed. 

B.  F.  Thomas,*  M.  Aai.  Sue.  C.  E.  (by  letter).— In  recent  study  of  the 
design  of  dams  on  the  Ohio  River,  in  the  vicinity  of  Cincinnati,  Ohio,  con- 
siderable discussion  has  arisen  as  to  several  points  on  which  no  great  emphasis 
(at  least  in  print)  has  heretofore  been  placed.  Some  of  these  points  will  be 
enumerated  by  the  writer  in  this  discussion.  The  dams  have  generally  been 
provided  with  two  bear-trap  weirs,  a  pier  separating  the  first  trap  (counting 
from  the  lock)  from  the  navigation  pass.  The  pass,  which  is  closed  by 
Chanoine  wickets,  is  usually  700  ft.  wide,  and  the  width  of  each  bear-trap  is 
91  ft.  Following  the  bear-traps,  there  has  been  provided,  at  a  number  of  dams, 
a  weir  of  Chanoine  wickets  with  a  sill  considerably  higher  than  that  of  the 
pass.  In  recent  discussions,  it  has  been  suggested  that  the  Chanoine  weir 
be  placed  next  to  the  pass  and  that  there  be  no  pier  to  mark  the  change  in  sill 
elevation.  It  has  also  been  proposed  to  lower  the  weir  wickets  with  a  tripping 
bar  similar  to  the  method  used  on  Big  Sandy  River,  and  on  the  twenty-seven 
dams  of  the  Belgian  Mouse,  the  maneuver  boat  to  be  used  only  for  raising 
this  section  of  the  dam,  but  to  be  used  both  in  raising  and  lowering  the  pass 
wickets,  as  at  present. 

The  writer  would  recommend  for  dams  on  this  part  of  the  Ohio  River, 
the  following  arrangement:  Chanoine  wicket  pass,  700  ft.  long;  pier,  12  ft. 
wide;  two  bear-traps,  each  91  ft.  wide;  pier,  12  ft.  wide  between  traps;  and 
fixed  weir,  181  ft.  long,  or  sufficient  to  reach  the  shore  abutment. 

In  case  greater  weir  capacity  is  desirable,  or  necessary,  he  would  recom- 
ment  that  a  Chanoine  wicket  weir  with  tripping  bar  be  placed  next  the 
pass,  with  the  pier  between  it  and  the  pass,  the  length  of  the  fixed  weir  being 
reduced  accordingly.  Although  he  does  not  consider  a  pier  at  the  end  of  the 
pass  an  absolute  necessity,  in  case  a  Chanoine  weir  with  a  sill  considerably 
higher  than  that  of  pass  is  put  in,  still  it  is  a  desirable  arrangement,  and  it 
is  believed  that  there  is  practical  unanimity  among  navigators  and  river  men 
in  general  that  such  a  guide  for  their  movement  at  dams  should  be  provided. 
The  currents  are  uncertain  at  the  dams  and  a  tow  is  liable  to  be  carried 
against  the  weir  and  wrecked.  The  use  of  a  buoy  or  especially  constructed 
wicket  for  defining  the  point  of  change  in  elevation  of  the  sill,  it  is  believed, 
would  be  unsatisfactory ;  in  fact,  it  is  not  believed  that  a  buoy  could  be  main- 
tained in  periods  of  drift  and  ice. 

It  is  believed  that  with  a  sill  about  4  ft.  higher  than  that  of  the  pass, 
little,  if  any,  trouble  from  gravel  interfering  with  the  tripping  bar,  would  be 
experienced.  However,  its  mechanism  and  the  bar  itself  should  be  designed 
with  sufficient  strength  and  power  to  crush  such  obstruction  to  the  movement 
of  the  bar  as  might  interfere  therewith.  The  fact  that  at  the  time  the  bar 
is  in  use,  the  water  is  surging  at  great  velocity  through  the  spaces  made  by 
the  falling  wickets  would  insure,  it  is  thought,  the  cleaning  of  the  deposit 
from  around  it. 

*  Mr.  Thomas,  who  was  U.  S.  Asst.  Engr.  at  Huntington,  W.  Va.,  died  on  April  14,  1923. 
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From  experience  at  one  dam  in  the  upper  river,  which  has  no  bear-trap, 
and  from  similar  experience  at  dams  having  only  one  bear-trap,  as  reported 
by  the  engineer  in  charge,  it  would  seem  unwise  to  build  a  new  dam  with  only 
one  trap.  The  regulation  of  pool  levels  where  navigation  exists  is  a  most 
important  feature  in  the  Ohio  River  System,  and  it  has  been  proven  that  no 
other  device  thus  far  tried  or  proposed  will  equal  the  bear-trap  as  a  regulator. 
With  it,  regulation  is  certain,  operation  easy  and  speedy,  action  reliable,  and 
its  work  is  generally  satisfactory;  its  upkeep  is  not  expensive,  and  will  be- 
come less  as  its  working  becomes  better  understood  by  the  engineers  in 
charge. 

After  much  study  the  writer  has  come  to  the  conclusion  that  it  would  be 
a  serious  mistake  to  substitute  any  kind  of  weir  heretofore  proposed  for  the 
bear-trap.  The  following  memoranda  are  submitted  for  consideration.  As 
to  a  pier  between  a  pass  and  a  bear-trap  or  between  a  pass  and  a  weir  of  any 
type: 

(a). — The  junction  of  the  two  sills  at  different  elevations  would  without 
a  pier  form  an  obstruction  to  navigation,  which  cannot  be  seen  by  day  nor 
lighted  at  night. 

(i). — It  furnishes  a  convenient  and  firm  mooring  for  the  maneuver  boat 
and  its  lines,  during  maneuvers,  and  if  its  up-stream  end  is  placed  flush  with 
the  up-stream  face  of  the  wickets,  it  would  offer  no  impediment  to  the  move- 
ment of  the  boat, 

(c). — It  is  a  guide  to  navigation;  without  it,  the  cross-currents  may  cause  a 
tow  to  swing  over  against  it  at  stages  when  the  weir  sill  would  have  insufficient 
depth  for  tow. 

{d). — l^avigation  has  always  had  this  sort  of  guide  to  the  passage  of  the 
dam  and  would,  it  is  believed,  complain  greatly  and  feel  uncertain  without  it. 

(e). — The  experience  of  the  engineers  in  the  Wheeling  District  indicates 
that  where  there  are  two  traps,  the  maneuver  boat  was  sent  out  for  regulating 
purposes  only  five  times  in  a  season,  while  with  one  trap  it  went  out  thirty- 
six  times,  and  with  no  trap  eighty-nine  times.  This  seems  a  most  convincing 
argument  in  favor  of  two  bear-traps.  With  the  large  number  of  tributaries 
coming  in  below  the  dams  in  the  Wheeling  District,  the  writer  believes  it 
would  be  very  unwise  to  put  in  a  darti  with  less  than  two  traps,  especially 
as  the  quantity  of  drift  and  number  of  quick,  unannounced  freshets  are  great. 

Malcolm  Elliott,*  M.  Am.  Soc.  C.  E.  (by  letter). — Although  the  time 
has  not  yet  arrived  for  a  definite  decision  as  to  whether  the  improvements  of 
the  Ohio  River  and  their  large  cost  have  been  justified  to  the  taxpayers,  it 
would  seem  to  be  proper,  in  discussing  this  paper,  to  survey  the  accomplish- 
ments to  date,  the  status  of  water  transportation  on  the  Ohio  River,  the  cost 
of  the  work,  and  the  prospects  for  the  future. 

Thirty-six  of  the  Ohio  River  dams  are  now  ready  for  operation.  The  series 
is  complete  from  Nos.  1  to  26,  inclusive,  Dam  No.  26  being  just  below  Point 
Pleasant,  W.  Va.  (Fig.  1).     Dam  No.  27  is  about  80%  completed  and  will  be 

*  Maj.,  Corps  of  Engrs.,  U.  S.  A.,   Fort  Humphreys,  Va. 
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ready  for  operation  during  the  season  of  1923,  making  the  series  complete  from 
Nos.  1  to  29,  inclusive.  Below  Dam  N'o.  29,  Dams  Nos.  31,  33,  35,  37,  39,  41, 
43,  and  48  are  in  operation,  thus  making  it  possible  to  fill  every  alternate  pool 
as  far  as  Dam  No.  43,  and  greatly  improving  the  condition  over  the  open 
channel  as  it  existed  before  the  construction  of  the  dams.  All  the  even  num- 
bered dams  intervening,  to  include  Dam  No.  44,  are  under  construction,  and 
their  completion  may  be  expected  within  a  reasonable  time,  thus  furnishing 
slack-water  navigation  from  Pittsburgh,  Pa.,  to  Leavenworth,  Ind.,  a  distance 
of  about  650  miles — the  upper  two-thirds  of  the  length  of  the  river.  Dam 
No.  48  is  the  only  one  below  Leavenworth  ready  for  operation. 

Below  Leavenworth,  the  river  conditions  become  less  favorable  to  the  con- 
struction of  locks  and  dams.  The  bottom  is  less  stable  than  in  the  upper 
reaches,  and  it  is  feared  that  much  trouble  will  be  had  with  deposits  of  sand, 
which  will  make  difficult  the  operation  of  the  dams  and  lock-gates.  The 
abandonment  of  the  slack-water  system  in  favor  of  open-channel  regulation  by 
dredging  and  training  works  in  the  lower  part  of  the  river,  has  been  con- 
sidered, but  it  is  not  known  whether  any  decision  has  been  reached.  A  little 
experience  at  Dam  No.  48,  near  Evansville,  Ind.,  recently  completed,  will 
furnish  information  as  to  the  feasibility  of  constructing  more  locks  and  dams 
in  that  section  of  the  river. 

The  author  gives  the  tonnage  for  1894,  1916,  and  1917  only.  To  supple- 
ment these  figures,  it  may  be  said  that  the  greatest  tonnage  in  any  year  was 
14  054  000  in  1900,  the  smallest,  since  1892,  was  4  599  000  in  1917,  and  the 
tonnage  for  1920,  the  last  year  reported,  was  9  382  000,  hauled  an  average 
distance  of  126  miles,  making  1 184  000  000  ton-miles.  It  will  be  noted  that  the 
greatest  tonnage  was  carried  before  the  slack-water  improvements  were  even 
begun  and  that  now,  with  these  improvements  more  than  two-thirds  completed, 
it  is  less  than  it  was  without  the  dams.  Therefore,  the  question  might  well  be 
asked,  would  it  not  have  been  better  to  have  made  no  expenditures?  This 
question  and  some  of  the  factors  which  have  influenced  commerce  on  the  Ohio 
River  will  be  discussed  subsequently.  First,  however,  an  estimate  is  given  of 
the  costs  of  the  work  to  June  30,  1921,  the  latest  date  for  which  published 
figures  are  available. 

The  following  figures  are  compiled  from  the  report  of  the  Chief  of 
Engineers,  U.  S.  Army,  for  the  fiscal  year  ended  June  30,  1921: 

Total  amount  expended  on  new  work  on  all  projects  to 
June  30,  1921,  including  the  purchase  of  the  Louisville 
and  Portland  Canal,  improvements  of  Pittsburgh  Harbor, 
snagging,  and  open-channel  work $85  746  412 

Total  amount  expended  on  maintenance,  operation,  and 
care  to  June  30,  1921 13  268  705 

Total  of  all  money  spent  on  Ohio  River  to  June  30,  1921.  .     $99  015  117 

Expended  for  operating  and  care  of  locks  and  dams  for  year 

1920-21 $1  061  973 

Maintenance  of  dredging  and  snagging,  year  1920-21 291  921 

Total  channel  maintenance,  operating,  and  care  expense 
for  year  1920-21 $1  353  894 
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The  figures  quoted  represent  only  cash  disbursements  and  include  no 
allowance  for  interest  or  depreciation,  except  in  so  far  as  the  depreciation  has 
resulted  in  expenditures  for  renewals.  Interest  and  depreciation  should 
certainly  be  considered  with  the  operating  costs  incurred  by  the  Government 
and  by  the  carrier  in  computing  a  financial  summary  of  the  operations  of  any 
waterway.  Because  the  resulting  balance  sheet  compares  unfavorably  with  a 
similar  statement  for  a  railroad  of  like  mileage,  it  does  not  necessarily  follow 
that  the  waterway  is  a  commercial  failure.  Its  existence  might  be  sufficiently 
beneficial  to  adjacent  industries,  development  of  territory,  and  increase  of  land 
values,  to  justify  the  enterprise,  notwithstanding  that  it  is  supported  in  part 
by  Government  subsidies. 

There  is  such  variation  in  the  length  of  service  of  the  various  parts  of  a 
movable  dam  that  computing  the  proper  allowance  for  depreciation  to  provide 
a  sum  for  replacement  would  be  difficult.  Some  of  the  wicket  irons,  for 
instance,  have  lasted  only  5  or  6  years,  whereas  the  concrete  should  last  100 
years  or  more.  As  a  sinking  fund  of  $1  per  year,  if  invested  at  4%,  will 
produce  $100  in  about  40  years,  it  is  believed  that  an  allowance  of  1%  of  the 
total  investment  in  new  work,  added  to  the  actual  expenditures  for  repairs  and 
replacements  included  in  the  annual  disbursements,  would  be  a  sufficient 
allowance  for  depreciation.  This  is  equivalent  to  the  assumption  that  with 
yearly  repairs  and  renewals  at  the  present  rate,  the  structures  will  last  for 
40  years  and  that  the  project  should  be  charged  with  a  sufficient  sinking  fund 
to  produce  the  money  needed  for  their  replacement  at  the  end  of  that  period. 
The  interest  on  the  capital  invested  may  fairly  be  assumed  at  4%  of  the 
expenditures  for  new  work. 

With  these  a.6Sumptions,  the  total  annual  charges  may  be  estimated  roughly, 
as  follows : 

Total  capital  invested  to  date,  about $100  000  000 

New  capital  needed  to  finish  project 20  000  000 

Total  eventual  cost  of  project $120  000  000 

Interest  and  replacement  at  5%  per  year $6  000  000 

Operating  expenses,   1921   (thirty-five 

dams)    $1  062  000 

Operating  expenses  after  project  has 

been  completed   (fifty  dams) $1  062  000  -^  0.7  =         1  500  000 

Channel  maintenance,   dredging,  etc 300  000 

Total  yearly  maintenance,  operating  and  care  charges, 

interest,  and  depreciation $7  800  000 

These  figures,  although  approximate,  are  probably  more  accurate  than  any 
estimate  that  can  be  made  of  the  volume  of  traffic  that  will  be  moved  through 
the  agency  of  these  expenditures.  If  the  benefits  are  to  be  computed  by  com- 
paring the  present  traffic  with  that  prior  to  the  construction  of  the  improve- 
ments, then  such  benefits  are  nil,  because  the  traffic  now  is  less  than  before.  It 
is  known  that  such  a  pessimistic  view  of  the  value  of  the  improvements  is  not 
justified,  because,  as  will  be  shown  later,  events  which  have  no  relation  whatever 
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to  the  river  and  which  could  hardly  have  been  foreseen  when  the  project  was 
adopted,  have  resulted  in  a  large  decrease  in  the  river  traffic;  and  without  the 
present  facilities  the  decrease  in  traffic  would  have  been  much  more  than  it 
has  actually  been.  The  benefit  to  date,  therefore,  is  not  measured  by  the 
increase  in  total  traffic  since  the  improvements  were  installed,  but  by  the 
increase  in  traffic  over  what  it  would  have  been  without  the  improvements. 

At  the  time  the  Ohio  River  improvements  now  in  progress  were  planned, 
there  existed  a  large  down-stream  movement  of  coal — more  than  1  000  000  tons 
annually — from  Pittsburgh,  Pa.,  to  Cairo,  111.,  and  several  million  tons  from 
Pittsburgh  to  Louisville,  Ky.,  and  intermediate  cities.  At  that  time,  there  was 
no  reason  to  suppose  that  this  traffic  would  not  continue  and,  in  fact,  increase 
considerably,  if  channel  conditions  were  improved.  This  traffic  from  Pitts- 
burgh to  lower  river  points,  however,  has  almost  disappeared.  During  1920, 
for  instance,  only  nineteen  coal  barges  passed  Lock  No.  13,  near  Wheeling, 
W.  Va.  The  abrupt  termination  of  the  coal  traffic  from  Pittsburgh  was  not 
due  to  the  cost  of  moving  the  coal  by  water,  which  is,  and  always  has  been, 
less  than  by  rail.  Reliable  information  obtained  by  the  writer,  from  cost 
records  of  a  company  engaged  in  transporting  coal  by  water  during  1921,  indi- 
cates the  cost  to  the  carrier  for  a  250-mile  haul  to  be  not  more  than  5  mills  per 
ton-mile,  including  the  short  haul  by  rail  from  the  mine  to  the  tipple,  loading, 
towing  loaded  barges  down  stream  and  empties  up  stream,  overhead,  interest, 
and  depreciation.  Railroad  rates  for  coal  during  1920  were  from  7.1  to  14.6 
mills  per  ton-mile  for  a  similar  distance.  Therefore,  the  disappearance  of  the 
commerce  in  Pittsburgh  coal  is  not  due  to  the  ability  of  the  railroads  to  haul 
it  at  less  cost  than  by  water.  The  general  tendency  for  industries  to  use  coal 
procured  from  local  sources,  thus  avoiding  the  cost  of  long  hauls,  is  to  be 
recognized  in  considering  this  decrease  in  traffic.  A  particular  instance, 
having  direct  bearing  on  this  traffic  in  Pittsburgh  coal,  is  the  greatly  increased 
need  for  coal  in  the  Pittsburgh  District,  following  its  large  industrial  growth 
in  recent  years,  especially  during  the  World  War,  resulting  in  the  local  use  of 
a  part,  at  least,  of  the  surplus  which  in  former  years  went  down  the  river  in 
barges.  It  is  possible,  also,  that  new  markets,  remote  from  the  river,  to  which 
the  coal  is  hauled  by  rail,  have  been  developed  in  recent  years. 

It  is  difficult  to  estimate  how  much  traffic  has  disappeared  from  the  river 
from  the  causes  named,  but  an  examination  of  detailed  records  of  tonnage  prior 
to  1912,  shows  that  the  average  commerce  was  10  334  000  tons  per  year  and  that 
with  the  Pittsburgh  coal  traffic  eliminated,  there  remained  about  6  500  000 
tons.  The  commerce  for  1920  was  9  382  000  tons,  an  increase  of  nearly  50% 
in  the  traffic  other  than  Pittsburgh  coal,  part  of  which  increase  was  made 
possible  by  the  expenditure  for  improvements.  The  statistics  for  1920  show 
that  there  was  a  traffic  of  417  129  OOO  ton-miles  through  the  locks.  If  this 
traffic  had  been  compelled  to  pay  tolls  equalling  the  yearly  cost  of  maintenance, 
depreciation,  and  interest  charges,  about  $5  600  000  in  1921,  the  tolls  would 
have  amounted  to  13.4  mills  per  ton-mile.  Adding  this  to  the  carrier's  costs  of, 
say,  5  mills  per  ton-mile,  the  total  cost  of  moving  the  freight  would  have  been 
about  18.4  mills  per  ton-mile,  as  against  the  prevailing  railroad  rates  for  a 
similar  distance  (126  miles),  of  from  12.5  to  13.9  mills  per  ton-mile. 
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Such  a  comparison,  however,  is  not  fair  to  the  waterway.  One  should 
stop  to  consider  that  the  project  is  incomplete;  that  the  outlet  by  water  to  the 
markets  beyond  the  Ohio  River  is  no  better  than  it  was  before  the  present 
project  was  commenced;  that  the  railroads  have  built  paralleling  lines  and 
are  allowed  to  establish  lower  rates  to  meet  water  competition;  that  there  is 
practically  no  co-operation  between  rail  and  water  routes ;  that  railroads  charge 
more  for  hauling  inland  the  freight  from  the  river  than  that  from  other  rail- 
roads; and  that  until  these  disadvantages  are  overcome,  the  capital  for  suitable 
floating  plant,  terminal,  and  transfer  facilities  cannot  be  found,  and  the  water 
transportation  companies  must  labor  under  the  disadvantage  of  using  improper 
equipment. 

Railroads  provide  branches  and  sidings  so  as  to  connect  the  source  of 
production  with  the  warehouse  of  the  jobber  or  consumer,  but  waterways  can- 
not do  this  and  thus  cannot  reach  their  full  usefulness  except  by  co-operation 
with  the  railroads.  This  co-operation  should  include  mutual  arrangements 
for  shipping  goods  by  rail  and  water  combined,  the  acceptance  by  both  rail  and 
water  carriers  of  goods  for  shipment  over  both  routes  on  through  bills  of 
lading,  equitable  distribution  of  the  through  freight  revenue  between  the 
rail  and  water  carriers,  and  the  provision  of  convenient  terminal  and  transfer 
facilities  and  appliances  for  transshipment  of  the  freight.  There  is  little, 
if  any,  such  co-operation  on  the  Ohio  River.  In  its  place,  there  are  artificial 
barriers  which  must  be  overcome  before  the  river  will  amount  to  anything. 

According  to  the  report  of  the  Chief  of  Engineers  for  1921  (Part  2,  page 
22),  railroad  rates  for  similar  distances  are  from  10  to  20%  lower  when  there  is 
water  competition  than  elsewhere.  The  discrimination  against  river  freight  is 
shown  also  by  the  following  example :  The  rate  on  coal  in  carloads  from  Charles- 
ton, W.  Va.,  to  Indianapolis,  Ind.,  is  $2»80  per  ton,  via  the  Chesapeake  and  Ohio 
Railroad,  to  Cincinnati,  Ohio,  thence,  via  the  "Big  Four"  to  Indianapolis,  of 
which  amount  the  "Big  Four"  receives  $0.91  per  ton  for  its  share  of  the  haul, 
whereas  coal  brought  from  Charleston  to  Cincinnati  by  boat,  then  loaded  in 
cars  by  the  shipper,  and  turned  over  to  the  "Big  Four",  is  charged  $1.15  per 
ton  for  the  same  haul  from  Cincinnati  to  Indianapolis. 

Thus,  the  railroads  discriminate  against  river  coal  and  cause  the  water 
carrier  to  overcome  an  artificial  disadvantage,  in  this  instance,  of  $0.24  per  ton. 
The  effect  of  such  discrimination  is  to  limit  the  market  for  river  freight  to  the 
communities  on  the  river  banks. 

As  long  as  these  artificial  and  discriminatory  barriers  exist,  the  gaining  of 
profits  by  water  carriers  is  so  uncertain  that  the  navigation  interests  will 
continue  to  suffer  the  disadvantages  due  to  the  use  of  antiquated  and  improper 
equipment,  because  of  difficulty  in  raising  capital,  and  the  shippers,  being 
compelled  to  pay  the  extra  cost  of  this  inefficient  service,  will  be  deprived  of 
the  benefits  which  otherwise  would  be  obtained  from  the  waterway. 

The  Ohio  River  is  favorably  situated  for  commerce.  At  its  upper  end,  it 
terminates  in  the  remarkable  industrial  area  and  region  of  mineral  resources 
centering  around  Pittsburgh.  At  its  lower  end,  it  terminates  in  the  Missis- 
sippi River  which  affords  dependable,  all-year  navigation,  either  to' the  Gulf  or 
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to  St.  Louis,  Mo.,  the  former  a  distributing  point  for  export  business,  the  latter 
a  gateway  to  the  Middle  West.  Intermediate  points  along  the  Ohio  River 
are  such  cities  as  Wheeling,  producing  coal,  oil,  and  steel  manufactures; 
Cincinnati,  a  manufacturing  city  and  distributing  point  for  other  important 
manufacturing  towns;  and  Louisville,  a  jobbing  center  for  Kentucky,  Ten- 
nessee, Alabama,  and  other  States  in  the  South.  The  Ohio  River  is  fed  below 
Pittsburgh  by  the  Kanawha  River,  now  shipping  more  than  1  000  000  tons  of 
coal  per  year  and  capable  of  much  larger  production;  the  Muskingum  River 
with  its  head  of  navigation  at  the  important  manufacturing- city  of  Zanesville, 
Ohio;  the  Green  River,  penetrating  to  the  center  of  the  oil  and  coal-producing 
section  of  Kentucky;  and  the  Cumberland  and  Tennessee  Rivers  communicat- 
ing with  Nashville  and  Chattanooga,  Tenn.  Reaching  these  important  regions 
and  cities,  there  can  be  little  doubt  that  the  Ohio  River  and  its  tributaries  are 
situated  so  as  to  carry  a  large  volume  of  traffic,  if  only  the  navigable  depths 
are  provided  and  artificial  restrictions  removed. 

An  instance  of  what  can  be  done  with  water  transportation  on  inland  rivers, 
is  seen  in  the  operations  of  the  Mississippi-Warrior  Service.  This  service  has 
arrangements  with  the  railroads,  whereby  through  shipments,  part  rail  and 
part  water,  can  be  made  on  through  bills  of  lading.  It  has  modern  boats  and 
barges  and  is  constructing  efficient  terminal  and  transfer  facilities.  After 
operating  more  than  two  years  at  a  deficit,  it.,  began  to  earn  profits  on  its 
Mississippi  business,  as  the  tonnage  increased  during  the  last  three  months  of 
the  fiscal  year  ending  June  30th,  1921.  In  this  period  and  the  two  months 
following,  although  the  fleets  operated  at  only  part  capacity  and  were  served  by 
unfinished  terminals,  the  service  earned  a  profit  of  about  $98  000  after  meeting 
all  operating  expenses  and  depreciation  charges  based  on  the  high  prices  paid 
for  the  equipment  during  and  shortly  after  the  World  War.  The  freight  rates 
were  from  5i  to  40  cents  per  100  lb.  lower  than  all-rail  rates  for  similar  dis- 
tances. 

The  Ohio  River  can  be  made  navigable  at  less  cost  than  the  Mississippi;  it 
is  situated  equally  favorably  for  prospective  business ;  and  it,  also,  can  be  made 
into  a  profitable  enterprise  if  a  dependable  channel  is  provided  throughout  its 
length  and  the  existing  discriminations  are  removed. 

As  the  author  states,  an  agency  is  required,  the  duty  of  which  will  be  to 
manage  the  water-transportation  problem  other  than  the  preparation  of  the 
waterway,  but,  in  his  statement  that  no  such  agency  has  been  created,  it  is 
believed  that  he  has  overlooked  the  Inland  and  Coastwise  Waterways  Service, 
established  by  Act  of  Congress  during  the  war,  in  order  to  supplement  the 
greatly  overloaded  railroad  systems.  This  agency  is  now  functioning,  and 
through  one  of  its  departments  has  built  up  the  important  Mississippi-Warrior 
Service  mentioned  previously.  With  proper  support  and  sufficient  appropria- 
tions, this  agency  should  be  in  a  position  to  foster  the  growth  of  the  river- 
transportation  business  and  promote  the  use  of  waterways  for  which  many 
millions  have  been  spent  in  channel  improvements,  but  it  can  do  little '  in 
promoting  Ohio  River  commerce  until  the  lower  reaches  have  been  made 
navigable  so  as  to  afford  connection  with  the  Mississippi  River. 
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Frederick  B.  Duis,*  M.  Am.  Soc.  C.  E.  (by  letter). — For  some  years,  the 
writer  has  been  connected  with  the  construction  and  operation  of  Ohio  ^l^iver 
locks  and  dams  in  the  U.  S.  Engineer  District,  Wheeling,  W.  Va.,  and,  since 
1915,  Lock  and  Dam  No.  18  to  which  the  author's  paper  especially  relates,  has 
been  included  in  the  works  under  his  charge.  This  discussion  is  based  largely 
on  information  gained  through  experience  in  maintaining  and  operating  these 
works. 

Attention  is  invited  to  some  apparent  errors  in  the  last  paragraph  of  the 
historical  data  under  the  heading,  "Introduction".  The  locks  and  dams  to 
Dam  No.  39  are  stated  to  have  been  constructed,  but  Dams  Nos.  25,  27,  30,  32, 
34,  36,  38,  and  39,  at  the  probable  time  of  the  preparation  of  the  paper,  were 
not  completed,  although  Dams  Nos.  25  and  39  were  nearly  so  and  were 
expected  to  be  ready  for  operation  at  the  commencement  of  the  low-water 
season  of  1922.  Dams  Nos.  41,  43,  44,  45,  and  48  are  stated  to  have  been 
placed  under  construction,  but  Dams  Nos.  41,  43,  and  48  were  completed 
and  placed  in  operation  in  1921,  Dam  No.  48,  late  in  the  year.  At  the  end 
of  1921,  there  were  thirty-four  Ohio  River  locks  and  dams  in  operation. 

Table  2  gives  the  commerce  carried  on  the  Ohio  River  during  1894,  1916, 
and  1917.  With  the  statement  following  this  table,  those  figures  indicate 
(although  perhaps  not  so  intended)  a  gradual  decline  of  the  commerce  on  the 
stream,  in  spite  of  the  large  expenditure  for  the  construction  of  locks  and  dams. 
The  facts  are  that  the  decrease  in  the  commerce  did  not  commence  in  1894, 
nor  has  it  continued  to  date.  Reference  to  the  reports  of  the  Chief  of  Engi- 
neers, U.  S.  Army,  will  show  that  from  1894  to  1905  there  was  an  average, 
although  not  a  regular,  increase,  the  commerce  in  1905  amounting  to  more 
than  13  000  000  tons,  of  which  about  3  700  000  tons  were  of  coal  from  Pitts- 
burgh to  lower  river  points.  From  1905,  an  average,  but  not  a  regular,  decline 
in  the  traffic  continued  until  1917.  By  1917,  the  coal  traffic  from  the  Pittsburgh 
territory  to  lower  river  points  had  practically  ceased,  the  cause  of  which  was  in 
no  way  related  to  the  river.  The  commerce  previously  cited  for  1905  included 
that  carried  by  ferries  which,  although  not  separately  shown  in  the  published 
report  for  that  year,  amounted  to  about  2  000  000  tons,  as  estimated  from  the 
amount  of  such  traffic  shown  in  later  years  when  it  was  reported  separately. 
The  commerce  given  by  the  author  for  1917  does  not  include  the  ferry  traffic, 
so  proper  comparison  with  previous  years  when  it  was  included  requires  that 
this  class  of  traffic  be  omitted.  Allowing  for  the  3  700  000  tons  of  coal  carried 
in  1905,  which  traffic  had  ceased  in  1917  for  causes  entirely  foreign  to  the 
river,  and  also  making  allowance  for  the  2  000  000  tons  estimated  to  have  been 
carried  by  ferries  in  1905  and  not  included  in  the  author's  figures  for  1917, 
the  actual  decline  in  the  commerce  from  1905  to  1917,  for  which  the  cause 
may  be  attributed  to  the  river,  was  approximately  from  7  300  000  to  4  600  000 
tons.  Such  were  the  conditions  to  1917,  but  they  did  not  so  continue  and,  in 
the  writer's  opinion,  the  author  has  erred  in  not  showing  the  commerce  for  the 
subsequent  years  as  available  from  published  reports,  as  the  year  1917  was  the 
turning  point  in  the  amount  of  commerce  on  the  Ohio  River  and  later  data 
give  a  different  aspect  on  the  situation. 

*  Asst.  Bngr.,  U.  S.  Engr.  Office,  Huntington,  W.  Va. 
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In  the  published  reports  available,  the  commerce  for  the  three  years  since 
1917  is  given  as  follows:  1918,  6  171  412  tons;  1919,  5  400  377  tons;  and  1920, 
9  382  463  tons.  This  shows  an  increase  of  nearly  100%  from  1917  to  1920. 
The  decrease  in  1919  compared  with  1918  was  due  to  the  temporary  depression 
in  the  industrial  activities  during  the  early  part  of  that  year.  The  large 
increase  in  1920  was  influenced  in  the  opposite  direction  by  the  industrial 
situation,  but  the  amount  of  commerce  carried  in  1920  could  not  have  been 
possible  without  the  slack-water  navigation  then  available.  The  question  may 
be  asked,  why  did  the  turning  point  in  the  amount  of  commerce  occur  about 
1917,  when  the  improvements  had  been  under  way  for  many  years  and  a  con- 
siderable number  of  the  locks  and  dams  had  been  in  operation  for  some  time? 
The  answer  is  that  not  until  about  1917  had  the  improvements  progressed  far 
enough  to  make  them  of  practical  benefit  to  navigation.  In  1917,  continuous 
slack-water  navigation  was  made  available  from  Pittsburgh  to  Dam  No.  20, 
down  stream  200  miles,  and  additional  locks  and  dams  providing  intermittent 
pools  were  in  operation  from  Dam  No.  20  to  Cincinnati.  This  practically 
insured  a  continuous  navigable  stage  for  craft  of  lighter  draft,  such  as  packet- 
boats,  between  Pittsburgh  and  Cincinnati.  Craft  requiring  a  greater  depth  of 
water  than  packet-boats  could  also  operate  over  this  section  of  the  river  with 
only  infrequent  suspensions  on  account  of  the  river  stages.  It  is,  therefore,  not 
a  coincidence  that,  after  1917,  the  packet  business  which  had  almost  dis- 
appeared from  the  upper  part  of  the  river,  began  to  revive,  as  the  result 
of  the  improvements.  The  foregoing  data  are  in  contradiction  of  the  author's 
statement,  in  the  paragraph  on  "Commerce",  that  he  thinks  the  building  of 
locks  and  dams  is  not  rapidly  increasing  the  tonnage  and  that  under  present 
methods  of  operation  no  company  carrying  passengers  and  freight  in  less  than 
barge  loads  has  built  up  a  trade  and  held  it  at  a  fair  and  profitable  rate.  The 
carrying  of  freight  in  less  than  barge  loads  has  revived  to  a  considerable  extent 
and,  to  the  best  of  the  writer's  knowledge,  at  a  profitable  rate.  If  it  had  not,  the 
parties  engaged  in  this  business  would  not  be  gradually  expanding  their 
facilities,  as  they  have  been  doing,  even  through  the  recent  period  of  the  most 
severe  industrial  depression  that  has  been  experienced  in  the  Upper  Ohio 
Valley  for  many  years. 

A  gradual  increase  in  barge  traffic,  also,  may  be  expected  as  industrial 
conditions  improve,  in  fact,  except  for  coal,  it  has  been  increasing  in  spite  of 
the  recent  unfavorable  conditions.  One  company,  recently  organized,  has 
engaged  in  general  towing  in  barge-load  lots,  considerable  of  its  business  con- 
sisting of  the  transferring  of  steel  products  from  the  Upper  Ohio  to  Mississippi 
Eiver  points.  The  traffic  manager  of  this  company  informed  the  writer 
that  inquries  for  the  services  of  the  company  were  far  more  than  its 
capacity  to  handle  with  its  available  plant,  consisting  of  three  towboats  and  a 
considerable  number  of  barges.  One  steel  company,  in  the  Pittsburgh  District, 
has  also  commenced  transporting  some  of  its  products  down  the  Ohio  River 
with  its  own  fleet. 

The  Ohio  River  Dam,  selected  by  the  author  for  description  in  his  paper, 
was  finished  in  1910,  and  was  the  seventh  to  be  completed,  of  the  thirty-four 
that  are  now  ready  to  operate.    There  are  a  number  of  items  in  its  design  and 
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arrangements  that  have  been  found  unsatisfactory  and  are  now  obsolete,  and 
the  later  dams  have  a  number  of  improvements  devised  since  Dam  No.  18  was 
built.  It  seems  proper  to  refer  to  these  changes  and  show  the  reasons  for 
them,  in  order  that  the  latest  practice  in  the  design  of  such  structures  will  be 
on  record. 

A  movable  dam  is  one  the  purpose  of  which  is  to  pass  high  waters  without 
appreciable  increase  of  stage  over  natural  stages,  to  allow  open-river  naviga- 
tion when  the  open  river  has  sufficient  depth,  and  to  increase  the  depth  to  a 
navigable  stage  during  periods  of  low  flow.  To  answer  these  purposes,  the 
Ohio  Kiver  dams  have  been  provided  with  three  principal  elements:  (1)  the 
lock;  (2)  the  navigable  pass;  and  (3)  the  regulating  weir. 

Probably  the  most  complicated  of  the  operations  on  a  movable  dam  are 
those  connected  with  the  regulation  of  the  pools.  The  regulating  weir  is 
designed  to  pass  water  not  needed  for  locking  during  periods  of  surplus,  in 
such  a  way  as  to  maintain  a  navigable  depth  in  the  pool  above  the  dam.  Its 
discharge  capacity  must  be  made  variable  by  means  of  movable  parts  so  as 
to  correspond  with  the  varying  flow  of  the  river.  There  are  many  conditions 
to  meet,  their  relative  importance  is  not  seen  the  same  by  all  designers,  and 
the  appliances  have  not  always  worked  in  the  manner  the  designers  thought 
they  would.  For  these  reasons,  there  has  been  a  continual  change  in  the 
design  and  layout  of  the  regulating  weirs  since  the  Ohio  River  improvements 
began  and,  even  now,  the  opinions  of  the  designing  engineers  have  not  crystal- 
lized into  a  definite  standard  arrangement  for  this  important  element  of  a 
movable  dam. 

The  author's  Fig.  8  shows  a  photographic  view  of  the  completed  Dam 
No.  18.  The  navigable  pass  is  of  the  same  design  as  that  which  has  been 
in  use  on  the  Ohio  for  many  years,  and  no  further  mention  of  it  is  necessary, 
except  with  reference  to  the  statement  made  by  the  author  that  the  pine 
timber  used  in  the  construction  of  the  wickets  in  this  dam  is  the  best  wood 
for  the  purpose.  As  observed  from  service,  oak  is  so  much  superior  to  pine 
in  resistance  to  decay  and  physical  injury  that  the  latter  wood  is  not  being 
used  at  the  present  time  for  such  purpose.  To  the  best  of  the  writer's  knowl- 
edge, the  wickets  at  Dam  No.  18  were  the  first  on  the  Ohio  River  to  be  con- 
structed of  pine  timber,  and,  a  few  years  later,  pine  was  used  at  Dams  Nos. 
20  and  26,  but  at  all  the  other  dams  constructed  before  and  since,  on  this  river, 
oak  timber  has  been  used  for  that  purpose,  and  has  demonstrated  its  superiority. 

Considerable  difficulty  is  being  experienced  in  regulating  the  discharge 
through  Dam  No.  18,  on  account  of  the  inadequate  capacity  of  the  two  small 
bear-traps  and  unsatisfactory  operation  of  the  Chanoine  wicket  weir.  The 
total  discharge  area  of  the  two  bear-traps  is  1  350  sq.  ft.,  whereas  at  all  the 
dams,  except  one,  in  150  miles  of  river  up  stream,  the  two  bear-traps  provide 
a  total  discharge  area  of  2  730  sq.  ft.,  or  more  than  double  that  at  Dam  No.  18. 
The  result  is  that  both  the  bear-traps  at  Dam  No.  18  can  pass  less  than  one-half 
the  quantity  of  water  that  can  be  passed  by  one  of  the  two  bear-traps  in  the  dams 
above,  the  combined  capacity  of  which  is  about  sufficient  for  a  9-ft.  stage  in  the 
open  river,  the  maximum  stage  on  which  it  is  necessary  to  operate  the  dams. 
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All  additional  weir  area  necessary  at  Dam  No.  18  must  be  provided  either  by 
lowering  the  wickets  in  the  Chanoine  weir,  for  which  it  was  designed,  but  is 
little  nsed,  or  by  lowering  the  wickets  in  the  navigable  pass,  which  was  not 
originally  intended,  but  which  is  now  the  usual  practice.  The  amount  of  weir 
regulation  necessary  in  this  dam  is  further  increased  on  account  of  its  loca- 
tion between,  the  mouths  of  two  large  tributary  streams,  the  Muskingum  River, 
8  miles  above,  and  the  Little  Kanawha  Eiver,  about  4  miles  below.  These 
streams  are  subject  to  quick  rises,  with  consequent  sudden  increases  in  the 
volumes  of  water  poured  into  the  pools  above  and  below  Dam  No.  18,  making 
quick  a«tion  frequently  necessary  to  provide  for  the  sudden  change  in  river 
conditions.  The  small  discharge  area  of  the  bear-traps,  therefore,  makes 
frequent  additional  discharge  area  necessary  for  pool  regulation.  For  this,  the 
Chanoine  wicket  weir  was  designed,  but  it  is  an  unsatisfactory  and  inefficient 
device.  Like  the  weirs  of  this  type  used  in  nearly  all  Ohio  River  dams  until  a 
few  years  ago,  it  has  been  a  failure  and  is  little  used.  The  unsatisfactory 
operating  results  of  this  weir  are  in  part  due  to  the  elevation  at  which  the 
wickets  are  hinged.  At  all  other  dams  where  such  weirs  have  been  used,  the 
hinge  points  of  the  wickets  are  sufficiently  above  the  center  of  resultant  water 
pressure  to  prevent  the  wickets  going  on  swing.  At  Dam  No.  18,  however,  as 
described  by  the  author,  the  hinge  points  were  located  so  as  to  let  the  wickets 
swing  automatically  when  the  pools  rise,  in  order  to  increase  the  discharge 
opening  necessary  in  the  dam.  This-  feature  has  not  been  a  success.  The 
wickets  will  frequently  swing  when  not  necessary  for  pool  regulation,  to 
prevent  which  it  is  necessary  to  chain  them  to  the  service  bridge.  The  idea 
of  automatic  swinging  of  Chanoine  wickets  for  pool  regulation  cannot  be 
successfully  applied  on  Ohio  River  dams.  The  rotation  of  wickets  on  their 
hinges  is  influenced  by  both  the  upper  and  lower  pools,  whereas,  it  should  be 
dependent  only  on  the  stage  in  the  upper  pool.  As  there  is  no  uniformity  in 
the  differences  of  elevation  between  the  pools  at  varying  stages,  it  is  impossible 
to  locate  the  hinge  points  on  the  wicket  so  that  they  will  trip  at  a  prede- 
termined stage  of  upper  pool. 

Another  factor  making  it  impracticable  to  use  this  method  of  pool  regula- 
tion is  that  when  the  wickets  are  on  swing,  the  steel  frames  and  bars,  known, 
respectively,  as  the  horses  and  props,  by  which  the  wickets  are  supported,  hold 
so  much  drift  above  them  that  not  only  is  the  discharge  capacity  considerably 
reduced,  but  it  is  practically  impossible  to  release  the  drift  and  right  the 
wickets  to  close  the  opening,  without  lowering  the  whole  dam  to  reduce  the 
head,  and,  then,  only  with  an  expenditure  of  much  time  and  labor.  Therefore, 
when  such  wickets  are  operated,  they  must  be  completely  lowered,  but  this  is 
difficult  and  slow,  particularly  with  the  special  winch  provided.  This  winch, 
although  designed  for  the  purpose,  is  another  feature  contributing  to  the 
impractibility  of  operating  the  wicket  weir.  As  stated  by  the  author,  too  much 
time  and  labor  are  required.  The  winch  is  driven  by  a  gasoline  engine  and  is 
neither  suitable  in  type  nor  has  sufficient  power.  Even  if  a  steam  engine  of 
sufficient  power  was  used,  the  wickets  could  not  be  handled  satisfactorily  with 
it,  on  the  heads  necessary.  The  most  difficult  part  of  such  an  operation  is 
the  righting  of  the  wickets  after  they  have  gone  on  swing,  the  nature  of 
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which  operation  is  shown  by  the  author's  Fig.  10.  The  difficulty  of  this 
operation  cannot  be  appreciated  by  any  one  unfamiliar  with  it.  Operation  of 
the  weir  with  the  maneuver  boat  is  a  practical  impossibility,  because  one 
bear-trap  is  between  the  weir  and  the  lock  side  of  the  river,  thus  making  it 
necessary  to  take  the  boat  across  the  head  of  the  open  bear-trap,  a  difficult  and 
dangerous  operation. 

These  difficulties  have  resulted  in  the  practical  abandonment  of  the 
Chanoine  weir  as  a  regulating  device  at  Dam  No.  18, and  other  Ohio  River 
dams.  Regulation  that  cannot  be  done  with  the  bear-trap,  is  now  done  with 
pass  wickets,  with  the  maneuver  boat.  This  is  possible  for  such  heads  as  exist 
after  the  bear-traps  have  been  opened  and  the  difierence  in  pool  levels  has  been 
reduced.  If  the  Chanoine  weir  was  between  the  navigable  pass  and  the  first  bear- 
trap,  instead  of  between  the  two  bear-traps,  the  service  bridge  could  be  abandoned 
and  the  shorter  weir  wickets  operated  with  the  maneuver  boat.  This  method  of 
pool  regulation,  however,  is  much  slower  and  requires  considerably  more  labor 
than  regulating  with  bear-traps.  The  wickets  also  deteriorate  rapidly  under 
such  hard  service  and  make  frequent  repairs  necessary.  For  these  reasons, 
wicket  weirs  are  not  a  satisfactory  and  efficient  substitute  for  the  successful 
bear-trap  weirs  developed  and  standardized  on  the  Ohio  River. 

The  preceding  remarks  concerning  wickets  relate  entirely  to  the  old 
Chanoine  type.  The  author  describes  a  new  type,  the  Bebout  wicket.  Some 
of  these  wickets  have  been  used  within  the  last  few  years,  for  pool-regulating 
weirs,  as  a  substitute  for  one  of  the  two  large  bear-traps  that  previously  were 
included  in  the  standard  design  of  Ohio  River  dams.  As  described  in  the 
paper,  these  wickets  will  trip  automatically,  but  they  must  be  raised  with  a 
maneuver  boat  the  same  as  Chanoine  wickets.  The  author  cites  twenty-four 
advantages  in  the  use  of  these  wickets.  Several  years'  experience  with  them 
has  convinced  the  writer  that  not  all  of  the  claimed  advantages  can  be  realized 
in  practice.  On  account  of  their  automatic  tripping  feature,  these  wickets  may 
be  used  with  much  benefit  and  success  in  some  works,  especially  for  weirs  in 
dams  where  there  is  not  sufficient  back-water  to  effect  their  tripping,  but 
neither  these  wickets,  nor  those  of  the  older  Chanoine  type,  can  be  used  satis- 
factorily as  a  main  regulating  weir  in  Ohio  River  dams.  The  Bebout  wickets 
might  be  used  with  benefit  for  a  part  of  the  navigable  pass,  as  will  be  sub- 
sequently explained. 

The  Bebout  wickets  are  hinged  near  the  middle,  like  the  Chanoine  type,  but 
unlike  the  latter,  they  lower  themselves  completely  when  the  resultant  pres- 
sure is  above  the  hinge  point,  leaving  an  unobstructed  opening  in  the  dam, 
thus  increasing  the  discharge  capacity  and  avoiding  the  holding  of  drift  as 
in  the  case  of  Chanoine  wickets,  which  do  not  lower  automatically,"  but  only 
go  on  swing.  Leaving  an  unobstructed  opening  in  the  dam  is  of  great  ad- 
vantage, but  the  automatic  lowering  feature  of  the  Bebout  wicket,  just  as 
the  automatic  swinging  of  the  Chanoine  wicket,  although  theoretically  advan- 
tageous for  regulating  weirs  in  practice,  is  a  detriment,  because  the  automatic 
tripping  cannot  be  controlled,  as  previously  explained  in  connection  with  the 
swinging  of  the  Chanoine  weir  wickets  at  Dam  No.  18,  and  in  most  cases 
occurs  at  other  than  the  theoretical  tripping  stages. 
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All  the  Bebout  wickets  so  far  installed,  except  in  one  case,  have  been  sub- 
stituted for  bear-traps,  replacing  one  bear-trap  of  the  two  previously  installed 
in  each  dam.  In  one  dam,  both  the  bear-traps  were  replaced  by  the  wickets. 
This  has  not  resulted  as  favorably  as  anticipated  by  those  responsible  for  the 
change  and  only  recently  has  been  abandoned  and  the  two  bear-traps  have 
been  re-adopted  in  the  standard  design  for  Ohio  Eiver  dams.  The  wickets 
trip  too  frequently  when  not  necessary  for  pool  regulation  or  more  of  them 
trip  than  are  required.  They  must  be  raised  with  the  maneuver  boat,  the 
time  for  which  cannot  be  chosen,  but  may  occur  any  hour  day  or  night. 
This  requires  considerable  time  and  a  crew  of  men  that  is  not  available  from 
the  regular  lock-operating  force,  except  during  the  day  shift.  When  such 
maneuvers  must  be  made  during  the  remainder  of  the  twenty-four  hours, 
some  of  the  employees  on  the  regular  day  shift  must  be  called.  This  is 
unsatisfactory  and,  furthermore,  the  maneuvers  cannot  always  be  made 
quickly  enough  to  avoid  objectionable  irregularities  in  the  pool  stages.  Also, 
the  time  consumed  by  the  employees  in  such  duties  is  usually  at  the  expense 
of  other  important  activities.  In  the  Wheeling  U.  S.  Engineer  District,  which 
includes  the  dam  described  by  the  author,  there  are  dams  with  two  bear-traps, 
dams  with  one  bear-trap,  and  one  dam  without  any  bear-trap.  The  force  of 
men  employed  is  the  same  for  the  dams  with  one  bear-trap  as  with  two  bear- 
traps,  but  the  loss  of  morale  and  increasing  complaints  as  to  the  amount  of 
work  at  those  dams  which  have  only  one  trap,  and  the  frequent  calls  for  duty 
on  the  dam  at  all  hours  of  the  day  and  night,  make  it  appear  that,  in  a  short 
time,  additional  force  will  be  required.  At  the  dam  where  no  bear-trap  is  used, 
and  all  regulating  is  done  with  wickets,  it  is  now  the  practice  to  employ  four 
extra  men  during  the  operating  season  of  about  nine  months.  Therefore, 
instead  of  the  substitution  of  the  Bebout  wickets  for  a  bear-trap  requiring  a 
less  number  of  men  for  operating  the  locks  and  dams,  as  claimed  by  the  author, 
the  facts,  as  shown  by  experience,  are  that  the  labor  is  much  increased  and 
that  it  is  not  feasible  to  operate  such  a  dam  with  a  smaller  force,  but  that  prob- 
ably such  operation  will  require  a  larger  force  in  the  future.  Also,  the  saving 
in  cost  effected  by  substituting  wickets  for  bear-traps,  cited  by  the  author  as 
another  of  the  advantages,  is  true  only  for  the  cost  of  construction.  The  cost  of 
maintenance  and  operation  is  increased,  the  amount  of  which  is  not  known,  but 
probably  is  at  least  enough  and  perhaps  more  than  necessary  to  compensate 
for  the  saving  in  first  cost.  The  result,  then,  is  no  gain  financially  and  a  much 
less  efficient  and  satisfactory  method  of  pool  regulation.  It  is  the  considera- 
tions just  cited,  which  have  convinced  the  writer  that,  in  a  long  series  of  dams, 
the  most  satisfactory  and  the  most  economical  appliance  for  regulating  weirs 
is  the  bear-trap,  as  developed  on  the  Ohio  Eiver.  Enough  of  them  should  be 
used  so  that  when  more  than  their  full  capacity  is  required,  except  in  rare  cases, 
it  will  be  time  to  throw  down  the  dam  and  use  the  open  river. 

The  Bebout  wickets  could  be  used  with  benefit  for  a  part  of  the  navigable 
pass  at  the  end  adjacent  to  the  first  bear-trap  and  hinged  so  high  as  to  trip 
automatically  only  when  the  upper  pool  has  risen  to  such  a  depth  over  the 
top  of  the  wickets,  that  the  whole  dam  should  be  put  down.  These  conditions 
would  usually  occur  only  when  the  river  reached  a  stage  where  control  of  the 
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dam  had  been  lost  and  the  dam  could  not  be  lowered  in  the  regular  way  by  the 
maneuver  boat.  The  automatic  lowering  of  the  wickets  would  then  open  a 
part  of  the  dam  and  probably  lower  the  upper  pool  sufficiently  to  make  it  pos- 
sible to  lower  the  remainder  of  the  dam  with  the  maneuver  boat.  The  wickets 
installed  in  this  way  in  a  dam  would  afford  a  considerable  protection  against 
having  the  dam  caught  up  on  a  stage  of  river  when  the  lock  is  submerged  and 
out  of  commission  and  navigation  cannot  pass  over  the  dam.  This  accident 
has  occurred  a  number  of  times,  and  any  protection  against  it  is  worthy  of 
consideration. 

It  seems  proper  in  this  discussion  to  refer  to  the  problem  of  operating  a 
long  series  of  movable  dams,  such  as  that  being  built  in  the  Ohio  River.  The 
problem  is  to  raise  the  dams  on  a  falling  river  as  it  approaches  the  minimum 
open-river  navigable  stage  in  such  a  way  as  to  hold  the  water  in  the  series  of 
pools  with  a  depth  sufficient  to  maintain  navigation.  If  the  dams  are  raised  too 
soon,  no  particular  harm  is  done  except  that  in  case  of  an  immediate  increase 
in  the  natural  flow  instead  of  the  expected  decrease  it  may  be  necessary  to 
lower  the  dam  again  and  thus  the  labor  of  an  unnecessary  operation  will  have 
been  incurred.  If,  however,  the  raising  is  delayed  too  long,  the  qiiantity  of 
water  in  the  river  channel  may  be  insufficient  to  fill  the  pools,  and  it  may  take 
several  days  for  the  natural  flow  of  the  river  to  supply  the  shortage.  If  one 
or  more  of  the  upper  dams  of  the  series  have  this  trouble,  they  put  on  needles 
to  close  the  interstices  between  wickets  and,  sometimes,  even  caulk  the  spaces 
with  weeds,  ashes,  etc.,  so  as  to  hasten  the  filling  of  their  pools.  This  imme- 
diately results  in  still  further  decrease  of  flow  into  the  pools  above  the  dams 
in  the  lower  section  of  the  series,  aggravating  their  trouble.  Until  construc- 
tion of  the  Lower  Ohio  River  system  of  dams  is  completed,  there  are  and  will 
be  stretches  of  open  river  through  which  considerable  navigation  is  attempted. 
Owing  to  the  great  cost  of  dams  and  the  expected  troubles  in  construction  and 
operation,  it  may  be  that  the  original  intention  to  provide  a  series  of  dams  all 
the  way  to  the  mouth  of  the  Ohio  River  will  be  abandoned,  and  that  naviga- 
tion in  the  lower  end  of  the  river  will  be  provided  by  open-channel  regulation. 
In  this  case,  an  abrupt  stoppage  of  the  natural  flow  due  to  filling  of  the  pools 
in  the  upper  section  of  the  river  will  cause  sudden  decreases  in  navigable  depth 
in  the  lower  part,  which  will  be  highly  objectionable  to  navigation. 

The  ideal  solution  would  be  to  raise  all  dams  at  or  before  the  moment 
when  the  water  contained  in  the  channel  is  just  sufficient  to  fill  the  pools.  The 
operation  of  a  movable  dam  at  any  given  moment,  however,  is  a  practical  im- 
possibility. The  maneuver  boat  must  be  moved  to  its  place,  each  wicket  must 
be  raised  separately,  and  accidents  and  delays  occur.  In  general,  it  takes  a 
whole  day  to  raise  a  dam  and  unless  the  labor  charge  of  operation  is  to  be 
immediately  doubled  or  trebled,  it  is  impracticable  to  keep  a  crew  available  at 
all  hours  of  the  day  and  night.  The  river  might  be  falling  at  the  rate  of  about 
1  ft.  per  day  and  at  the  close  of  the  day's  work  the  stage  might  be,  say,  1  ft. 
above  the  ordinary  raising  stage,  in  which  event  the  lockmaster  would  expect  to 
raise  the  dam  beginning  the  next  morning.  Late  in  the  afternoon,  however, 
several  lockmasters  farther  up  the  river  might  have  had  to  raise  their  dams 
because  of  the  falling  of  the  river  to  the  closing  stage.    This  produces  a  "cut" 


i 


DISCUSSION  :    LOCKS  AND  MOVABLE  DAMS  ON  OHIO  KIVER  165 

in  the  flow,  and  the  lockmaster  further  down  the  river  finds  his  stage  falling 
so  fast  that  he  cannot  get  out  on  the  dam  and  raise  it  in  time  to  catch  his  pool. 
When  he  gets  his  dam  up,  he  has  to  put  on  the  needles  and  then  the  men 
farther  down  the  river  have  even  worse  trouble. 

With  dependable  communication  by  telephone  and  telegraph  between  dams, 
these  troubles  can  be  and  are  very  often  avoided,  but  the  existing  communica- 
tion is  not  infallible.  Some  of  the  dams  are  on  country  telephone  lines  having 
from  one  to  a  dozen  parties,  because  no  other  commercial  service  is  available, 
and  frequently  all  efforts  to  keep  in  touch  with  operations  at  the  other  dams 
fail.  A  private  line  down  the  Ohio  River  would  cost  more  than  $500  000 
and  entail  an  annual  expense  for  upkeep,  which  would  hardly  be  justified 
by  the  present  commerce.  Eecent  inquiries  have  been  made  as  to  the  pos- 
sibility of  using  a  radio  telephone  system  of  communication,  and  it  may  be 
that  some  such  system  will  be  satisfactory.  Reliable  liaison  between  the  dams 
is  an  essential  feature  of  a  series  such  as  that  on  the  Ohio  River. 

W.  H.  McAlpine,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  has  read 
this  paper  with  much  interest,  especially  the  conditions  to  be  fulfilled  in  the 
design  of  the  weir  and  the  computations  thereon. 

The  author's  calculations  "to  determine  whether  the  weir  will  regulate 
the  upper  pool  when  the  water  is  at  a  10-ft.  stage"   (Condition  1),  by  the 

formula,  Q  =  m  {L'  H')  ■s/2  g  (h  -\-  Z),  could  be  made  clearer  by  a  statement 
of  the  relations  of  the  zero  of  gauge  to  elevation  of  weir  sill  and  pool  level  or 
crest  of  dam.  It  is  not  essential  (Condition  1)  that  the  weir  have  sufficient 
capacity  to  pass  all  the  discharge  at  any  special  stages  such  as  a  10-ft.  stage, 
as  part  of  the  pass  wickets  can  be  thrown  for  that  purpose.  It  is  believed  that 
the  author  has  taken  great  liberty  in  assuming  that  values  of  m,  derived  from 
observations  where  the  "swell  head"  was  about  0.35  ft.,  are  applicable  to  a  case 
where  the  "swell  head"  is  assumed  as  1.7  ft.  It  seems  questionable  whether  this 
formula  should  be  used  for  cases  of  "swell  head"  as  high  as  1.7  ft.  It  is  be- 
lieved that  a  submerged  weir  formula  is  more  applicable  to  the  case.  Using 
Francis'  formula,  with  values  of  n  deduced  by  Herschel,  we  have : 

8 

Q  =  3.336  (n  H)  ^ 
I  =  500;  n  =  0.63;  H  =  11.837 
Solving,  Q  =  discharge  =  33  900  cu.  ft.  per  sec,  instead  of  57  700  cu.  ft. 


per  sec,  as  found  by  the  author.  The  formula,  Q  =  m  (L  H)  \f  2  g  (h  +  Z), 
appears  more  applicable  to  Condition  2,  and  its  use  is  better  illustrated  in  the 
paperf  by  the  late  Mr.  Thomas,  referred  to  by  the  author.  The  lack  of  authentic 
experimental  data  as  to  the  proper  values  of  m  makes  the  use  of  this  formula 
unsatisfactory.  It  is  believed  that  systematic  observations  should  be  made  at 
movable  dams  to  secure  more  reliable  and  complete  data  as  to  the  proper 
values  of  the  coefficient,  m,  under  various  conditions. 

•  U.  S.  Asst.  Engr.,  Louisville,  Ky. 

^Transactions,  Am.   Soc.  C.  E.,  Vol.  XXXIX    (1898),  p.  471. 
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For  investigating  Condition  3,  the  author  uses  the  formula  of  Chanoine 
and  De  Lagrene,  namely, 

\S,'         I  2  g 
in  which, 

Z  =  "swell  head"; 

V  =  mean  velocity  {before  construction  of  works) ; 

S  =  discharge  area  of  river  before  construction  of  works; 

/Sj=  discharge  area  of  river  after  construction  of  works; 

g  =  32.2. 
Z  is  assumed  as  0.25  ft.  and  m  as  1.05,  instead  of  1.5,  when  the  "swell  head" 
is  reduced  from  0.5  to  0.25  ft.  After  substituting  the  other  known  quantities, 
the  value  of  8^  =  discharge  area  after  construction  of  works,  is  found  to 
be  18  250  sq.  ft.  It  is  not  understood  why  the  value  of  Z  is  assumed  and  the 
value  of  S^  calculated,  as  the  dimensions  of  the  weir  and  the  pass  have 
already  been  determined,  at  least  tentatively,  to  satisfy  Conditions  1  and  2,  It 
would  appear  preferable  to  substitute  the  tentatively  found  area,  S^^,  and 
calculate  the  value  of  Z  to  determine  whether  it  falls  within  reasonable 
limits.  No  authority  is  indicated  for  using  m  =  1.05  instead  of  1.5,  the  value 
of  the  coefficient  used  by  the  late  Mr.  Thomas  in  the  paper  referred  to  pre- 
viously, for  cases  when  the  lock-gates  are  open.  The  writer  has  never  found  any 
justification  for  the  use  of  1.5  for  the  value  of  m  in  the  formula,  when  applied 
to  a  lock  in  a  large  river,  for  a  case  when  the  lock-gates  are  open  or  for  any 
other  condition.  The  writer  has  compared  the  value  of  the  "swell  head",  as  de- 
termined by  this  formula,  in  a  number  of  cases  on  large  rivers  with  the 
actual  "swell  head"  and  has  found  that  the  value  of  the  coefficient,  m,  should 
be  only  slightly  in  excess  of  "unity.  Probably  the  value  of  1.05  given  by 
the  author  is  about  correct  for  the  case  in  question.  It  is  possible  that  in 
a  narrow  cross-section  of  river,  the  contractions  due  to  lock  walls,  piers,  etc., 
might  be  siifficient  to  justify  a  coefficient  of  1.5,  but  certainly  not  in  a  wide 
river,  with  a  dam  composed  largely  of  weir  and  pass  sills. 

Having  found  or  assigned  a  value  for  Z,  the  author  calculates  the  mean 
velocity  for  critical  high  stage,  which  is  assumed  to  be  at  the  top  of  the 
lock  wall,  by  the  formula: 

Fi=  V2g  (Z  +  h) 
in  which, 

Fi=  mean  velocity  after  construction  of  dam; 

Z  =  "swell  head"; 

h  =  velocity  of  approach  prior  to  construction  of  dam. 
The  use  of  the  two  previous  formulas  appears  to  furnish  a  rather  un- 
satisfactory and  roundabout  method  of  determining  the  velocity  of  the  section. 
The  values  for  "swell  head"  are  rather  meaningless  to  the  average  individual, 
unless  converted  into  terms  of  velocity.  Unless  one  is  familiar  with  the  sub- 
ject, one  has  little  idea  whether  a  value  of  0.5  or  1.0  is  excessive.  However, 
one  knows  at  once  whether  a  velocity  of  5.7  or  8.0  ft.  per  sec.  would  be  ex- 
cessive.    Also,  the  value  found  for  "swell  head"   in  the  formula  does  not 
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represent  the  entire  head  due  to  velocity  of  the  current  at  the  dam.  To  find 
the  total  velocity  head,  the  calculated  head  due  to  velocity  of  approach  prior 
to  the  construction  of  the  dam  must  be  added  to  the  "swell  head".  In  other 
words,  if  it  is  desired  to  compare  the  actual  measured  head  due  to  velocity  at 
the  dam  with  the  results  from  the  formula  for  "swell  head",  the  calculated 
head  due  to  velocity  of  approach  prior  to  the  construction  of  the  dam  must  be 
added  to  the  value  found  for  "swell  head".    Although  the  two  formulas,  Z  = 

jjj,  (;2  /        __  1 J  — ^and  Fi  =  V2  g  (Z  -j-  h),  may  be  used  to  determine  either 

the  mean  velocity  after  construction  of  the  works  (Fj),  with  an  assumed  dis- 

Q 

charge  area  of  dam  (S^),  or  vice  versa,  the  general  formula,   F^  =  —  may  be 

used  for  the  same  purpose. 

Let 

y^  =  mean  velocity  at  the  dam  after  construction ; 

Q  ==  discharge,  in  cubic  feet  per  second,  as  determined  by  the  rating 

curve ; 
8^  =  discharge  area,  in  square  feet,  of  proposed  dam ;  and 
S  =  discharge  area  before  the  construction  of  the  dam. 

As  Fi  Sj  =  F  S,  Fi  =  ^;  but  Q  =  V  S-  therefore,  V^  =  f-. 

If  a  coefficient  other  than  unity  must  be  applied  to  allow  for  sudden  con- 

Q 

tractions,  it  may  be  applied  to  the  general  formula,   Fj  =  -3-,  as   well  as  the 

^i      

formula  used  by  the  author.     Both  the  formulas,  Q  ^=  m  (L  H)  sf  2  g  (li  +  Z), 
/  02  \     -1 

and  Z  =  m  V^  (  7;-;^  —  1 )  r— ,  are  modifications  of  the  general  formula,  Q  =  A  V, 

\Si^         /  2g 

and  their  value  depends  on  the  completeness  and  reliability  of  the  observations 
made  to  determine  proper  values  of  the  coefficients  to  be  applied  under  various 
conditions. 

Some  of  the  areas  of  the  cross-section  of  the  river  bed  given  in  Table  3, 
for  various  stages,  are  apparently  in  error.  For  example,  the  difference  in 
area  between  the  10-ft.  and  the  11-ft.  stages  is  given  as  (20  540  —  18  350) 
2  190  sq.  ft. ;  and  between  the  11-ft.  and  the  12-ft.  stages,  there  is  a  difference 
of  only  1  270  sq.  ft.  Again,  S  is  given  as  24  600  sq.  ft.  for  a  16.4-ft.  stage, 
or  an  increment  of  only  about  600  ft.  for  each  additional  foot,  assuming  the 
area  of  21  810  sq.  ft.  for  a  12-ft.  stage  to  be  correct. 

The  principal  object  of  this  discussion  is  to  bring  out  the  desirability  of 
more  complete  observations  as  to  actual  velocities  created  by  the  construc- 
tion of  locks  and  dams  and  other  obstructions,  in  order  that  reliable  coefficients 
may  be  available  for  the  formula  selected  for  use. 

Gardner  S.  Williams,*  M.  Am.  Soc.  C.  E.  (by  letter). — Several  years  ago, 
the  writer  was  confronted  with  the  problem  of  providing,  in  a  storage  dam,  a  gate 

*  Cons.   Engr.,  Ann   Arbor,   Mich. 
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through  which  large  quantities  of  logs  could  be  sluiced  at  variations  of  pond 
level  through  a  range  of  20  ft.  The  width  of  the  opening  required  by  the 
lumbering  interests  was  30  ft.  After  considerable  investigation,  his  attention 
was  directed  to  the  three-leaf  bear-trap  gate  of  the  so-called  Lang  type,  built 
in  1894,  on  the  Chippewa  River  at  Chippewa  Falls,  Wis.  It  had  a  length  of 
80  ft.,  with  a  rise  of  6  ft.,  and  had  then  been  in  service  more  than  20  years.  An 
examination  of  the  design  of  this  structure,  which  was  of  timber,  indicated 
that  by  the  use  of  steel  the  type  could  be  readily  applied  to  a  rise  of  three 
times  that  in  the  existing  example.  A  similar  timber  structure  came  to  notice 
later.  It  was  built  in  1891  on  the  St.  Croix  River  at  Nevers,  Wis.,  and  had  a 
crest  length  of  80  ft.  and  a  rise  of  16  ft. 

The  so-called  Island  Lake  Dam  of  the  Great  Northern  Power  Company  on 
the  Cloquet  River,  about  22  miles  northeast  of  Duluth,  Minn.,  was  thereupon 
equipped  with  a  bear-trap  gate  of  the  Lang  type,  having  a  rise  of  20  ft.  and 
a  span  of  30  ft.  As  far  as  the  writer  is  aware,  this  is  the  highest  rise  under 
which  a  bear-trap  gate  has  thus  far  been  operated.  The  gate  was  placed  in 
service  in  1915  and  has  been  in  satisfactory  use  since. 

The  success  of  this  gate  has  led  to  the  use  of  this  type  by  the  writer  for  the 
discharge  of  flood  waters  in  connection  with  power  developments  on  the  Huron 
River  in  Michigan.  At  the  Geddes  Plant  of  the  Detroit  Edison  Company, 
there  are  two  such  gates,  each  having  a  span  of  24  ft.  and  a  rise  of  11  ft.  At 
the  Superior  Plant  of  the  same  Company,  the  writer  has  installed  a  similar 
gatef  the  operation  of  which  is  made  automatic  by  the  use  of  a  siphon  which 
exhausts  the  water  from  under  the  gate  when  the  pond  rises  above  a  desired 
level.  The  seal  is  broken  when  the  water  surface  is  lowered,  and  the  gate 
then  rises  to  its  original  position. 

As  the  operation  of  these  gates  simply  requires  the  opening  or  closing  of  an 
inlet  or  outlet  valve,  they  can  be  readily  manipulated  by  one  man,  and  if  used 
in  connection  with  a  power  plant,  motors  can  be  installed  on  the  valves  and  the 
apparatus  controlled  from  the  power  house  at  any  desired  distance. 

A  description  of  the  Island  Lake  Dam  has  been  published,*  as  well  as  a 
valuable  Symposium  on  Movable  Damsf  which  is  interesting  not  only  as  to 
matters  of  design,  but  also  as  to  the  history  of  the  bear-trap  gate.  The  Sector 
Dams  of  the  Sanitary  District  of  Chicago  at  the  Lockport  Power  House  have 
also  been  described,:}:  as  well  as  the  160-ft.  bear-trap  dam§  above  Lockport. 

In  the  gates  designed  by  the  writer,  it  has  been  found  desirable  to  use 
rollers  under  the  up-stream  end  of  the  idler.  Such  rollers  had  not  been  gen- 
erally used  on  the  timber  structures  previously  built,  but  when  metal  members 
are  in  contact,  rollers  are  frequently  necessary. 

Morris  Knowles,||  M.  Am.  Soc.  C.  E.  (by  letter). — The  author's  note- 
worthy contribution  on  the  design  and  construction  of  movable  dams  on 
the  Ohio  River  is  of  timely  interest  to  the  student  of  rivers  and  of  the  eifects 

♦  Engineering  News-Record,  August  2d,  1917. 
1:  Journal,  Assoc,  of  Eng.   Societies,  .lune,   1896. 
t  Engineering  News,  November  12th,  1908. 
§  Loc.  dt.,  March  28th,  1898. 
II  Cons.  Engr.,  Pittsburgh,  Pa. 
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of  man's  regulating  and  restrictive  works  thereon.  It  may  be  worth  while  to 
note  some  of  the  discussions  and  opinions  as  to  the  effects  of  movable  dams 
on  flood  heights  and  the  care  necessary  to  insure  sufficient  water  for  lockages 
during  times  of  low  flow. 

On  page  98,  the  author  states : 

"It  is  well  known  that  a  project  substituting  fixed  dams  for  movable  dams 
would  be  less  expensive;  but  the  requirements  of  navigation  and  the  popular 
fear  of  an  increase  in  flood  heights  made  the  building  of  fixed  dams  in  this 
river  appear  at  that  time  to  be  impracticable."* 

And,  on  page  140,  Col.  Harts  states: 

"The  Ohio  is  subject  to  extreme  floods.  Sometimes,  as  much  as  70  ft.  in 
range  is  recorded,  and  great  injury  and  loss  invariably  result  to  the  towns 
along  the  banks.  Nothing  could  be  allowed  in  the  bed  of  this  stream  that 
would  be  likely  to  increase  this  range,  and  in  the  public  mind  fixed  dams  were 
objectionable  for  this  reason." 

The  writer  remembers  the  discussion  and  conferences  that  took  place  in 
1915  when  the  project  for  the  substitution  of  a  fixed  dam  at  Emsworth,  about 
six  miles  below  the  Point  at  Pittsburgh,  for  the  movable  type  of  dam  at  Davis' 
Island,  called  Dam  No.  1,  was  under  consideration.  Many  were  apprehensive 
that  this  new  dam,  about  21  ft.  high  above  the  bed  of  the  stream,  would 
seriously  increase  the  flood  heights  at  Pittsburgh.  The  writer  was  asked  to 
review  the  situation  for  the  City  of  Pittsburgh  and  the  Pittsburgh  Flood  Com- 
mission. He  was  much  gratified  to  report,  after  many  studies  and  calculations, 
that  a  disastrous  fiood  of  35.5  ft.,  such  as  occurred  in  1907,  would  be  increased 
at  the  Point  by  less  than  1  ft.  by  the  erection  of  such  a  fixed  dam,  and  that  an 
extreme  flood,  10  ft.  higher,  which  might  happen  by  a  combination  of  fortuitous 
circumstances,  would  be  increased  to  a  negligible  degree.  Thus,  when  this 
report  became  known,  much  of  the  opposition  to  the  fixed  type  of  dam  at  this 
location  disappeared. 

Much  has  been  said  about  the  tightness  of  wickets,  gates,  bear-traps,  etc., 
and  the  attendant  possibility  that,  during  low-water  stages,  there  may  not  be 
sufficient  water  for  the  large  number  of  lockages  required  for  full  navigation 
potentialities.     The  author  states: 

"Considering  the  question  of  tightness.  Condition  7,  it  is  believed  that  bear- 
trap  dams  can  be  made  as  tight  as  any  other  type  of  dam.  Needles,  curtains, 
gates,  and,  possibly,  other  types  can  be  made  tighter  than  wickets.  With  the 
use  of  wickets,  calculations  should  show  a  shortage  of  water  not  more  than 
once  in  10  to  20  years.  *  *  *  Computations  indicate  that,  with  pass 
wickets  15  ft.  high,  with  weir  wickets,  12  ft.  high,  and  with  the  pass  and  weir 
of  the  lengths  proposed,  the  leakage  through  the  interstices  between  the  wickets 
will  about  equal  the  discharge  of  the  river  at  a  3-ft.  stage.  Therefore,  during 
several  weeks  of  each  year,  needles  over  the  interstices  will  be  necessary." 

Again,  on  page  139,  Col.  Brown  states: 

"In  the  operation  of  this  system  of  locks  and  dams,  much  trouble  has  been 
experienced  by  reason  of  inability  to  raise  the  dams  at  stages  higher  than 
about  9  ft.  This  results  in  the  impounding  and  holding  back  of  the  discharge 
of  the  river  in  the  pools  of  those  dams  that  are  raised,  with  a  consequent  rapid 

•  The  italics  in  this  and  other  quotations  in  this  discussion  are  the  writer's. 
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falling  off  in  the  discharge  of  the  river  at  points  lower  down.  *  *  *  So 
great  has  this  effect  on  the  discharge  of  the  river  become,  that  at  times 
much  delay  and  obstruction  to  navigation  has  been  experienced  at  and  below 
Louisville,  by  reason  of  the  manipulation  of  the  dams  at  and  above  Cincinnati. 
As  the  number  of  dams  in  operation  increase,  the  effect  on  the  lower  part  of 
the  river  will  become  more  and  more  marked,  and,  at  times  may  result  in  an 
almost  complete  absorption  of  the  discharge  of  the  river  if  great  care  is  not 
exercised  in  the  raising  of  the  upper  dams." 

That  this  fear  of  insufficient  lockage  on  streams  made  artificially  navigable 
by  locks  and  dams  is  a  real  menace,  is  shown  by  the  following  statement  from 
the  report  of  the  Pittsburgh  Flood  Commission,  published  in  1912,  after  a  long 
period  of  careful  investigation  and  research: 

"Under  present  conditions  there  are  serious  troubles  with  shortage  of  water 
on  the  Monongahela  River  during  dry  weather.  *  *  *  At  such  times  the 
pools  farthest  upstream  are  drawn  down  to  furnish  water  for  the  pools  nearer 
Pittsburgh,  and  through  navigation  is  impossible,  the  upper  pools  being  some- 
times lined  with  barges  waiting  for  water  to  float  them  downstream.  *  *  * 
The  reports  of  the  Chief  of  Engineers  of  the  United  States  Army  give  the 
minimum  discharge  of  the  Monongahela  as  160  sec-ft.  which  occurred  in 
1895,  the  dryest  season  in  recent  years.  This  is  only  about  two-thirds  of  the 
discharge  of  244  sec-ft.  necessary  to  supply  water  for  180  lockages,  even  if 
there  were  no  other  losses." 

It  thus  appears  there  is  danger  when  complete  navigation  facilities  will 
have  been  provided  and  if  they  are  utilized  to  the  utmost  of  traffic  capacity. 
The  report  quoted  previously  states  elsewhere  that  the  low  water  of  the  Monon- 
gahela will  be  increased  to  six  times  and  that  of  the  Allegheny  to  three  times 
its  minimum  by  the  use  of  storage  reservoirs.  The  Ohio  at  Wheeling,  W.  Va., 
90  miles  below  the  point  of  particular  observation  at  the  time  of  the  study,  will 
be  raised  2.3  ft.  at  the  time  of  lowest  stages. 

Surely  an  amplification  of  such  a  system  is  all  that  is  needed  further  to 
improve  conditions  farther  down  stream.  It  is  a  mistake  to  argue  that  the 
beneficial  effect  of  storage  is  negligible,  except  just  immediately  below  a  reser- 
voir constructed  for  such  a  purpose.  The  effects  on  flood  flows  and  the  raising 
of  low  stages  are  likewise  noticeable  many  miles  away.  The  writer  holds  no 
brief  for  contemplated  accomplishment  of  navigable  depths  by  letting  out  stored 
waters  as  a  general  and  universal  proposition,  but  to  say  that  such  have  no 
use  in  augmentation  and  helpfulness  is  an  unnecessary  attempt  at  a  reversal  of 
the  laws  of  hydraulics. 

On  page  133,  Mr.  Thomas  P.  Roberts  has  stated, 

"It  has  been  proved  that  to  reduce  materially  the  height  of  great  floods  at 
Pittsburgh,  restraining  reservoirs  should  be  as  near  as  possible  to  the  city,  for 
the  flood-producing  storms  reaching  Western  Pennsylvania  are  only  rarely 
more  than  90  miles  in  width  of  excessive  precipitation.  *  *  *  Had  the 
1913  storm  moved  eastward  only  80  miles  farther,  careful  study  indicates  that, 
at  Pittsburgh,  the  flood  would  have  been  at  least  15  ft.  higher  than  the  record 
flood  of  1907.  It  is  useless  to.  attempt  to  estimate  the  damages  which  would 
have  resulted  from  such  a  flood  to  the  towns,  bridges,  etc.,  above  Pittsburgh. 
*  *  *  To  talk  of  restraining  reservoirs  for  such  floods,  at  least  for  the  area 
above  Pittsburgh,  is  waste  of  time." 

The  carefully  prepared  studies  in  the  report  of  the  Pittsburgh  Flood  Com- 
mission, previously  referred  to,  which  was  approved  by  a  Board  of  United  States 
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Army  Engineers  as  to  practicability  and  feasibility,  in  1913,  states  tbe  highest 
known  flood  at  Pittsburgh,  that  of  1907,  would  have  been  reduced  10  ft.,  or  to  a 
stage  of  25.3,  only  3.0  ft.  above  danger,  by  the  construction  and  proper  manipula- 
tion of  seventeen  selected  reservoirs  out  of  a  total  of  forty-three  possible  sites. 
Other  floods,  which  had  occurred  over  a  period  of  50  years,  would  have  been 
reduced  below  the  danger  line.  Surely  this  controverts  such  an  extravagant 
statement  of  the  over-zealous  objector.  It  is  a  good  principle  of  life  to  secure 
the  good  we  can,  even  if  one's  100%  desire  cannot  be  obtained. 

In  this  connection,  it  is  interesting  to  note  the  remarks  by  Col.  Brown 
on  page  139: 

"To  meet  this  difficulty,  a  comprehensive  scheme  of  control  of  operating 
the  dams  will  have  to  be  devised,  so  that  constant  reports  as  to  the  stages  of 
the  river  and  variations  of  discharge  may  be  received  at  a  central  point,  at 
which  will  then  be  determined  the  proper  time  for  the  raising  and  lowering 
of  all  dams,  thus  regulating  them  so  as  to  affect  the  discharge  in  the  lower 
parts  as  little  as  possible.  A  telephone  system  is  being  provided,  connecting 
all  dams  to  a  central  point,  which  will  probably  be  Cincinnati,  and  that  will  be 
the  point  from  which  this  centralized  control  will  be  exercised.  After  some 
means  can  be  devised  whereby  the  dams  can  be  raised  at  stages  above  9  ft., 
much  benefit  will  be  gained,  and  it  is  understood  that  attempts  are  now  being 
made  to  devise  some  method  of  raising  the  dams  at  higher  stages." 

This  is  just  the  sort  of  managerial  control  that  is  exercised  in  inter-related 
gravity  water  supply  systems  and  is  exactly  what  the  Pittsburgh  Flood  Com- 
mission planned  for  the  comprehensive  system  of  reservoirs  proposed  by  it. 

The  author's  remarks  regarding  the  Government's  activity  in  water  trans- 
portation evidently  caught  the  attention  of  Maj.  Adams,  who  pertinently 
asks  the  question  in  conclusion: 

"What  would  the  situation  be  if  the  waterways  had  been  improved  at  the 
expense  of  private  capital,  which  always  demands  interest  and  return  of  the 
original  investment?  This  problem  looms  large  to  the  rail  carriers  and  their 
security  holders." 

Again,  as  Col.  Harts  so  aptly  states  on  page  142  :■ 

"The  supreme  test  of  the  public  value  of  any  inland  waterway  must  always 
be  an  economic  one.  *  *  *  How  many  of  the  inland  streams,  on  which 
extensive  navigation  projects  have  been  built,  can  now  meet  this  test?" 

It  is  hoped  to  have  soon  a  legislative  determination,  based  on  an  enlightened 
public  opinion,  that  munificent  expenditures  for  improvements  to  navigation 
are  only  warranted — if  judged  alone,  without  other  effects  as  to  the  eco- 
nomic advantages  to  transportation  to  be  obtained  thereby — when  all  the 
fixed  charges  and  overheads,  as  well  as  operating  and  maintenance  expenses,  to 
be  borne  either  directly  or  indirectly  by  the  traffic,  are  less  than  for  some  other 
means  of  transportation  and  distribution  of  products.  When  this  enlightened 
day  comes,  perhaps  there  will  be  less  opposition  to  the  acknowledgment  of  the 
thesis  that  a  stream  should  be  considered  as  a  whole  from  its 'source  to  its 
mouth.  Thereby,  many  potential  uses  will  be  studied  and  amplified  and 
some  of  the  costs  of  the  work  will  be  distributed  over  many  objects,  and  the 
burden  to  any  one  will  be  proportionately  lessened. 


172  discussion:  locks  and  movable  dams  on  ohio  river 

William  M.  Hall,*  M.  Am.  Soc.  C.  E.  (by  letter).— Mr.  T.  P.  Eoberts 
seems  to  think  that  an  erroneous  inference  may  be  drawn  from  the  paper,  to 
the  effect  that  his  distinguished  father  not  only  recommended  movable  dams, 
but  recommended  the  particular  types  of  movable  dams  finally  adopted.  Such 
interpretation  was  not  intended.  To  be  more  exact,  on  page  57  of  the  report 
of  1870  by  the  late  Mr.  W.  Milnor  Roberts,  reference  is  made  to  a  "plan  of 
movable  hydraulic  gates  for  chutes  designed  by  T.  R.  Brunot",  and  there  are 
other  references  to  movable  dams  in  that  report.  On  page  132,  a  definite 
recommendation  as  to  the  character  of  the  improvement  proposed  states  that: 

"from  Pittsburgh  down  *  *  *^  slack  water  navigation  would  appear  to 
be  the  most  desirable,  but  for  the  reasons  which  are  given  in  my  study  of  the 
plan  of  locks  and  dams,  I  think  that  none  but  low  dams  with  chutes  should 
ever  be  placed  there." 

The  writer  believes  it  to  be  evident  that  Mr.  W.  Milnor  Roberts  fully 
intended  that  the  chutes  should  be  closed  with  some  type  of  movable  dam. 
As  narrated  by  Mr.  T.  P.  Roberts,  for  30  years  or  more  prior  to  that  report 
and  recommendation,  much  interest  had  been  manifested  in  the  type  of 
project  for  the  improvement  to  be  adopted,  and  several  pamphlets  were  printed 
and  distributed  describing  the  proposed  improvements  and  their  respective 
advantages.  The  definite  recommendation  by  Mr.  W.  Milnor  Roberts  is  the 
earliest  known  to  the  writer  for  the  design  of  dams  with  a  movable  part  for 
the  purpose  of  reducing  the  height  of  the  fixed  part.  At  about  that  time, 
Addison  M.  Scott,  M.  Am.  Soc.  C.  E.,  under  direction  of  the  late  Gen.  W.  P. 
Craighill,  U.  S.  A.,  Past-President,  Am.  Soc.  C.  E.,  was  commencing  the 
improvement  of  the  Great  Kanawha  River.  He  visited  Europe,  inspected 
the  movable  dams  of  France  and  Belgium,  recommended  the  use  of  the 
Chanoine  wicket  for  the  dams  of  the  Great  Kanawha  improvement,  which 
were  adopted  by  Gen.  Craighill  and  the  War  Department,  and  commenced 
their  construction  in  the  early  Seventies.  A  few  years  later,  Col.  Merrill 
adopted  the  Chanoine  wicket  for  the  movable  part  of  Dam  'No.  1,  Ohio 
River.  It  is  believed  that  the  first  Chanoine  wickets  built  and  placed  by  the 
United  States  Government  were  on  these  works.  With  that  beginning,  as 
stated  by  Col.  Harts,  Division  Engineer,  Central  Division  (including  the 
entire  river),  much  work  and  study  have  been  required  to  plan  the  project, 
with  all  its  mass  of  details  as  it  is  now  formulated.  The  writer  has  read  many 
of  the  engineering  reports  on  the  river,  made  during  the  past  70  years,  and 
fully  concurs  with  Col.  Harts  in  regard  to  the  character  of  the  improvement, 
and  that  the  best,  of  the  many  types  of  construction  proposed,  have  been 
selected. 

The  remarks  on  page  96,  in  reference  to  the  possible  slow  permanent  growth 
in  traffic,  refer  especially  to  package  traffic  by  the  public  carrier,  the  "packet- 
boat"  or  "packet-line".  On  the  upper  river,  where  the  channel  and  other  condi- 
tions are  favorable,  barge-line  traffic  by  privately  owned  barges  and  boats  is 
already  progressing  under  favorable  commercial  conditions,  except  for  the 
interchange  of  traffic  from  barge  line  to  railroad,  which  is  usually  believed  to 

•  Parkersburg,  W.   Va. 
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be  with  a  discrimination  against  the  barge  lines.  Therefore,  the  barge  traffic 
by  privately  owned  barges  and  boats  should  expand  as  the  improvement  pro- 
gresses down  stream,  and  it  appears  to  be  doing  so.  The  statement  by  Mr. 
Eoberts  of  the  tonnage  capacity  of  some  of  the  locks  is  a  valuable  record. 
However,  as  it  is  believed  to  include  only  coal  in  barges  loaded  to  capacity, 
it  would  hardly  be  wise  to  use  it  as  basic  data  for  estimating  the  capacity  of 
the  Ohio  Eiver  locks  for  passing  a  mixed  tonnage  with  possibly  less  that  50%' 
of  coal.  The  important  thought  which  the  writer  wishes  to  convey,  to  those 
not  familiar  with  the  Ohio  Eiver  improvement,  is  that  it  is  converting  a  river 
with  a  past  navigation  of  intermittent  character  and  frequent  annual  or 
monthly  suspensions  to  one  which  is  continuous,  reliable,  and  of  sufficient 
capacity  to  admit  of  any  probable  growth  or  expansion  which  may  be  desired 
in  case  of  war,  railroad  strikes,  or  the  suspension  of  railroad  growth,  or  in 
case  of  other  local  or  National  calamity.  With  this  improvement  completed 
and  properly  maintained,  it  will  be  only  a  question  of  providing  the  requisite 
boats  and  barges  and  manning  them  and  possibly  of  building  a  second  lock 
in  25  to  50  years.  It  is  believed  that  it  is  the  part  of  wisdom  for  communities. 
States,  and  the  Government  to  provide  reserve  resources  in  transportation, 
especially  when  it  can  be  done  at  such  a  small  first  cost,  and  by  a  method 
which  involves  a  minimum  of  cost  for  operation  and  maintenance.  A  high- 
way of  equal  extent,  permitting  an  equally  quick  expansion  in  tonnage  by 
automobile,  or  any  kind  of  railway,  held  in  continual  readiness  for  use,  will  cost 
in  annual  upkeep  probably  ten  times  that  of  the  Ohio  Eiver  locks,  dams,  and 
channel.  Although  the  United  States  has  a  wonderful  railway  system,  one  of 
the  lessons  of  the  World  War  was  that  the  transportation  system  was  insuffi- 
cient for  such  an  emergency,  hence  the  great  importance  of  providing  the 
reserve  in  transportation  afforded  by  the  Ohio  Eiver. 

The  description  of  the  industrial  conditions  in  the  Ohio  Valley,  together 
with  the  economies  of  the  project  by  Col.  Harts,  is  a  valuable  addition  to  the 
reference  thereto  on  pages  95  and  96.  The  opinions  relating  to  river  traffic  are 
somewhat  divergent,  and  conclusive  reasons  for  a  failure  to  have  a  great 
increase  already  in  the  package  traffic  are  so  difficult  to  determine  definitely, 
that  it  would  hardly  be  advisable  for  the  writer  to  dwell  on  them  here,  but  he 
thinks  the  main  cause  for  the  failure,  however,  is  stated  in  the  paragraphs, 
near  the  middle  of  page  96.  The  interesting  discussion  of  the  subject  by  Maj. 
Elliott,  with  a  statement  of  the  traffic  to  June  30,  1921,  and  the  economics  of 
the  project,  is  elucidating,  and  may  satisfy  the  suggestion  by  Col.  Harts  on 
page  141.  As  the  annual  traffic  through  some  of  the  locks  in  the  Pittsburgh 
District  has  exceeded  25  000  000  tons,  it  appears  reasonable  to  expect  that, 
by  the  time  the  project  is  completed  to  Dam  No.  48,  below  Evansville  and 
Henderson,  the  average  annual  commerce  for  the  Ohio  Eiver  will  be  not  less 
than  12  000  000  tons,  with  an  average  movement  of  at  least  200  miles,  or 
2  400  000  000  ton-miles.  Notwithstanding  Maj.  Elliott's  interesting  discus- 
sion, it  appears  that,  after  the  effects  of  the  swollen  after-war  r^ites  of  interest 
and  prices  are  past,  the  annual  interest  on  first  cost,  plus  the  cost  of  operation, 
care,  and  maintenance  may  be  expected  to  be  about  $6  000  000.  These  estimates 
make  the  annual  fixed  charges  per  ton-mile  for  the  entire  commerce  about  2J 
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mills.  An  examination  of  "Poor's  Manual"  does  not  disclose  corresponding 
figures  of  average  cost  per  ton-mile  for  railway  track  maintenance  plus  the 
interest  on  first  cost  of  the  completed  permanent  way;  however,  the  average 
revenue  per  ton-mile  for  all  the  railways  of  the  United  States  is  given  as  7.4 
mills  for  1920,  6.46  mills  for  1919,  5.99  mills  for  1918,  4.56  mills  for  1917, 
and  4.06  mills  for  1916;  that  is,  an  average  of  4.06  mills  per  ton-mile  in  1916, 
the  year  of  low  prices  before  the  war,  as  compared  with  the  average  of 
6.62  mills  for  the  years,  1918  to  1920,  of  swollen  prices  due  to  the  war. 
Although  the  writer  has  not  obtained  the  corresponding  statistics  for  1921  and 
1922,  it  is  known  that  the  railway  revenues  have  continued  to  rise,  and  when 
these  statistics  are  completed,  the  average  revenue  for  these  two  years  will 
probably  be  nearly  1  cent  per  ton-mile.  As  it  is  believed  that  the  average 
interest  and  dividend  rate  on  railroad  bonds  and  stocks  does  not  exceed  5% 
annually  and  is  probably  nearer  4^  to  4^%,  it  becomes  evident  that  the  railway 
rate  for  interest  on  first  cost,  which  is  believed  to  be  about  2  mills,  added  to 
the  maintenance,  must  be  2J  mills  and  probably  considerably  more,  that  is, 
as  much  as  for  the  tonnage  of  the  average  railway  of  the  United  States  as  for 
the  Oh|io  River,  or  more.  As  many  of  the  railways  in  the  Ohio  Valley,  under 
present  traffic  are  working  to  their  capacity,  and  as  the  2  400  000  000  ton-miles 
for  the  river  can  easily  be  multiplied  five  to  ten  times,  when  such  quantities  of 
tonnage  are  offered,  it  appears  that,  as  a  transportation  line  for  the  entire 
valley,  the  improvement  is  unquestionably  advisable,  and  much  more  desirable 
than  additional  railway  trackage  of  an  equal  cost.  It  is  believed  that  a  good 
double-track  railroad  for  the  entire  length  of  the  river,  ready  for  operation, 
would  cost  50%  more  than  the  completed  improved  river. 

To  the  public,  another  advantageous  feature  of  the  improvement  is  that 
referred  to  on  page  96,  "railroad  low  rates  at  competitive  points",  and  more 
strongly  emphasized  by  Maj.  Elliott  at  the  bottom  of  page  1284.  It  is  so 
well  known  that  water  competition  lowers  railroad  rates  at  all  competitive 
points  that  it  does  not  seem  to  be  necessary  to  present  more  statistics  or  dis- 
cussion. It  appears  that  these  advantages  of  emergency  insurance  in  case 
of  National  or  industrial  war,  and  low  freight  rates  effected  by  water  trans- 
portation are  not  given  due  weight  by  many  writers  and  speakers  on  this 
subject.  The  writer  is  so  confident  that  this  river  will  ultimately  comply  with 
the  financial  test  enunciated  by  Col.  Harts,  Maj.  Adams,  and  Mr.  Knowles, 
that,  in  this  particular  case,  these  other  great  reserve  advantages  need  not 
necessarily  be  used  as  governing  factors.  However,  it  is  not  clear  to  the  writer 
that  the  test,  as  enunciated,  is  the  one  to  be  taken  as  the  final  mandate  by  the 
Government  in  all  cases,  because  it  is  well  known  that  the  principal  benefits 
of  the  railways  of  this  country  are  not  to  the  stockholders  and  bond  holders 
but  to  the  people  who  use  them,  who  own  property  near  them,  and  to  the 
National  body  politic.  The  Government  is  now  spending  many  times  as  much 
for  highways  and  National  paved  roads  as  for  rivers  and  harbors.  No  such 
test  as  that  referred  to  seems  to  have  been  suggested  as  a  condition  for  that 
expenditure.  Why,  then,  should  such  a  test  apply  and  be  the  final  criterion 
for  river  improvement  any  more  than  for  public  highways  for  automobiles. 
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horses,  and  pedestrians  from  which  no  revenue  is  received  or  expected  except 
in  the  way  of  National  prosperity  and  the  tax  thereon? 

In  the  movement  of  package  freight,  the  writer  believes  that  a  change  in  the 
present  system  of  operation  must  come  before  the  volume  approaches  that 
which  should  exist  and  be  expected  for  a  proper  service  to  the  public.  It  must 
be  understood  that  the  building  up  of  extensive  service  of  that  character  for 
the  public  requires  financial  responsibility,  an  organized  and  permanent  force 
of  trained  agents  equal  to  that  of  the  railways,  with  no  possibility  of  "cut- 
throat" competition,  a  continuity  and  permanency  of  service  equal  to  that  of 
the  best  railroads,  some  uniformity  in  quality  of  service  and  schedules  of 
boats,  and  an  interchange  of  traffic  with  the  railroads,  with  one  bill  of  lading 
only  from  shipper  to  consignee,  whether  or  not  the  delivery  is  made  by  rail- 
way or  by  boat.  With  these  defects  remedied  and  such  conditions  made  equal 
to  those  of  the  best  railroads,  there  is  a  large  tonnage  of  package  freight 
moving  by  railways  along  the  banks  of  the  river  which  can  be  delivered  by 
boats  more  economically  and  in  less  time  than  by  rail,  thereby  resulting  in 
economy  and  convenience  to  the  public.  Maj.  Adams'  remarks  on  this  sub- 
ject indicate  that  he  may  have  overlooked  the  writer's  suggestion  that  any 
award  of  special  privileges  should  be  under  proper  Government  competitive 
methods  and  control.  The  essential  accomplishment  desired  is  that  the  "packet 
lines"  from  the  head  to  the  mouth  of  the  river  establish  and  maintain  a  per- 
manent service,  for  the  country  people,  towns,  and  cities,  equal  in  accommoda- 
tion, and  reliability,  and  superior  in  speed  of  movement  to  the  best  railway 
service.  Until  such  a  service  is  realized  a  lack  of  genius  as  a  people  to  manr 
age  efficiently  affairs  of  that  character  will  continue  to  be  displayed. 

The  writer  appreciates  Col.  Brown's  discussion  of  the  conditions  in  the 
lower  river  as  a  valuable  extension  of  the  brief  reference  thereto  on  page  98, 
especially  as  to  the  reasons  being  considered  and  the  interesting  features  intro- 
duced by  the  omission  of  two  or  more  of  the  dams  below  Dam  No.  49.  As  he 
states,  the  short  season  of  low  water,  the  great  fluctuations  in  stages,  the  great 
quantities  of  shifting  sand,  and  the  failure  to  find  rock  at  any  of  the  sites  on 
which  to  found  masonry  makes  the  estimate  of  first  cost  high;  and  the  shift- 
ing sand  will  no  doubt  make  the  cost  of  operation  greater  than  that  for  those 
dams  above  Cincinnati.  With  the  new  9-ft.  channels  through  obstructing 
bars  planned  so  as  to  have  the  direction  of  flow  of  the  current  parallel  to  the 
axis  of  the  channel  at  all  stages,  the  probabilities  of  success  appear  to  be 
favorable. 

In  reading  Col.  Brown's  statement  (page  139),  of  the  time  required  to 
place  rolling  gates  in  service  after  the  winter  floods,  it  should  be  remembered 
that,  although  two.  weeks'  time  is  required  at  two  or  more  locks  below  Cin- 
cinnati, the  cases  are  exceptional.  The  delay  in  first  maneuvers  of  the  gates 
after  floods  is  usually  due  to  the  accumulation  of  deposits  of  great  depth  on 
the  gate  tracks  and  about  the  gates.  In  the  recesses  which  are  placed  so  as 
to  have  a  current  flow  over  them  at  a  rate  equal  to  the  average  channel  flow, 
the  accumulation  of  deposit  during  one  winter  is  not  serious.  The  deposit 
in  the  recesses  of  Lock  18,  after  the  three  winters,  1910  to  1913,  averaged  3  ft. 
in  depth  at  the  portals  and  5  ft.  at  the  rear  ends;  the  maximum  depth  not 
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exceeding  these  averages  more  than  1  ft.  This  small  depth  of  deposit  is  due 
in  part  to  the  location  of  the  lock  on  the  concave  shore.  Where  other  condi- 
tions make  it  desirable  to  select  a  location  on  a  straight  stretch,  or  on  a  slightly 
convex  shore,  in  order  to  obtain  the  swiftest  current  possible,  the  recesses 
should  be  as  far  out  in  the  channel  as  other  conditions  will  permit.  A  location 
directly  below  a  jutting  point,  on  a  bar,  immediately  above  a  bar,  or  in  a 
natural  eddy  is  likely  to  cause  excessive  deposit.  Deposit  is  not  easily  remedied 
by  covering  the  opening.  To  be  effective,  the  covers  must  form  practically 
a  perfect  seal,  and  as  they  must  be  broken  as  soon  as  the  flood  is  past,  that 
method  is  expensive. 

As  Col.  Brown  states,  in  this  long  series  of  movable  dams  there  has  already 
occurred  a  serious  shortage  of  water  immediately  after  raising  the  dams, 
resulting  in  stages  of  possibly  as  much  as  3  ft.  below  the  natural  stage  for 
periods  of  several  days. 

The  writer  has  read  Mr.  Knowles'  report  to  the  Pittsburgh  Flood  Commis- 
sion, referred  to  in  his  discussion.  As  apparently  anticipated  in  his  discussion 
and  stated  by  Col.  Brown,  it  appears  that  "a  comprehensive  scheme  of  con- 
trol of  operating  the  dams  will  have  to  be  devised",  or,  at  least,  that  appears 
to  be  desirable.  In  devising  a  complete  system  of  control,  it  may  be  well  to 
consider  the  possibility  of  using  stored  water  and  of  obtaining  some  of  the 
supply  from  the  pools  of  tributaries  with  fixed  dams  now  in  existence,  and 
also  the  further  possibility  of  increasing  such  storage  from  dams  proposed  for 
future  construction  on  tributaries. 

The  system  of  steel  sheet-pile  coifers  in  use  for  the  lock  and  abutment  at 
Dam  No.  34,  to  which  Col.  Brown  refers,  was  started  under  his  direction,  for  the 
purpose  of  reducing  the  great  cost  of  coffers  for  work  of  this  class,  which,  on 
the  middle  section  of  river,  is  nearly  $200  000  for  a  single  lock  and  dam.  It 
consists  of  a  series  of  small  coffers  ranging  in  size  up  to  49  by  150  ft.,  built  of 
a  single  wall  of  steel  interlocking  sheet-piling  about  40  ft.  long,  driven  in 
rectangular  or  curved  forms,  and  braced  by  several  tiers  of  12  by  12-in.  timber. 
This  method  has  been  tried  to  a  more  limited  extent  at  three  up-river  dams, 
and  on  many  smaller  industrial  works.  This  is  its  first  adaptation  to  all  the 
parts  of  an  Ohio  Eiver  lock  with  a  deep  foundation  of  piles.  The  principal 
advantages  of  the  steel  coffer  appear  to  be : 

(a)  It  is  not  so  likely  to  be  injured  by  floods,  and  permits  starting  coffer 
construction  a  month  or  more  earlier  than  with  either  of  the  wood 
types. 
(h)  Less  excavation  is  required. 

(c)  Less  damage  to  the  coffer  by  floods  and  by  deposit,  and  less  machinery 
in  the  coffer  to  be  submerged. 

(d)  Less  obstruction  in  the  river,  thereby  not  so  much  increase  in  the 
velocity  of  the  current,  or  obstruction  and  interference  with  navi- 
gation. 

(e)  The  coffer  wall  is  closer  to  the  permanent  work,  thereby  enabling 
derrick  boats  to  stand  outside  the  coffers  and  place  loads  in  the  per- 
manent work. 
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The  principal  disadvantages  are  believed  to  be  in  the  slower  progress  in 
seasons  of  long  low  water,  excess  in  cost  during  seasons  when  there  is  no  dam- 
age to  wood  coffers  by  floods,  and  excess  in  difficulty  of  removal,  especially 
where  piles  are  driven  deep.  It  is  also  evident  that  the  cost  of  the  steel  coffer 
construction  increases  much  faster  by  increase  in  the  span  between  the  steel 
walls  than  the  distance.  This  cost  becomes  excessive  when  the  timber  braces 
are  longer  than  20  or  24  ft.,  and  require  splicing  or  are  purchased  in  unusually 
long  lengths.  A  comparison  of  the  cost  reports  of  the  building  and  removal  of 
Lock  34  coffer  and  of  those  of  Lock  38  box  coffer,  which  was  constructed  and  in 
use  during  the  same  time,  indicates  that  the  cost  of  Dam  'No.  34  is  the  greater. 

Maj.  Adams'  data  of  the  hydraulics  of  the  river  at  Dam  No.  48  (Mile 
804)  and  his  description  of  some  of  the  main  features  of  the  dam  is  a  valu- 
able addition  to  the  paper.  However,  when  the  dam  was  designed,  about  10 
years  ago,  it  was  hardly  realized  what  a  great  improvement  the  improved  bear- 
trap  would  make  in  the  ease  of  regulating  the  upper  pools,  and  the  great 
reduction  it  effects  in  the  labor  of  operation.  In  recommending  that  one  of 
the  Dam  No.  18  bear-traps  be  placed  next  to  the  abutment,  it  was  expected  that 
part  of  the  difficulty  of  passing  from  pass  to  wicket  weir  would  thereby  be 
overcome.  As  indicated  on  pages  111  and  128,  it  has  long  since  been  clear 
to  the  writer  that  it  would  have  been  wise  to  have  placed  both  traps  together 
and  adjacent  to  the  abutment,  even  at  the  further  expense  of  increase  in  the 
cost  of  bank  protection.  It  is  now  gratifying  to  learn,  from  the  discussions  by 
Mr.  Grimm  and  the  late  Mr.  Thomas,  that  they  also  had  reached  the  same  con- 
clusion in  regard  to  the  relative  position  of  pass,  wicket  weir,  and  bear-traps  for 
other  dams  now  being  designed  or  constructed.  As  the  91-ft.  bear-traps  can 
be  relied  on  to  maneuver  in  1  or  2  min.,  up  or  down,  without  any  other 
effort  than  that  required  in  opening  two  valves  and  closing  two  others,  and,  as 
the  up  keep  is  small,  it  appears  to  the  writer  to  be  inadvisable  to  build  a  dam 
without  one  trap;  two  are  preferable;  and,  as  stated  on  page  129  and  by  Mr. 
Grimm  on  page  149,  the  excessive  cost  of  the  bear-traps  is  one  of  the  principal 
reasons  for  not  adding  a  third  trap  instead  of  100  or  200  lin.  ft.  of  weir 
wickets,  as  in  the  dams  of  recent  design.  However,  another  reason,  which 
also  must  be  considered,  is  the  fact  that  a  head  of  water  is  required  to  remove 
deposit  from  the  trap  recesses  and  inlet  and  outlet  culverts  immediately  after 
the  wickets  are  raised.  The  wider  the  bear-trap  opening  the  longer  the  time 
needed  to  obtain  the  required  head.  At  that  particular  time,  in  maneuvering 
the  dam,  every  minute  of  delay  is  of  importance  to  navigation.  The  reader 
should  bear  this  condition  in  mind  while  reading  the  long  argument  (pages 
159  to  164)  for  more  bear-traps  and  the  entire  elimination  of  weir  wickets. 

Mr.  Williams  gives  an  interesting  record  of  the  trap  of  highest  lift  of  which 
the  writer  knows. 

In  reading  Mr.  Duis'  reference  to  the  Dam  No.  18  bear-traps  and  weir,  it 
should  be  remembered  that  the  dams  on  the  upper  river  were  not  built  in  order. 
When  Dam  18  was  started  and  when  the  bear-traps  were  designed  and  con- 
structed, there  was  not  a  steel  bear-trap  in  operation  on  the  river,  or  in  the 
world,  approaching  it  in  stiffness  or  weight  per  square  foot  of  lower  leaf.    At 
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that  time  only  Dam  No.  1,  with  only  one  50-ft.  wooden  trap,  had  been  placed  in 
operation.  The  writer  visited  that  dam  in  '1902,  and  the  trap  was  out  of 
service  for  repairs.  It  is  the  great  improvement,  in  the  No.  18  and  the  other 
steel  traps  with  leaves  of  the  same  design,  which  has  reduced  the  usage  of 
the  Chanoine  wicket  weir,  notwithstanding  the  excellence  of  weirs  of  that  type 
operated  from  a  bridge,  as  long  demonstrated  by  the  eight  dams  on  the  Great 
Kanawha  River.  The  six  dams  referred  to  on  page  160  are  Dams  Nos.  1 
to  6,  inclusive,  on  the  Ohio  River,  all  of  which  were  commenced  several  years 
in  advance  of  Dam  No.  18.  Wooden  traps  were  first  designed  for  several  of 
them  and  for  some  of  the  other  dams.  The  change  to  steel  for  Dams  Nos.  2 
to  5,  inclusive,  was  decided  at  about  the  time  the  No.  18  plans  were  com- 
pleted or  after.  The  span  of  the  steel  traps  for  those  dams  was  made  91 
ft.  to  fit  masonry  which  had  been  built  before  the  decision  as  to  building  the 
steel  traps,  and  thus  that  span  has  become  the  standard  for  the  river.  When 
Dam  No.  18  was  designed,  the  regulation  of  all  the  upper  pools  then  in  opera- 
tion in  the  tJnited  States  was  being  done  principally  or  entirely  by  the  use  of 
wickets.  That  method  had  been  used  extensively  in  Europe  for  many  years. 
The  operation  of  wickets  from  a  bridge  is  the  only  method  of  pool  regulation 
on  the  Great  Kanawha.  Although  the  improved  bear-trap  is  superior  to  the 
wicket  as  a  regulating  weir,  under  the  direction  of  the  builder  of  the  Kanawha 
dams,  their  operation  appeared  to  be  excellent  until  the  No.  18  type  of  trap  was 
placed  in  commission.  During  the  5  years  of  operation  of  Dam  No.  18,  under 
the  charge  of  the  writer,  the  wicket  weir  was  used  as  an  important  factor  in 
regulation  and  operation.  In  later  years,  due  to  the  ease  of  maneuvering  the 
bear-traps,  the  inclination  appears  to  be  to  use  the  traps  for  that  purpose  to 
their  limit  before  seeking  assistance  by  use  of  the  wickets.  Although  the 
improved  bear-trap  has  reduced  the  use  of  the  weir  wickets,  it  seems  somewhat 
premature  to  state  that  wickets  are  "obsolete".  This  seems  especially  true  as 
long  as  those  in  authority  continue  to  design  and  build  new  dams  with  wicket 
weirs,  as  indicated  in  the  discussions  by  Mr.  Thomas  and  Mr.  Grimm.  The 
writer  regrets  that  they  did  not  amplify  more  of  the  subjects  introduced  so 
briefly  in  the  paper. 

Besides  the  improved  arrangement  of  wicket  weirs  in  Dams  34,  36,  and 
38,  described  on  pages  149  and  151  it  is  gratifying  also  to  note  that,  in  some 
of  the  new  plans,  the  filling  and  emptying  of  culverts  for  the  bear-traps  is 
being  planned  about  as  suggested  in  Paragraph  (c),  page  130. 

In  referring 'to  the  formula,  Q  =  m  (i'  H')  sf  2  g  (h  +  Z),  page  103,  Mr. 
McAlpine  pertinently  says  that  "the  lack  of  authentic  experimental  data  as 
to  the  proper  values  of  m  makes  the  use  of  this  formula  unsatisfactory".  The 
writer  diligently  sought  a  more  applicable  formula,  and  more  data  as  to  values 
of  m,  without  satisfactory  results.  He  doubts  if  any  exist.  It  is  believed  that 
satisfactory  data  must  be  obtained  from  completed  dams  in  operation,  and 
not  from  models.  In  the  particular  case  used  on  page  103,  from  observations 
of  the  discharge  through  the  completed  dam,  the  writer  believes  that  the 
actual  discharge  is  quite  close  to  that  computed  (57  700  cu.  ft.  per  sec),  and 
he  is  confident  that  the  discharge  computed  on  page  165   (33  900  cu.  ft.  per 
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sec),  equivalent  to  the  natural  discharge  of  the  river  at  a  7-ft.  stage,  is  too 
small.  The  writer  fully  agrees  with  Mr.  McAlpine  that  it  is  time  that  some 
of  these  formulas  and  data  were  tested  by  experiment,  and  that  all  desired 
values  be  obtained  by  careful  observation  and  velocity  measurements  at  all 
stages  below  the  crest  of  dams. 

The  apparent  error  in  the  areas  of  discharge,  referred  to  by  him,  is  due 
to  the  fact  that  the  gauge  observations  were  made  at  a  point  about  J  mile 
below  the  dam,  up  to  a  stage  of  10.7  ft.,  the  highest  stage  at  which  observa- 
tions were  made.  These  areas,  from  a  section  at  that  place,  were  used  up  to 
the  11-ft.  stage,  whereas,  above  11  ft.,  the  areas  were  taken  from  the  cross- 
section  of  the  river  on  the  axis  of  the  dam. 

In  1855,  Mr.  Herman  Haupt,  a  Civil  Engineer,  published  an  article  on  the 
Ohio  River  problems,  improvement  of  navigation  and  flood  control  by  use  of 
restraining  dams,  in  which  he  says,  "the  control  of  floods,  therefore,  may  be 
left  to  future  legislation.  It  will  be  sufficient  at  present  to  attend  to  the 
improvement  of  the  nagivation.  To  accomplish  this  object  will  be  glory 
enough  for  one  generation." 

Most  members  of  this  Society  were  born  after  these  words  were  written, 
and  have  seen  engineering  inventions  and  works,  greater,  more  numerous,  and 
more  wonderful  than  those  by  all  the  preceding  generations  combined.  They 
indicate  a  surprising  vision  for  one  of  that  day  when  the  wonderful  discov- 
eries and  improvements  of  this  generation  were  hardly  commencing. 

It  is  a  great  pleasure  to  the  writer  to  know  that  he  has  taken  even  a  small 
part  in  the  solution  of  the  problems  relating  to  the  Ohio  River  project  and 
improvement,  one  of  the  many  great  works  conceived,  designed,  and  executed 
by  his  fellow  workers  of  this  Society. 

As  a  last  word,  the  writer  wishes  to  express  sincere  and  grateful  apprecia- 
tion to  each  of  the  contributors  for  the  valuable  matter  added  to  this  paper, 
by  their  discussions. 
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THE    COMPARISON    OF    CONCRETE    GROINED   ARCHES 

AS    AN    AID    IN    THEIR    DESIGN 

By  Philip  O.  Macqueen,*  Assoc.  M.  Am.  Soc.  C.  E. 


With  Discussion  by  Messrs.  Thomas  H.  Wiggin  and  Philip  O.  Macqueen. 


Synopsis 


Most  engineers  recognize  the  value  of  comparison  as  an  aid  in  the  design 
of  practically  all  structures,  both  as  a  valuable  check  and  also  as  a  preventative 
of  unusual  errors.  Comparison,  however,  must  be  used  with  good  judgment 
and  extreme  caution,  as  otherwise  dangerous  mistakes  may  easily  be  made. 
Comparisons  cannot  be  used,  in  some  instances,  with  special  or  original 
structures,  but  these  cases  are  a  small  proportion  of  the  total. 

With  statically  indeterminate  structures,  such  as  concrete  groined  arches, 
the  use  of  comparison  as  an  aid  to  design  becomes  doubly  valuable.  Actual 
design  in  this  case  is  impossible,  and  the  engineer  must  use  empirical  methods 
and  comparisons.  Empirical  formulas  alone  could  not  be  used  safely  in  the 
design  of  concrete  groined  arches,  and  comparisons,  therefore,  become  funda- 
mentally important. 

This  paper  presents  a  study  of  the  proportions  of  typical  concrete  groined 
arches  which  have  been  used  successfully  for  reservoir  roofs.  It  is  believed 
that  the  various  ratios  and  dimensions  discussed  will  be  helpful  in  problems 
of  design  and  that  the  use  of  these  ratios  will  save  not  only  a  great  deal  of 
the  work  of  preliminary  design,  but  will  serve  also  as  a  guide  to  more  economical 
structures.  Special  types  of  concrete  groined  arches  built  to  support  un- 
usually heavy  loads,  such  as  filter  tanks,  are  not  included  in  the  scope  of  this 
paper. 


As  one  of  the  problems  of  Civil  Engineering  the  groined  arch,  now  generally 
used  for  reservoir  roofs,  is  an  interesting  anomaly.     The  method  of  designing 
Cons.  Municipal  and  San.  Bngr.,  Washington,  D.  C. 
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the  structure  is  empirical  and  from  a  strictly  mathematical  or  even  logical  view- 
point, its  exact  design  is  impossible.  This  type  of  structure  has  been  used, 
however,  for  more  than  2  000  years,  and,  when  carefully  constructed,  its  safety 
is  beyond  question.  It  is  as  safe  or,  perhaps,  safer  than  the  ordinary  arch 
used  in  bridge  or  in  building  construction.  The  singularity  of  the  groined 
arch  roof  lies  in  the  condition  that  a  structure  so  simple,  strong,  and 
harmonious,  is  so  complicated  as  regards  a  mathematical  analysis  of  its  stresses, 
even  under  a  symmetrical  loading.  The  purpose  of  this  paper  is  to  make  a 
comparison  of  existing  groined  arches  and  to  suggest  several  rules  that  should 
be  of  use  in  the  design  of  such  structures. 

The  usual  methods  attempted  in  the  design  of  concrete  groined  arches  are 
based  on  the  principles  that  are  used  in  the  design  of  simple  cylindrical  arches. 
These  methods,  as  applied  to  concrete  groined  arches,  have  been  fully  developed 
by  Thomas  H.  Wiggin,*  M.  Am.  Soc.  C.  E.,  and  also  by  Leonard  Metcalf,t 
M.  Am.  Soc.  C.  E.  It  is  unnecessary,  therefore,  to  repeat  the  complete 
mathematical  analysis.  The  method,  although  simple,  is  somewhat  cumber- 
some, and  is  not  completely  presented  in  textbooks.  The  article  by  Mr. 
Wiggin  contains  several  methods  of  designing  groined  arches,  but  for  the 
purpose  of  this  paper,  it  will  be  sufficient  to  summarize  briefly  the  generally 
preferred  method. 

In  general,  there  are  two  steps  in  this  preferred  method  of  design:  First, 
the  selection  of  a  groined  arch  of  certain  dimensions ;  and,  second,  the  investi- 
gation of  this  arch  for  stability  under  the  required  loadings  by  the  "hypothesis 
of  least  crown  thrust."  This  hypothesis  assumes  that  the  true  "line  of 
resistance"  is  that  for  which  the  thrust  at  the  crown  of  the  arch  is  the  least 
possible  consistent  with  equilibrium.  The  strength  and  stability  of  the 
arch  depend  on  the  position  of  the  "line  of  resistance"  and  the  position  of 
this  line,  in  turn,  depends  on  the  amount,  direction,  and  point  of  application 
of  the  crown  thrust.  The  crown  thrust  is  assumed  to  act  horizontally  at 
the  upper  third  point  of  the  thickness  of  the  arch  at  the  crown.  The  ex- 
ternal loading  in  this  case  is  considered  as  acting  on  a  triangular  area 
obtained  by  assuming  that  the  arch  is  cut  vertically  along  the  groined 
lines,  as  this  method  of  loading  will  be  found  to  give  greater  unit  stresses 
at  the  "joint  of  rupture"  than  other  methods.  As  a  condition  of  equi- 
librium, it  is  further  assumed  that  the  center  of  pressure  will  always 
remain  within  the  middle-third  of  every  joint.  With  these  assumptions  and 
correct  data  in  regard  to  the  dead  and  the  live  loads,  the  crown  thrust  and 
the  thrust  at  the  joint  of  rupture  are  easily  (although  somewhat  laboriously) 
computed  by  the  usual  methods  as  given  in  textbooks  on  simple  cylindrical 
voussoir  arches.  The  final  step  in  the  design  consists  in  laying  out  a  cross- 
section  of  the  arch  on  a  large  scale,  and  making  a  careful  graphical  check  of 
the  problem  and  the  position  of  the  "lines  of  resistance"  for  the  various 
loadings. 

The  preferred  method  of  design  previously  outlined,  although  cumbersome, 
has  always  produced  safe  structures  and,  therefore,   it  is  used.     With   good 

•  Engineering  Record,  March   12th,   1910.  p.   298. 

t  Transactions,  Am.  Soc.  C.  E.,  Vol.  XLIII  (1900),  p.  37. 
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concrete,  the  factor  of  safety  is  high,  as  has  been  proved  many  times.  Arches 
designed  for  the  normal  loading  of  2  ft.  of  earth  plus  a  live  load  of  100  lb. 
per  sq.  ft.  have  safely  carried  a  load  of  10  ft.  of  earth.  Cases  are  also  on 
record  of  other  arches  carrying  heavy  concentrated  loads  far  in  excess  of  those 
anticipated.  As  an  example  of  a  still  more  severe  test,  arches  unsupported 
at  the  crown  have  been  loaded  to  at  least  four  times  the  allowable  load,  thus 
proving  the  strength  of  the  structure.  Groined  arch  roofs  have  failed,  but, 
in  each  case,  the  failure  has  been  due  to  faulty  foundations,  poor  concrete, 
or  to  unusual  stresses  at  certain  times  during  construction.  No  cases  are 
on  record  of  groined  arches  that  have  failed  on  account  of  poor  design  or 
even  excess  loading. 

TABLE  1. — Data  on  Concrete  Groined  Arches  for  Reservoir  Roofs. 


No. 


(I) 


10 

11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 


Date 


U) 


1908 
1909 
1903 
1909 
1911 
1910 
1903 
1899 
1900 
19(13 
1912 
1907 
1907 
1908 
1904 
1913 
1912 
1907 
1902 
1909 
1916 
1908 
1905 
1908 
1912 
1913 
1913 
1912 
1912 
1920 


Location. 


(3) 


Watertown,  N.  Y 

Providence.  R.  I 

Itliaca,  N.  Y 

Springfield,  Mass 

Toronto.  Ont.,  Canada 

Owen  Sound,  Ont.,  Canada  . . 

Washington,  D.  C 

Albany.  N.  Y 

.Superior.  Wis 

Washington,  D  C 

Roland  Park,  Md 

Philadelphia.  Pa 

Lawrence,  Mass 

Pittsburgh.  Pa 

Philadelphia,  Pa 

Baltimore.  Md 

Grand  Rapids.  Mich 

Philadelphia,  Pa 

Milf  ord,  Mass 

Springfield.  Mass 

Cleveland,  Ohio 

Columbus,  Ohio 

Washington,  D.  C 

Pittsburgh,  Pa 

New  York  City 

Minneapolis,  Minn 

Montreal.  Que.,  Canada 

New  York  City* 

New  York  City* 

Cleveland,  Ohio* 


(4) 


5| 


(5) 


000 
2.50 
500 
3:33 
333 
500 
833 
917 
000 
167 
000 
167 
167 
167 
417 
500 
833 
000 
000 
000 
080 
167 
500 
750 
000 
333 

.000 
000 

160 
960 


1.500 

2.500 

1.500 

2.000 

2.000 

2.500 

2.500 

2.500 

2.500 

2.500 

2.66 

3.000 

2.750 

3.000 

3.000 

3.000 

3.000 

3.000 

3.000 

2.750 

3.500 

8.167 

3.500 

4.000 

3.750 

3.500 

4.250 

4.500 

5.000 

4.500 


(6) 


0.500 
0.500 
0.500 
0.500 
0.50G 
0..500 
1.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 
0.500 


(7) 


0.833 
1.250 

0.833 

1.2.50 

1.16 

1.16' 

1.41' 

0.500 

0.500 

1.417 

1.500 

1.750 

1.667 

1.750 

1.750 

1.750 

1.833 

1.750 

1.500 

1.500 

2.000 

1.91 

2.083 

2.16' 

2.000 

2.000 

2.000 

2.500 

2.. 580 

2.500 


O    5^   _ 


(8) 


11.500 
11.917 
12.000 
13.000 
13.000 
13.000 
13.667 
13.667 
13.667 
14.000 
14.667 
15.000 
15.000 
15.000 
15.250 
15.000 
15.000 
15.833 
16.000 
16.000 
15.750 
16.833 
18.000 
18.000 
18.000 
18.000 
19.000 
20.000 
22.0(10 
20.292 


Ratios  : 


(-) 

(9) 


0.150 
0.244 
0.143 
0.177 
0.177 
0.218 
0.211 
0.210 
0.208 
0.206 
0.205 
0.228 
0.209 
0.228 
0.224 
0.222 
0.217 
0.214 
0.214 
0.196 
0.249 
0.209 
0.226 
0.254 
0.234 
0.214 
0.250 
0.250 
0.261 
0.253 


(— ) 
^b  +  t^ 

(10) 


0.417 
0.417 
0.417 
0.500 
0.467 
0.388 
0.472 
0.167 
0.167 
0.472 
0.473 
0.500 
0.513 
0.500 
0.500 
0.500 
0.524 
0.500 
0.42S 
0.462 
0.500 
0.522 
0.522 
0.482 
0.470 
0.500 
0.422 
0.500 
0.469 
0.500 


>  o 
< 

(n) 


0.562 
0.635 
0.568 
0.566 
0.582 
0.625 
0.606 
0.774 
0.747 
0.600 
0.593 
0.609 
0.590 
0.609 
0.607 
0.582 
0.543 
0.604 
0.658 
0.623 
0.618 
0.568 
0.646 
0.683 
0.653 
0.600 
0.700 
0.646 
0.744 
0.675 


♦Under  construction  or  proposed. 

Notwithstanding  this  proved  strength,  however,  the  method  of  designing 
groined  arches  is  empirical,  and  a  strictly  mathematical  or  even  logical  method 
of  their  design  is  impossible.  This  statically  indeterminate  condition  is  due 
principally  to  the  multiplicity  of  the  points  of  support  so  that,  although  the 
loading  on  the  groined  arch  roofs  is  symmetrical  and  easy  to  compute,  it  is, 
nevertheless,  practically  impossible  to  develop  a  formula  that  will  give  a 
logical  distribution  of  the  stresses  caused  by  the  loading.  The  flat  slab  type 
of  concrete  structure  is  statically  indeterminate  for  the  same  reason.     The 
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preferred  method  of  design  for  groined  arch  roofs  is  that  which  gives 
the  greatest  unit  stresses  and,  therefore,  the  highest  factor  of  safety.  The 
labor  involved  in  this  method  can  be  appreciated  by  the  fact  that  the 
average  engineer,  unless  experienced  in  this  work,  usually  will  require  a 
month  to  lay  out,  investigate,  check,  compare,  and  finally  select  a  groined 
arch  for  an  important  structure.  Simple,  rational  formulas  have  replaced 
the  lengthy  methods  originally  used  in  the  design  of  flat  slab  roofs  so  that 
it  is  consistent  with  economical  engineering  practice  that,  if  possible,  the 
complicated  method  of  design  of  groined  arches  should  be  replaced  with  much 
simpler  methods. 

Strength  and  economy  are  the  two  most  important  items  in  the  design  of 
groined  arches.  Table  1  presents  a  comparison  of  thirty  typical  groined  arches, 
the  dimensions  and  general  data  for  most  of  which  have  been  taken  from 
a  table  compiled  by  John  H.  Gregory,  M.  Am.  Soc.  C.  E.,  and  published 
in  an  article*  by  J.  W.  Armstrong,  M.  Am.  Soc.  C.  E.  The  arches  are  listed 
according  to  the  length  of  span.  The  ratios  given  in  Columns  9  and  10  and 
the  average  thicknesses  of  the  groined  arch  roofs  given  in  Column  11,  have 
been  calculated  by  the  writer. 

Table  2  gives  a  summary  of  the  various  unit  stresses  and  crown  thrusts 
obtained  in  a  few  typical  arches.  In  each  case,  the  stresses  were  calculated 
by  the  method  of  "least  crown  thrust,"  as  outlined  previously, 


TABLE  2. — Unit  Stresses  and  Crown  Thrusts  Calculated  by  Method  of 
"Least  Crown  Thrust"  for  Three  Typical  Groined  Arches. 


Clear 

scan 

(2a), 

in  feet. 

Rise  of 
intrados 

in  feet. 

Crown 
thick- 
ness 
(t). 
in  feet. 

Rise  of 
extrados 

infeet. 

Span. 

center  to 

center,  of 

columns 

(2  c), 

in  feet. 

Arch  Stresses  for  Loading  of  2  Ft. 

OF  Earth.  Plus  Live  Load 

OF  100  Lb.  per  Sq.  Ft. 

No. 

0)    . 

S3  a 
a  o 

S-9 
o 

Maximum  unit 
compression  at 
crown,  in  pounds 
per  square  inch. 

Maximum  unit 

compression  at 

joint  of  rupture, 

in  pounds  per 

square  inch. 

§3.2 

sag 

•^  m  ft 

1 
2 
3 

17.96 
17.96 
17.96 

3.75 

4.00 
4.50 

0.50 
0.50 
0.50 

2.25 
2.25 
2.50 

20.292 
20.292 
20.292 

5  310 
5  120 
4  640 

148 
142 
129 

267 
238 
210 

59 
55 
51 

Tables  1  and  2  present  a  number  of  interesting  comparisons  which  will  be 
discussed  in  the  order  of  their  importance. 

(a). — Form  of  Groined  Arch  Roofs. — The  type  of  groined  arch  reservoir 
roof  invariably  selected  by  designing  engineers  consists  of  one  in  which  the 
intrados  is  formed  by  semi-elliptical  cylindrical  surfaces  and  the  extrados  by 
parabolic  cylindrical  surfaces.  The  arches  listed  in  Tables  1  and  2  are  of 
this  type.  The  elliptical  shape  of  the  intrados  lends  itself  to  a  systematic 
arrangement  at  the  column  supports  and  the  flattened  form  of  the  arch  allows 
for  long  spans  with  a  minimum  loss  of  head-room.  The  parabolic  extrados, 
*  Engineering  Record,   November   15th,    1913. 
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in  its  turn,  gives  a  uniformly  increasing  thickness  to  the  arch.  Taken  together, 
the  two  curves  are  excellently  adapted  for  groined  arch  reservoir  roofs,  and 
it  is  difficult  to  conceive  that  more  effective  curves  could  be  used. 

(6), — Length  of  Span. — The  length  of  span  is  more  a  question  of  economy 
than  of  strength,  although  strength  is  an  important  item  for  investigation. 
If  the  columns  are  long,  the  span  should  also  be  long,  in  order  to  save  concrete 
by  a  reduction  in  the  number  of  columns.  The  calculations  must  also  include 
the  average  thicknesses  of  the  roofs,  and  several  comparisons  should  be  made. 
Confidence  in  the  strength  of  groined  arch  roofs  has  increased  rapidly  in  the 
past  twenty  years,  and  the  tendency  is  to  use  longer  spans  than  was  customary 
in  the  early  days.  Spans  as  short  as  10  ft.  would  hardly  be  considered  at 
the  present  time,  unless  the  groined  arch  roof  was  intended  to  support  very 
heavy  loads,  such  as  filter  tanks.  For  columns  less  than  20  ft.  in  length,  the 
average  span  used  at  present  is  about  15  ft.,  center  to  center  of  columns; 
whereas  for  colmnns  20  to  30  ft.  in  length,  the  span  is  usually  18  to  20  ft. 
A  span  of  20  ft.  is  probably  the  maximum  which  could  be  recommended  for 
groined  arch  roofs. 

(c). — Crown  ThicJcness. — As  shown  in  Table  1,  the  crown  thickness  in  every 
case  has  been  taken  as  6  in.,  and  the  comparison,  therefore,  is  simple.  It 
might  be  argued  that  the  crown  thickness  for  the  arches  with  the  shorter  spans 
could  be  less  than  that  given,  but  this  is  not  the  case.  With  the  loads  in 
question  (normally  2  ft.  of  earth  plus  a  live  load  of  100  lb.  per  sq.  ft.),  the  6- 
in.  thickness  is  about  the  minimum  that  could  be  recommended.  Engineers 
feel  responsible  for  the  safety  of  the  structures  they  design  and  hesitate  to  use 
excessively  thin  sections,  although  calculations  may  indicate  that  such  sections 
are  thicker  than  necessary.  It  will  be  readily  seen,  however,  from  Table  2, 
that  a  thickness  greater  than  6  in.  is  uncalled  for,  as  all 
the  compressive  unit  stresses  at  the  crown  are  less  than 
150  lb.  per  sq.  in.  A  reasonable  increase  in  the  loading, 
or  in  the  length  of  the  span,  would  possibly  give  a  max- 
imum compressive  unit  stress  at  the  crown  of  300  lb. 
per  sq.  in.,  but  even  this  would  be  safe.  The  use  of  6  in. 
for  the  crown  thickness  for  all  concrete  groined  arch  re- 
servoir roofs,  therefore,  does  not  seem  to  be  unreasonable. 

(d). — Average  ThicJcness  of  Roof. — In  order  to  make  a 
study  of  the  economy  of  the  several  groined  arches  selected 
for  comparison,  it  is  necessary  to  calculate  the  volume  of 
concrete  contained  in  each.     This  study  is  easily  made  by 
formulas  derived  by  Mr.  John  H.  Gregory  and  W.  B.  Fuller,  M.  Am.  Soc.  C.  E. 
The  volume,  V,  of  a  single  square  groined  arch  roof  section  (Fig.  1),  above  the 
springing  line  of  the  intrados,  is  calculated  as  follows : 
V  =:  m  +  n  —  p 


Fig.  1. 


m  ■=  46 


71  =  4c2  t 
2)  =  —c^  h 
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in  which, 

a  =  one-half  the  clear  span; 

6  =  rise  of  intrados; 

c  =  one-half  of  the  span,  center  to  center,  of  columns; 

h  =  rise  of  extrados;  and 

t  =  crown  thickness. 

When   the   clear   span,   crown   thickness,   and   span,   center   to   center,   of 

r           2  7t        1 

columns  have  been  selected,  the  quantities,  4c^  +  — -a^ — ac     and  4  c'^  t, 

become  constants  which  may  be  expressed  by  h  and  k\     The  formula  for 
volume  then  becomes: 

O 

5.00 
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The  average  thickness  of  the  groined  arch  roof,  which  is  a  convenient 
method  of  expressing  the  volume,  is  then  obtained  by  dividing  the  volume  by 
4c-,  the  total  projected  area  of  the  groined  arch  section.  All  dimensions 
should  be  given  in  feet.  Tables  3  and  4  have  been  calculated  in  order  to 
show  the  effect  of  the  change  of  the  rise  of  the  intrados  and  extrados  on  the 
volume  of  concrete.  In  Table  3,  the  rise  of  the  intrados  has  been  made  the 
variable  and,  in  Table  4,  the  rise  of  the  extrados  has  been  made  the  variable. 
The  curves.  Figs.  2  and  3,  have  been  plotted  from  the  results  given  in  Tables 
3  and  4.  It  will  be  observed  that  the  average  thicknesses  of  the  groined  arch 
roofs  increase  directly  with  the  increase  in  the  rise  of  the  intrados  and 
inversely  with  the  rise  of  the  extrados.  For  the  purpose  of  comparison,  tables 
and  curves  similar  to  those  just  mentioned  should  be  prepared  for  each  new 
span  selected  for  investigation.  It  will  also  be  found  that  the  average  thick- 
ness decreases  directly  with  the  span.  The  volumes  of  concrete  contained 
in  the  columns  must  be  included  in  the  final  comparison. 

TABLE  3. — Calculated  Average  Thicknesses  of  a  Typical  Groined  Arch 
Roof  with  Variable  Values  for  the  Rise  of  Intrados. 


No. 


1 

2 
8 

4 
5 
6 
7 
8 
9 
10 
11 
13 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 


Clear 

Rise  of 

Rise  of 

Crown 

span 

intrados 

extrados 

thickness 

(2  a), 

(b). 

(h). 

(t). 

in  feet. 

in  feet. 

in  feet. 

in  feet. 
0.50 

17.96 

3.75 

2.00 

0.50 

17  96 

4.00 

2.00 

0.50 

17.96 

4.35 

3.00 

0.50 

17.96 

4.50 

2.00 

0.50 

17.96 

4.75 

2.00 

0.50 

17.96 

5.00 

2.00 

0.50 

17.96 

3.75 

2.25 

0.50 

17.96 

4.00 

2.25 

0.50 

17.96 

4.25 

2.25 

0.50 

17.96 

4.50 

2.25 

0.50 

17.96 

4.75 

2.25 

0.50 

17.96 

5.00 

2.25 

0.50 

17.96 

3.75 

2.50 

0.50 

17.% 

4.00 

2.50 

0.50 

17.96 

4.25 

2.50 

0.50 

17.96 

4.50 

2.50 

0.50 

17.96 

4.75 

2.50 

0.50 

17.96 

5.00 

2.50 

0.50 

17.96 

3.75 

2.75 

0.50 

17.96 

4.00 

2.75 

0.50 

17.96 

4.25 

2.75 

0.50 

17.96 

4.50 

2.75 

0.50 

17.96 

4.75 

2.75 

0.50 

17.96 

5.00 

2.75 

0.50 

17.96 

8.75 

3.00 

0.50 

17.96 

4.00 

3.00 

0.50 

17.96 

4.25 

3.00 

0.50 

17.96 

4.50 

3.00 

0.50 

17.96 

4.75 

3.00 

0.50 

17.96 

5.00 

3.00 

0.50 

Span, 
center  to 
center,  of 
columns 

(2  c), 
in  feet. 


20.292 
20.292 
20.293 
20.293 
20.292 
20.292 
20.393 
30.393 
30.393 
30.393 
30.393 
30.392 
20.292 
20.292 
20.293 
20.393 
20.292 
30.393 
30.393 
30.293 
20.393 
20.293 
20.393 
20.393 
20.392 
20.393 
20.293 
30.393 
20.292 
20.292 


Ratios. 


V3a/ 


0.209 
0.233 
0.337 
0.353 
0.365 
0.378 
0.209 
0.233 
0.237 
0.352 
0.265 
0.378 
0.309 
0.333 
0.237 
0.3.')3 
0.265 
0.278 
0.209 
0.223 
0.237 
0.353 
0.365 
0.378 
0.309 
0.333 
0.237 
0.252 
0.265 
0.378 


\b+t/ 


0.471 
0.445 
0.433 
0.400 
0.881 
0.364 
0.530 
0.500 
0.474 
0.450 
0.438 
0.409 
0.588 
0.556 
0.536 
0.500 
0.476 
0.454 
0.647 
0.613 
0.580 
0.550 
0.534 
0.500 
0.706 
0.667 
0.633 
0.600 
0.572 
0.545 


Average 

thickness 

of  roof, 

in  feet. 


0.661 
0.693 
0.736 
0.758 
0.792 
0.825 
0.618 
0.652 
0.684 
0.718 
0.750 
0.782 
0.577 
0.610 
0.643 
0.675 
0.708 
0.742 
0,536 
0.567 
0.603 
0.634 
0.666 
0.700 
0.494 
0.536 
0.558 
0.593 
0.635 
0.657 


(e). — Rise  of  Intrados. — The  rise  of  the  intrados  is  usually  considered  one 
of  the  more  difficult  questions  to  solve  in  the  design  of  groined  arch  roofs,  as 
this  factor  involves  a  question  of  both  strength  and  economy.  Fig.  4,  plotted 
from  data  given  in  Table  1,  shows  the  comparison  of  the  rise  of  the  intrados 
to  the  clear  span.    The  rise  of  the  intrados  is  observed  to  increase  gradually 
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with  the  increase  of  the  clear  span,  and  the  average  rate  of  this  increase  is 
shown  by  the  curve  in  Fig.  4,  the  equation  of  which  is : 


y 


7  2«  1    r 

0  =  — 1.5. 

TABLE  4. — Calculated  Average  Thicknesses  of  a  Typical  Groined  Arch 
KooF  WITH  Variable  Values  for  the  Rise  of  Extrados. 


Span, 

Ratios. 

Clear 

Rise  of 

Rise  of 

Crown 

center  to 

Average 

No. 

span 

intrados 

extrados 

thickness 

center,  of 

thiclsness 

(2  a), 

(6), 

(h), 

(Oi 

columns 

V2a/ 

V6  +  f/ 

of  roof. 

in  feet. 

in  feet. 

in  feet. 

in  feet. 

(2  c), 

in  feet. 

in  feet. 

1 

17.96 

3.75 

2.00 

0.50 

20.292 

0.209 

0.471 

0.661 

2 

17.96 

3.75 

2.25 

0.50 

20.292 

0.209 

0.580 

0.618 

3 

17.96 

3.75 

2.50 

0.50 

20.292 

0.209 

0.588 

0.577 

4 

17.96 

3.75 

2.75 

0.50 

20.292 

0.209 

0.647 

0.535 

5 

17.96 

3.75 

3.00 

0.50 

20.292 

0.209 

0.706 

0.494 

6 

17.96 

4.00 

2.00 

0.50 

20.292 

0.223 

0.445 

0.693 

7 

17.96 

4.00 

2.25 

0.50 

20.292 

0.233 

0.500 

0.652 

8 

17.96 

4.00 

2.50 

0.50 

20.292 

0.223 

0.556 

0.610 

9 

17.96 

4.00 

2.75 

0.50 

20.292 

0.223 

0.612 

0.567 

10 

17.  «6 

4.00 

3.00 

0.50 

20.292 

0.223 

0.667 

0.526 

11 

17.96 

4.25 

2.00 

0.50 

20.292 

0.237 

0.433 

0.726 

12 

17.96 

4.25 

2.25 

0.50 

20.292 

0.237 

0.474 

0.684 

13 

17.96 

4.25 

2.50 

0.50 

20.292 

0.237 

0.536 

0.642 

14 

17.96 

4.25 

2.75 

0.50 

20.293 

0.237 

0.580 

0.602 

15 

17.96 

4.25 

3.00 

0.50 

20.292 

0.337 

0.633 

0.558 

16 

17.96 

4.50 

2.00 

0.50 

20.392 

0.252 

0,400 

0.758 

17 

17.96 

4.50 

2.25 

0.50 

20.292 

0.253 

0.450 

0.718 

18 

17.96 

4.50 

2.50 

0.50 

20.292 

0.2.52 

0.500 

0.675 

19 

17.96 

4.50 

2.75 

0.50 

20.293 

0.252 

0.550 

0.634 

20 

17.96 

4.50 

3.00 

0.50 

20.292 

0.252 

0.600 

0.593 

21 

17.96 

4.75 

2.00 

0.50 

20.293 

0.265 

0.381 

0.793 

22 

17.96 

4.75 

2.25 

0.50 

20.292 

0.265 

0.428 

0.750 

23 

17.96 

4.75 

2.50 

0.50 

20.292 

0.265 

0.476 

0.708 

24 

17.96 

4.75 

2.75 

0.50 

20.293 

0.265 

0.524 

0.666 

25 

17.96 

4.75 

3.00 

0.50 

20.292 

0.265 

0.572 

0.625 

26 

17.96 

5.00 

2.00 

0.50 

20.292 

0.278 

0.364 

0.825 

27 

17.96 

5.00 

2.25 

0.50 

20.292 

0.278 

0.409 

0.782 

28 

17.96 

5.00 

2.50 

0.50 

20.292 

0.378 

0.454 

0.742 

29 

17.96 

5.00 

2.75 

0  50 

20.292 

0.278 

0.500 

0.700 

30 

17.96 

5.00 

3.00 

0.50 

20.292 

0.278 

0.545 

0.657 

The  rise  of  the  intrados  to  be  used  in  the  average  groined  arch  roof,  there- 
fore, may  be  expressed  as  being  approximately  equal  to  one-third  of  the  clear 
span  minus  the  constant,  1.5.  The  effect  of  the  rise  of  the  intrados  on  the 
strength  of  the  groined  arch  is  shown  in  Table  2,  in  which  it  may  be  noted 
that  the  unit  stresses  and  the  unit  shares  decrease  steadily  with  the  rise  of 
the  intrados.  Referring  to  Tables  3  and  4  and  Figs.  2  and  3,  however,  it  is 
observed  that  the  average  thickness  of  the  groined  arch  roof  increases  directly 
with  the  increase  of  the  rise  of  the  intrados.  These  two  conditions,  therefore, 
are  opposed  to  each  other,  and  it  is  necessary  to  make  a  careful  study  of  both 
in  order  to  arrive  at  a  logical  selection  of  the  most  suitable  dimensions. 

The  ratio  of  the  rise  of  the  intrados  to  the  clear  span  is  given  in  Column 
9  of  Table  1.  As  this  ratio  varies  between  the  approximate  limits  of  0.20 
and  0.25,  the  rise  of  the  intrados,  therefore,  may  also  be  expressed  as  approxi- 
mately equal  to  one-fifth  of  the  clear  span  for  the  shorter  spans  and  one- 
fourth  of  the  clear  span  for  the  longer  spans. 
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(/). — Bise   of  Extrados. — The   rise   of   the   exttados   used   in   the   average 

groined  arch  is  given  in  Table  1,  in  which  also   (Column  10)   is  given  the 

h 
ratio,  - — - — ,  of  the  rise  of  the  extrados  to  the  sum  of  the  rise  of  the  intrados 

b  -\-  t 

and  the  crown  thickness.  In  general,  this  ratio  is  observed  to  have  an 
approximate  value  of  0.50,  and  the  average  rise  of  extrados  to  be  used,  there- 
fore, may  be  expressed  as  being  equal  to  one-half  of  the  total  rise  of  the  arch, 
that  is,  the  sum  of  the  intrados  and  the  crown  thickness.  It  will  be  observed 
further  that  the  unit  stresses  increase  directly  with  the  rise  of  the  extrados 
and  that  the  average  thickness  of  the  arch  increases  inversely  with  the  rise  of 
the  extrados.  These  two  conditions,  therefore,  are  also  opposed  to  each  other, 
and  it  is  necessary  to  make  a  careful  study  of  both  in  order  to  make  a  logical 
selection  of  the  most  suitable  dimensions. 
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Fig.  4. 

(d)- — Unit  Stresses  and  Loadings. — As  shown  in  Table  2,  the  compressive 
unit  stresses  obtained  in  the  calculations  for  groined  arch  roofs  are  much 
lower  than  those  normally  used  in  the  design  of  other  concrete  structures.  As 
a  result  of  this  condition,  the  specifications  generally  call  for  concrete  con- 
taining a  relatively  small  quantity  of  cement,  the  proportions  of  the  mix 
usually  selected  being  either  1:2.5:5  or  1:3:5.  The  saving  in  cost  of  the 
cement  alone  over  a  1 :2 :4  mix,  therefore,  is  from  5  to  10  per  cent.  In  a 
structure  containing  10  000  cu.  yd.,  and  with  concrete  at  $15  per  cu.  yd.,  this 
saving  would  be  about  2%  of  the  total  cost.  In  this  connection,  it  is  well  to  call 
attention  to  certain  other  phases  of  this  question.  In  the  first  place,  the  unit 
stresses  obtained  are  hardly  more  than  guesses  and  it  is  not  altogether  wise 
to  place  too  much  confidence  in  the  calculations.  In  the  second  place,  the 
calculated  unit  shears  are  relatively  high  and  there  is,  perhaps,  danger  in 
this  condition  in  case  extremely  lean  concrete  mixtures  are  used.  In  general, 
it  is  believed  to  be  unwise  to  use  concrete  mixtures  leaner  than  1 :2.5 :5,  and, 
in  many  cases,  a  1 :2 :4  concrete  is  perhaps  preferable. 

Summing  up  the  various  comparisons,  it  will  be  convenient  to  express  the 
final  results  in  the  form  of  a  few  simple  rules,  as  follows : 
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(a). — The  form  of  groined  arch  roof  in  which  the  intrados  consists  of  a 
semi-elliptical  cylindrical  surface  and  the  extrados  of  a  parabolic  cylindrical 
surface  is  excellently  adapted  to  this  type  of  construction  and,  therefore,  it 
should  be  used. 

(&).— Spans  from  15  to  20  ft.,  center  to  center,  of  columns  may  be  used 
with  safety.  Economy  will  always  call  for  long  columns  with  long  spans. 
In  selecting  the  most  suitable  length  of  span,  the  calculations  should  always 
include  the  volume  of  concrete  in  the  roof. 

(c). — A  crown  thickness  of  6  in.  may  be  used  satisfactorily  for  practically 
all  groined  arch  reservoir  roofs. 

(d). — The  average  thickness  or  volume  of  the  groined  arch  reservoir  roof 
should  be  calculated  carefully  for  all  trial  arches  selected,  as  this  factor  is  an 
important  guide  in  the  determination  of  the  most  suitable  arch  to  be  used. 

(e). — In   general,   the   rise   of    the   intrados    (taken    only   to    the    nearest 

0.25  ft.)   should  be  about  equal  to   one-third   of   the  clear   span   minus   1.5, 

2  a 
that  is,  h  = 1.5. 

(/). — In  general,  the  rise  of  the  extrados  (taken  only  to  the  nearest  0.25 
ft.)  should  be  about  equal  to  one-half  of  the  sum  of  the  rise  of  the  intrados 

and  the  clear  sj^an,  that  is,  h  =  — - — . 

(g). — The  unit  stresses  obtained  in  the  calculations  should  be  used  with 
caution,  and  it  should  be  realized  that  these  stresses  are  somewhat  problem- 
atical. In  general,  the  proportions  of  concrete  used  in  groined  arch  roofs 
should  be  not  leaner  than  a  1 :2.5  :5  mix,  and,  in  many  cases,  a  1 :2  :4  mix  is 
preferable.  The  normal  loading  for  the  roof  is  usually  taken  as  2  ft.  of  earth 
plus  a  live  load  of  100  lb.  per  sq.  ft. 

The  question  of  whether  to  use  a  groined  arch  or  a  flat  slab  roof  for  a 
reservoir  is  one  which  frequently  involves  differences  of  opinion.  Both 
types  are  acceptable,  although,  in  certain  cases,  one  type  is  preferable  to  the 
other.  For  small,  shallow  reservoirs  of  an  area  of,  say,  less  than  1  acre,  the 
flat  slab  roof  may  be  more  economical,  on  account  of  the  lower  cost  of  form 
work,  and,  perhaps,  better  standardized  methods  of  construction.  For  larger 
and  deeper  reservoirs,  however,  covering  an  area  of  several  acres,  the  groined 
arch  roof  will  prove  much  more  economical  than  the  flat  slab  roof. 
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Thomas  H.  Wiggin,*  M.  Am,  Soc,  C.  E,  (by  letter), — The  groined  arch  of 
concrete  in  filter  and  reservoir  roofs  was  fairly  well  standardized  in  the  period 
from  about  1898  to  1910,  when  the  large  slow  sand  filter  plants  at  Albany,  N,  Y., 
Philadelphia,  Pa.,  Washington,  D.  C,  Pittsburgh,  Pa.,  and  Springfield,  Mass., 
as  well  as  a  number  of  smaller  plants,  were  being  planned  and  built.  Probably 
few  engineers  omitted  the  rather  farcical  process  of  drawing  lines  of  resist- 
ance, but  a  crown  thickness  of  6  in.  appears  to  have  resulted  in  all  cases  except 
where  unusual  conditions  existed,  such  as  an  additional  structure  to  be  sup- 
ported by  the  groined  roof.  Spans,  rises,  and  depth  of  depressions  over  piers 
were  and  are  subject  to  considerable  variation,  the  tendency  being  toward 
longer  spans,  and  the  author's  tables  and  diagrams  will  be  useful  in  showing 
the  dimensions  in  many  existing  plants  and  the  relative  economy  of  various 
combinations  of  span,  rise,  and  depth  of  depression  over  pier,  as  shown  by 
data  giving  the  average  thickness  of  roof. 

A  table  giving  the  dimensions  of  twenty-seven  groined  roofs,  prepared  by 
Leonard  Metcalf,  M.  Am.  Soc.  C.  E.,  was  published  in  1903.t  This  table  was 
extended  by  Morris  Knowles,  M.  Am.  Soc.  C.  E.,  and,  again,  by  the  writer, 
and  is  included  in  the  writer's  paper  entitled  "The  Concrete  Groined  Arch".:j: 
On  page  181,  the  author  refers  to  a  condensed  report  of  this  paper.  This 
table,  as  extended,  gives  data  on  forty-four  groined  arch  roofs,  about  twelve  of 
which  are  enumerated  in  the  author's  list  of  thirty  in  his  Table  1.  Data  on 
about  sixty-two  roofs,  therefore,  are  available  in  the  two  tables.  The  writer's 
table  also  gives  data  on  floors  for  fifteen  of  the  forty-four  cases. 

The  author's  Paragraph  (&),  on  page  184,  explains  in  general  terms  the 
effect  of  spacing  and  height  of  piers  on  the  design  of  roof.  It  would  be  useful 
if  he  could  include  a  table  or  diagram  showing  quantitatively  the  effect  of 
span.  The  comparative  tables  and  diagrams  relate  to  a  single  span,  namely, 
17.96  ft.,  and  the  statement,  on  page  186,  that  "it  will  also  be  found  that 
the  average  thickness  decreases  directly  with  the  span",  is  not  apparent  from 
the  examples  from  practice  given  in  Table  1.  Thus,  compare  Lines  21  and  30 
of  Table  1,  as  follows: 


•if- 
pj  2  a 

a 

a"* 
o  n  — 
o 

tf|.S 

Span,  center  to 
center  of 

in  feet. 

Ratios. 

Line. 

(-) 

(     '^     ) 

S  K-9 

a>  9) 

>  a 
< 

21 
30 

14.08 
17.96 

3.50 
4.50 

0.50 
0.50 

2.00 
2.50 

15.75 
20.29 

0.249 
0.253 

0.500 
0.500 

0.618 
0.675 

In  Line  21,  the  pier  capital  is  1,67  by  1,67  ft,,  the  area  of  which  is  one- 
eighty-eighth  of  the  roof  area;  in  Line  30,  the  pier  capital  is  2,33  by  2.33  ft., 

*  Cons.  Engr.,  New  York  City. 

t  Journal,  New  England  Water  W^orks  Assoc.,  December,  1903,  p.  400. 
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the  area  of  which  is  one-seventy-sixth  of  the  roof  area.  The  relatively  large 
pier  capital  in  the  case  referred  to  in  Line  30  evidently  had  more  effect  on 
the  quantities  per  square  foot  than  the  span. 

To  make  the  comparison  complete,  quantities  in  piers  should  be  included, 
as  the  author  states ;  it  is  satisfactory  to  do  so  when  the  height  of  the  roof  at 
the  crown  is 'one  of  the  fixed  quantities,  as  is  sometimes  the  case,  as  quantities 
in  side-walls,  in  that  case,  are  not  affected  by  rise  of  the  arch.  In  some  cases, 
head-room  near  the  piers  or  the  assumption  that  the  water  level  shall  not  be 
above  the  springing  line,  complicates  the  comparisons. 

Quantities  in  floors  should  also  be  included  in  economic  comparisons 
unless  the  reservoir  is  founded  on  rock  so  that  the  floor  does  not  have  to  support 
the  pier  load.  Analyses  of  stresses  in  groined  floors  are  even  less  satisfactory 
than  those  in  roofs. 

In  the  interesting  pursuit  of  theoretical  economy,  it  is  easy  to  forget  some 
practical  limitations.  Thus,  the  depression  over  the  pier,  designated  by  h  in 
the  author's  tables  and  diagrams,  increasing  the  depth  of  which  is  so  important 
in  securing  economy  of  material,  is  a  trouble  in  construction.  The  deeper  this 
depression  relative  to  the  span,  the  more  difficult  it  is  to  keep  the  concrete  from 
sloughing  into  the  depression,  also,  the  greater  the  chance  of  unintentionally 
robbing  the  arch  of  thickness  at  the  haunch  and  the  dryer  the  concrete  must  be. 
Furthermore,  ramming  on  the  slope  makes  the  concrete  slough  into  the  depres- 
sion. Forms  for  the  depression  have  been  tried,  but  only  experimentally  as  far 
as  the  writer  knows.  Concrete  workers  on  groined  arches  become  surprisingly 
skillful  in  forming  these  depressions,  yet  it  would  doubtless  be  true  economy  to 
limit  the  steepness  of  the  surface  slope.  It  would  be  interesting  to  have  a 
line  of  practical  limitation  (similar  to  the  deflection  limit  in  a  table  of  floor- 
beams)  added  to  the  tables  and  diagrams  on  the  basis  of  surface  slope.  A  con- 
tractor at  his  own  expense  would  generally  prefer  to  fill  exaggerated  hollows 
somewhat.  Probably,  it  would  be  better  to  assume  a  tangent  of  a  certain  slope 
at  the  lower  end  of  the  parabola  of  the  extrados  instead  of  extending  the  parab- 
ola to  the  bottom  of  the  depression.  The  computation  for  quantity  would 
be  less  easy.  Allen  Hazen,  M.  Am.  Soc.  C.  E.,  described  the  depression  in  the 
roofs  of  the  Albany  filters  as  a  cone  and  not  a  pyramid.* 

The  writer's  paper,  to  which  the  author  refers,  contains  this  sentence :  "The 
groined  arch,  although  used  centuries  ago,  remains  a  purely  empirical  type  of 
structure,  designed,  or  speaking  more  accurately,  drawn,  without  satisfactory 
mathematical  analysis  and  used  without  much  knowledge  of  the  factor  of 
safety."  The  author  takes  a  similar  view  and  concerns  himself  with  compiling 
aids  for  empirical  design.  The  writer  treated  of  certain  other  theoretical  and 
practical  problems  in  groined  roof  construction,  that  are  related  to  design  and, 
perhaps,  may  be  briefly  mentioned. 

At  the  edges  of  a  filter  or  reservoir,  the  thrust  of  a  groined  arch  is  often 
opposed  by  the  thrust  of  a  side-wall  having  a  section  about  like  one-half  an 
ordinary  horseshoe-shaped  aqueduct.  The  "active"  thrust  from  this  side-wall 
is  much  less  than  that  of  the  groined  arch  which  is  comparatively  flat.    Mani- 

•  Journal,  New  England  Water  Works  Assoc.,  December,  1903,  p.  408. 


193 


DISCUSSION  ON  CONCRETE  GROINED  ARCHES 


festly,  the  "passive"  resistance  of  the  earth  against  the  side-wall  is  called  into 
play,  or  the  groined  roof  supports  itself  partly  by  cantilever  action.  Shrinkage 
and  change  of  temperature  of  the  roof  are  sufficient  to  cause  the  construction 
joints  along  the  crown  to  open,  sometimes  as  much  as  J  in.  One  who  has 
designed  arch  bridges  by  rigid  methods,  in  which  the  distortions  due  to  stresses 
and  temperature  are  consistently  accounted  for,  knows  that  a  short  arch,  even 
if  it  is  without  groins,  could  not  take  up  such  a  shrinkage  without  cracking. 
When  the  ties  afforded  by  the  straight  elements  of  the  arches  at  right  angles 
are  considered,  it  is  evident  that,  during  the  colder  weather,  it  is  only  after 
the  formation  of  vertical  cracks  along  planes  approximately  joining  piers  that 
the  groined  roof  can  act  as  a  rough  voussoir  arch.  The  writer  has  observed 
many  such  cracks.  These  cracks  are  not  dangerous,  unless  they  happen  to 
occur  on  a  slope  such  as  to  release  a  section  of  roof  and  allow  it  to  fall.  It  is 
only  this  latter  occurrence,  which  happens  very  infrequently,  that  would  deter 
the  writer  from  using  arches  3  or  4  in.  thick  in  some  cases.  The  greater 
the  rise,  the  less  the  danger  that  pieces  may  be  released.  Doubtless,  the  load 
carried  by  arch  action  through  the  earth  covering,  or,  perhaps,  by  beam 
action  in  frozen  earth,  relieves  the  concrete  of  considerable  stress. 

It  was  formerly  thought  that  groined  arches  could  carry  the  load  without 
arch  action,  that  is,  by  cantilever  action.  The  idea  was  suggested  by  the  safety 
with  which  wagons  and  horse-drawn  rollers  could  move  near  the  free  edges  of 
partly  constructed  groined  arch  roofs.  Computation  of  these  loads,  however, 
showed  comparatively  light  concentrations.  Furthermore,  strips  of  roof  were 
constructed  monolithically  and  a  traveling  load  would  be  supported  by  several 
groins  aiding  each  other.  Foremen's  stories  of  long  unsupported  edges  of 
groined  arch  roofs,  covered  nearly  to  the  edge  with  full  depth  of  earth  fill, 
could  never  be  substantiated  by  the  writer.  In  order  to  obtain  an  idea  of  the 
cantilever  strength  of  concrete  groined  roofs  where  they  are  not  supported  by 
arch  action,  several  isolated  groin  units,  symmetrical  about  a  pier,  were  built 
and  tested  in  1905  by  the  Bureau  of  Filtration  of  Pittsburgh,  Pa.,  of  which 
Morris  Knowles,  M.  Am.  Soc.  C.  E.,  was  then  Chief  Engineer.  The  work  was 
done  under  the  direction  of  the  writer,  then  Division  Engineer.  W.  A.  Bassett, 
M.  Am.  Soc.  C.  E.,  was  Assistant  Engineer  in  immediate  charge  of  the  con- 
struction and  testing.  These  tests  have  never  been  published  and  by  arrange- 
ment with  Mr.  Knowles  are  presented 
subsequently  as  a  part  of  this  discus- 
sion. Most  of  the  data  are  from  Mr. 
Bassett's  final  report  dated  February 
13th,  1906. 

Nine  groin  units,  each  15  ft. 
square,  were  tested.  Fig.  5  and  Table 
5  give  the  dimensions,  breaking  loads, 
and  deflections  of  these  groin  units. 
Fig.  6  gives  sketches  of  the  lines  of 
fracture  for  Groins  Nos.  1,  2,  4,  and 
6.    Other  data  are  as  follows. 


15  0  Square 
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TABLE  5. — Dimensions  and  Tests  of  15  by  15-Ft.  Groin  Units. 


Groin  No. 


t9 


Thickness  at 

crown,  in 

inches. 


3 


Thickness 
over  pier,  t. 
In  inches,  t 


21 
21 

19}^ 


Age,  in  days, 


Deflection  at 
edge,  in 
inches.  § 


Breaking  Load  Exclusive 

OF  Dead  Weight  and  of  Sand 

Used  in  Leveling. 


Total,  in 
pounds. 


41  0.002  19  58.5 

39  0.002  53  985 

j  Broke  on  removal  of  form. 
)        Concrete  6  days  old. 
(  Broke  on  removal  of  form. 
1       Concrete  18  days  old. 


0.000 
0.005 
0.004 
0.005 
0.003 


13  000 
50  700 
30  000 
89  900 
33  300 


Pounds  per 
square  foot. 


240 


58 
225 
183 
178 
148 


*  Reinforced  with  Thacher  rods. 

t  Aggregate  composed  of  sand  and  blast-furnace  slag,  proportions,  1  :  214  :  ^H- 

JRise  of  extrados,  h,  is  21  in.,  or  1.75  ft.  for  all  nine  groins. 

§  Deflections  are  not  regarded  as  very  reliable.    They  do  indicate  that  deflection  was  small. 


Foundations. — Blocks  of  1:3:7  concrete,  8  ft.  square  and  3  ft.  thick,  were 
built  in  excavations  made  in  the  fill  of  blast-furnace  slag  at  the  "Isabella" 
furnaces  near  Pittsburgh.  The  fill  was  firm,  but  subject  to  slight  jar  from 
trains  passing  on  adjacent  freight  tracks. 

Dimensions  of  Groin  Units. — The  bearing  on  piers  was  22  in.  square,  leaving 
a  clear  semi-span  of  6  ft.  7  in.,  so  that  the  full  span  would  be  13  ft.  2  in.  The 
rise  was  3  ft.  in  all  cases.  These  dimensions  were  the  same  as  those  used  in 
constructing  the  filter  plant  and  are  given  in  Line  14  of  the  author's  Table  1. 
The  crown  thickness  was  in  general  6  in.,  but  Groins  Nos.  3  and  4  had  thick- 
nesses of  4^  in.  and  3  in.,  respectively.  The  depth  of  depression,  or  rise  of 
extrados  as  the  author  names  it,  was  1.75  ft.,  but  the  bottom  of  the  depression 
was  filled  in  slightly  to  a  flat  surface  to  make  a  bearing  for  the  anchor-bolt. 

Groins  Nos.  6  and  8  were  reinforced  with  a  single  f-in.,  Thacher  reinforce- 
ing  bar,  which  was  placed  near  the  outer  edge  at  about  mid-height  in  the  6-in. 
thickness.  It  was,  therefore,  in  the  form  of  a  square,  but  the  corners  were 
rounded.     (See  plan  of  fracture  of  Groin  No.  6  on  Fig.  6.) 

Cement  Used  in  Groin  Units. — Lehigh  cement  was  used  and  the  standard 
tests  of  briquettes  gave  the  results  shown  in  Table  6. 

Aggregates  Used  in  Concrete  for  Groin  Units. — In  general,  sand  and  gravel 
dredged  from  the  Allegheny  Eiver  were  used.  In  one  case,  namely,  Groin 
No.  9,  the  gravel  was  replaced  with  blast-furnace  slag,  a  greenish,  vitreous, 
somewhat  porous  material,  much  lighter  than  gravel.  Allegheny  River  sand  is 
well  graded  and  not  too  fine.  The  writer,  unfortunately,  has  no  records  of  the 
mechanical  analyses  available.  The  gravel  is  sound  and  hard,  but  rather  flat, 
and  is  well  graded  from  fine  to  coarse,  the  larger  stones  being  about  li  in. 
across. 

Quality  of  Concrete  in  Groin  Units. — The  concrete  was  mixed  by  hand,  but 
thoroughly.  Its  strength  is  indicated  by  the  tests  given  in  Table  7,  of  beams, 
6  in.  square  in  section,  made  with  concrete  mixed  and  ready  to  place  in  the 
groins. 
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GROIN  No.4 


GROIN  No.  6 


SCALE  IN   FEET 


10  15 

Fig.  6. 
TABLE  6. — Tests  of  Cement. 


. 

Neat. 

1  :3 

7  days. 

28  days. 

7  days. 

28  days. 

Average. . . 
Maximum. 
Minimum.. 


Samples  Representing  Whole  Shipment  of  145  Bbl. 


735 

1  025 
365 


809 

1  065 

675 


260 
305 
215 


350 
395 
290 


Samples  from  Cement  Used  in  Particular  Groins  : 


750 
700 
620 
70G 

900 
700 
563 
625 

200 
175 
225 
223 
233 

280 

'•     3  

300 

"     5 

325 

"          "     H 

305 

"     8 

281 
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Groins  Nos.  1  to  8  were  made  of  1:3:5  sand  and  gravel  concrete,  and 
Groin  No.  9  was  made  of  1  part  cement  to  2^  parts  sand  to  5|  parts  blast- 
furnace slag.  Much  water  was  required  for  this  latter  mix,  possibly  on  account 
of  the  porosity  of  the  slag, 

TABLE  7. — Tests  of  6  by  6-In.  Beams  Made  from  Concrete 
MizED  FOR  Groin  Units. 


Concrete  from 
Groin  No. 

Age,  in  days. 

Span,  in  inches. 

Center  load, 
in  pounds. 

Modulus  of  rupture, 
in  pounds  per 
square  inch. 

1 

287 

30 

1  260 

264 

3 

294 

30 

2  598 

557 

2 

297 

60 

1  098 

503 

3 

299 

30 

3  653 

581 

3 

309 

30 

2  506 

503 

3 

312 

60 

903 

401 

5 

220 

30 

1  101 

353 

5 

230 

60 

382 

194 

6 

196 

30 

1  247 

258 

7 

195 

30 

1  376 

294 

8 

163 

30 

1  474 

314 

9 

180 

30 

1  003 

213 

The  groin  units  probably  did  not  set  as  rapidly  as  they  would  have  in  gen- 
eral in  the  filters,  because  there  was  no  drain  from  the  depression  and  the 
early  summer  rains  kept  them  filled  with  water  much  of  the  time.  The  con- 
crete, however,  appeared  to  be  fairly  well  set  and  strong. 

Tests  of  Groin  Units. — Slag  was  piled  under  the  groins  leaving  a  space  of 
only  about  3  in.,  in  order  that  the  impact  of  the  fall  might  not  break  them  into 
smaller  pieces  and  disguise  the  lines  of  fracture  produced  by  the  loading.  In 
spite  of  -this  precaution,  it  is  known  that  many  of  the  cracks  shown  on  the 
diagrams  of  fracture,  in  Fig.  6,  resulted  from  the  fall.  The  fall  was  difficult 
to  watch,  but  it  is  known  that  the  initial  break  in  nearly  all  cases  took  place 
near  the  center  of  a  side.  However,  Groin  No.  2  which  was  the  strongest, 
apparently  broke  first  nearer  a  groin  line  than  the  center  of  a  side.  Groins 
Nos.  1  and  5  cracked  before  any  load  was  applied,  owing  perhaps  to  shrinkage 
stresses  or  jarring,  or  to  a  combination  of  these  causes.  Final  failure  took 
place  at  the  same  cracks  under  a  light  loading.  Groins  Nos.  3  and  4,  respec- 
tively 4i  and  3  in.  thick  at  the  crown,  fell  down  when  the  forms  were  removed, 
which  was  done  at  6  days  and  18  days,  respectively. 

Iron,  in  pigs  weighing  about  100  lb.  each,  was  used  in  the  loading.  These 
pigs  were  piled  corncob  fashion  on  isolated  wooden  bases,  22  by  24  in.,  sym- 
metrically placed  on  the  level  bed  of  sand  with  which  the  depression  in  the 
groin  had  been  previously  filled.  Therefore,  no  tying  strength  was  afforded 
by  the  load  itself. 

It  appears  to  be  a  safe  conclusion  that  groins  made  of  good  concrete  and 
supported  on  piers  about  15  ft,  apart,  will  about  sustain  a  fill  of  2  ft.  of  earth 
without  developing  arch  action.  As  the  groins  are  generally  concreted  in 
strips,  the  strength  of  part  of  the  roof  would  be  greater,  owing  to  the  effect  of 
continuity. 
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The  effect  of  steel  reinforcement  was  not  fairly  measured  by  tests  of  Groins 
Nos.  6  and  8,  because  the  failure  took  place  in  the  region  of  the  lap,  and  the 
steel  pulled  out.  In  Groin  No.  8,  the  steel  was  flattened,  drilled,  and  fastened 
together  at  th6  splice  with  a  number  of  i-in.  bolts.  The  steel  broke  at  a  bolt 
hole.  It  would  probably  have  been  better  to  put  the  laps  at  the  corners, 
although  the  best  groin — No.  2 — broke  at  and  near  the  corners.  Computations 
indicate  that  such  a  small  quantity  of  steel  would  not  be  very  effective  in  any 
case.  Cantilever  action  of  groined  roofs  is  unnatural,  being  inconsistent  with 
arch  action.  Steel  placed  to  aid  cantilever  action  would  be  ©f  use  only  to  take 
construction  stresses  occurring  near  unsupported  edges.  Thece  are  better  ways 
to  provide  for  these  stresses,  as  explained  at  length  in  the  writer's  paper  referred 
to  previously. 

The  author's  statement  on  page  189  recommending  concrete  mixes  not 
less  rich  than  1 :  2.5 :  5  is  a  little  over-conservative,  the  writer  believes,  as  most 
groined  roofs  have  been  built  of  1:3:5  concrete,  or  of  concrete  of  equivalent 
richness. 

The  author's  statements  as  to  the  relative  economy  of  the  groined  arch 
and  reinforced  concrete  slab  roofs  are  doubtless  correct.  The  writer's 
estimates  of  relative  cost,  also  contained  in  the  paper  referred  to,  showed  that 
the  reinforced  concrete  beam  and  slab  roof  costs  about  double  that  of  the 
groined  arch  roof  on  works  sufficiently  large  to  permit  repeated  use  of  the  forms. 

Philip  O.  Macqueen,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The  results 
obtained  by  the  tests,  made  in  1905  by  the  Bureau  of  Filtration  of  Pittsburgh, 
Pa.,  on  isolated  groin  units  form  a  valuable  contribution  to  the  subject.  Tests 
on  full-sized  groins,  or  even  models  of  groins,  are  scarce,  so  that  the  data  now 
published  for  the  first  time  in  the  discussion  by  Mr,  Wiggin  are  particularly 
welcome.  The  results  given  by  him  in  Table  5  indicate  with  a  fair  degree  of 
clearness  the  general  cantilever  strength  of  a  typical  groined  arch,  and  it  is 
observed  that  this  strength  is  sufficient  to  sustain  approximately  the  usual  full 
dead  load  of  2  ft.  of  earth,  which  the  average  arch  is  called  on  to  bear.  The 
failure  of  the  arches  having  relatively  thin  sections  at  the  crown  is  deserving 
of  especial  attention,  as  well  as  the  general  occurrence  of  the  initial  break 
near  the  center  of  the  sides.  Cantilever  action,  as  noted  by  Mr.  Wiggin,  is 
unnatural  in  groined  arch  roofs,  but,  nevertheless,  it  forms  an  important  factor 
of  safety  in  many  cases  where  joints  in  roofs  have  opened  slightly  due  to 
contraction. 

Mr.  Wiggin  has  called  attention  to  the  statement  made  by  the  writer  that 
"it  will  also  be  found  that  the  average  thickness  decreases  directly  with  the 
span,"  and  has  shown  that  this  statement  does  not  necessarily  follow  from  the 
results  given  in  Table  1.  It  is  true  that  the  change  in  average  thickness  of 
roof  shown  in  Table  1  does  not  directly  follow  the  change  in  span,  but  this 
is  due  to  the  personal  element  which  has  entered  into  the  various  designs.  For 
example,  it  will  be  noted  that  the  average  roof  thickness  for  Arches  Nos.  8  and 
9  are  high,  principally  on  account  of  the  very  small  depressions  over  the  col- 
umns which  the  designers  have  used  in  these  special  cases.     Other  sudden 

*  Cons.  Municipal  and  San.  Engr.,  Washington,  D.  C. 
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changes  in  average  roof  thickness  due  to  somewhat  similar  reasons  will  also 
be  observed.  However,  there  is  a  general  tendency  for  the  average  roof 
thickness  to  decrease  with  the  span. 

The  effect  of  change  of  span  on  the  total  quantity  of  concrete  is  difficult 
to  determine  and  can  only  be  shown  by  making  certain  assumptions.  Table  8, 
therefore,  furnishes  data  on  a  set  of  imaginary  arches  in  which  the  dimensions 
are  made  to  conform  in  general  with  those  recommended  by  the  writer  on  page 
189.  It  has  been  assumed  that  all  the  columns  are  square  with  special  bases 
omitted  and  that  the  height  of  the  reservoir  from  the  floor  to  the  under  side 
of  the  roof  at  the  arch  crown  is  18  ft.  It  has  also  been  assumed  that  the  floor 
of  the  reservoir  is  level  and  of  the  same  thickness  throughout. 

It  will  be  observed  from  Table  8,  as  stated  by  the  writer  on  page  186,  that 
the  average  roof  thickness  (Column  12)  decreases  almost  directly  with  the 
span  and  that  the  total  average  thickness  of  roof  plus  column  (Column  14) 
also  decreases  slightly  with  the  span. 

On  account  of  its  important  bearing  on  the  calculation  of  total  quantities 
of  concrete,  the  writer  is  glad  that  Mr.  Wiggin  has  raised  the  question  of  the 
effect  of  span.  Table  8  must  be  considered  as  lacking  more  or  less  in  definite 
indications,  as  the  arches  are  assumptions  on  the  part  of  the  writer,  but  it 
seems  fairly  safe  to  conclude  that  the  change  of  span  has  relatively  small  effect 
on  total  quantities.  As  the  span  decreases,  the  volume  of  concrete  in  the  roof 
decreases,  but  as  the  volume  in  the  columns  increases,  the  total  volume  remains 
practically  the  same.  The  principal  saving,  therefore,  in  using  longer  spans 
would  be  in  form  work,  with  the  additional  advantage  of  increased  capacity  in 
the  reservoir. 

Comparing  Arches  Nos.  21  and  30,  Mr.  Wiggin  has  called  attention  to  the 
effect  of  the  size  of  the  pier  capital  on  the  average  roof  thickness.  Making  the 
pier  capital  for  Arch  No.  30,  one-eighty-eighth  instead  of  one-seventy-sixth  of 
the  roof  area  would  decrease  the  average  roof  thickness  from  0.675  to  0.663  ft. 
This  is  a  decrease  of  only  2%,  whereas  the  change  in  average  roof  thickness 
due  to  decrease  of  span  from  Arch  'No.  30  to  Arch  'No.  21  is  from  0.675  to 
0.618  ft.,  or  about  8  per  cent.  It  appears  to  the  writer,  therefore,  that  in  this 
case  the  change  of  span  has  greater  effect  on  the  quantities  than  the  change 
of  size  of  the  pier  capital. 

As  stated  by  Mr.  Wiggin,  it  is  absurd  to  carry  the  subject  of  theoretical 
economy  to  the  extreme,  and  there  are  practical  limitations  in  groined  arches 
as  well  as  in  all  other  construction  work.  Considering  the  structure  outlined 
in  his  paper,  the  writer  would  recommend  the  average  economy  which  ordi- 
narily is  used  in  designing  concrete  work,  for  example,  such  as  beams,  columns, 
and  retaining  walls. 

The  steel  reinforcement  for  groined  arch  roofs  is  a  question  that  is  probably 
discussed  each  time  a  new  roof  is  designed.  In  practice,  reinforcement  is 
seldom  used,  although  in  certain  instances  the  writer  believes  it  is  advisable, 
such  as  in  the  new  Baldwin  Reservoir  for  the  City  of  Cleveland,  Ohio,*  in 

*  Engineering  New-Record,  November  30,   1922,   p.   916. 
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which  the  columns  and  spans  are  of  unusual  length.  In  the  Baldwin  Keser- 
voir,  single,  straight,  |-in.  steel  rods  were  placed  along  the  perimeter  of  each 
groin  adjacent  to  the  crown,  and  the  rods  used  were  of  such  length  that  four 
groins  in  a  group  were  joined  together.  Adjacent  groups  of  four  groins  were 
not  connected.  The  reinforcement  was  intended  more  for  construction  stresses 
and  construction  safety  than  for  working  stresses. 

In  the  discussion,  attention  is  called  to  the  use  of  groined  arches  in  the 
floors  of  reservoirs.  The  writer  is  not  in  favor  of  using  groined  arches  in  this 
manner.  Plain  floors  will  be  easier  to  place  if  the  foundations  are  solid,  and 
they  can  be  designed  so  as  not  to  involve  extra  concrete.  If  ^the  foundations 
are  not  solid,  the  groined  arches  would  be  likely  to  open  due  to  slight  settlement 
and  cause  very  heavy  leakage. 

The  proper  concrete  mixture  for  groined  arches  is  a  subject  for  the  most 
careful  consideration,  and  the  writer  must  admit  his  conservativeness  on  this 
question.  The  decision  to  use  certain  proportions  does  not  guarantee  a  pre- 
determined strength,  as  the  quality  and  size  of  the  aggregate  and  other  factors 
are  of  equal  or,  perhaps,  more  importance.  If  possible,  the  proportions  should 
be  determined  from  actual  tests.  In  the  writer's  opinion,  the  average  ultimate 
compressive  strength  of  the  concrete  developed  in  28  days  should  not  be  less 
than  1  800  lb.  per  sq.  in. 

In  conclusion,  the  writer  wishes  to  state  again  that  the  various  comparisons 
and  approximate  formulas  discussed  in  his  paper  are  intended  principally 
as  an  aid  in  the  design  of  concrete  groined  arches,  and  it  is  believed  that 
the  points  noted  in  the  paper  and  in  the  thorough  discussion  by  Mr.  Wiggin 
will  be  of  assistance  in  this  special  field. 
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Synopsis 


It  is  proposed  to  build  a  rock-fill  dam  in  a  narrow  canyon  of  the  Colorado 
River  by  blasting  in  the  canyon  walls.  The  dam  described  in  this  paper  was 
designed  to  raise  the  water  700  ft.  above  the  bed  of  the  river.  Both  the  height 
of  the  dam  and  the  plan  suggested  for  its  construction  are  unique  features. 
The  walls  of  the  canyon  rise  1300  ft.  above  the  river,  and  the  width  of  the 
canyon  at  the  water  surface  is  450  ft. 

During  the  past  six  years,  the  writer  has  had  in  mind  the  plan  herein  out- 
lined for  the  construction  of  such  a  dam.  There  may  be  a  difference  of  opinion 
as  to  the  feasibility  of  the  plan  as  presented.  Some  engineers  may  have 
studied  this  problem  carefully,  but  to  the  writer's  knowledge  no  one  has  ever 
made  the  results  of  his  studies  available  to  the  Engineering  Profession.  It  is 
hoped  that  engineers  will  present  their  views  in  the  form  of  constructive 
criticism  of  this  paper. 


Introduction 

In  the  southwestern  part  of  the  United  States,  the  demand  for  power  is 
increasing  rapidly.'     In   California  alone,   construction  plans   which   call  for 

*  Hydr.   Engr.,   U.    S.    Geological   Survey,   Pasadena,   Calif. 
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the  expenditure  of  several  hundred  million  dollars,  have  been  adopted  for  the 
development  of  hydro-electric  power.  As  a  result  of  these  plans,  the  ultimate 
development  of  the  power  resources  of  the  Sierra  Nevada  and  Coast  Range 
Mountains,  in  the  southern  part  of  California,  is  in  sight. 

The  construction  of  high  rock-fill  dams  by  blasting  down  the  towering 
canyon  walls  has  been  suggested  in  connection  with  studies  for  both  power 
and  irrigation  development.  This  paper  deals  primarily  with  the  practicability 
of  constructing  such  a  dam  in  the  Colorado  River.  A  particular  site  (Lees 
Ferry,  Ariz.)  has  been  chosen,  in  order  that  the  discussion  might  be  based  on 
definite  dimensions.  The  paper  should  not  be  construed,  however,  as  advocat- 
ing this  or  any  other  specific  project. 

Colorado  River  Basin 

General  Features. — The  Colorado  River  is  formed  by  the  junction  of  the 
Green  and  Grand  Rivers  in  Southeastern  Utah.  The  combined  length  of  the 
Green  and  the  Colorado  is  1  700  miles  and  the  total  fall  is  about  14  000  ft. 

The  Colorado  River  and  its  tributaries  drain  an  area  of  244  000  sq.  miles. 
This  area  comprises  the  southwestern  part  of  Wyoming,  the  eastern  half  of 
Utah,  the  western  part  of  Colorado,  practically  all  of  Arizona,  and  small  parts 
of  California,  Nevada,  New  Mexico,  and  Mexico.    (Fig.  1.) 

The  water  resources  of  the  Colorado  River  Basin  are  enormous.  About 
14  000  000  acre-ft.  of  water  is  wasted  annually  into  the  Gulf  of  California. 
Practically  all  this  water  could  be  used  for  irrigation  and,  in  addition,  a  large 
amount  of  hydro-electric  power  could  be  developed.  In  order  to  utilize  fully 
the  water  resources  of  the  Colorado  River  Basin,  the  flow  must  be  regulated  to 
meet  the  demands  for  both  irrigation  and  power.  The  storage  of  the  flood 
waters  would  serve  a  threefold  purpose:  Water  would  be  available  for  irriga- 
tion when  needed;  the  possibilities  for  the  development  of  hydro-electric  power 
would  be  greatly  increased;  and  with  the  ravaging  floods  under  control, 
property  on  the  lower  river,  exceeding  $100  000  000  in  value,  would  be  safe. 

Storage  Reservoir  Sites. — A  comprehensive  plan  for  the  development  of  the 
water  resources  of  the  Colorado  River  Basin  will  undoubtedly  call  for  the 
utilization  of  most  of  the  reservoir  sites  mentioned  in  Table  1.  The  locations 
of  these  sites  are  shown  on  Fig.  1. 

Table  1. — Storage  Reservoir  Sites  in  the  Colorado  River  Basin. 


Name. 

Stream. 

Height  of 
dam,  in  feet.* 

Capacity,  in 
acre-feet. 

Flaming  Gorge 

255 
300 
30(J 
230 
213 

270 
264 

700 
600 

4  720  000 

J  uni  per  Canyon 

1  400  000 

Ouray 

28  000  000 

Kremmling 

2  200  000 

Dewey 

2  500  000 

Green-Grand 

Junction  of    Green  and  Grand  Rivers, 
Utah  

8  600  000 

Bluff 

2  600  000 

Lees  Ferry 

Coloi-ado  and  San  Juan  Rivers,  Utah- 
Arizona  

5OOOOO00f 

Boulder  Canyon 

Colorado  River,  Nevada -Arizona 

31  600  000 

♦  The  figures  in  this  column  indicate  the  elevation  of  spillway  above  river  bed. 
t  Estimated. 
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These  storage  sites  and  their  use  were  discussed  in  the  writer's  report  on 
the  "Colorado  River  and  Its  Utilization".*  An  analysis  was  made  of  the 
records  of  stream  flow,  and  mass  curves  indicated  that  the  flow  of  the  Lower 
Colorado  could  be  equalized  if  properly  located  reservoir  sites  having  an  aggre- 
gate storage  capacity  of  25  000  000  acre- ft.  were  utilized.  This  study  also 
indicated  that,  if  no  allowance  is  made  for  evaporation  from  the  surface  of 
these  reservoirs,  a  uniform  flow  of  21  800  scc-ft.  could  be  maintained  below 
the  San  Juan  River.  The  irrigation  of  additional  lands  in  the  Upper  Basin 
would  further  reduce  the  quantity  for  the  uniform  flow  that  might  be  main- 
tained by  storage. 

Undeveloped  Water  Power  Between  Green  River  and  Boulder  Canyon. — 
In  the  670  miles  between  the  Town  of  Green  River,  Utah,  and  Boulder  Canyon, 
Nevada- Arizona,  the  fall  is  about  3  350  ft.  As  this  part  of  the  Colorado  and 
that  part  of  Grand  River  below  the  elevation  of  the  Town  of  Green  River  are 
in  practically  a  continuous  canyon,  the  use  of  the  water  for  irrigation  within 
this  stretch  is  impossible;  but  conditions  are  favorable  for  the  regulation  of 
flow  by  storage  and  for  the  development  of  power.  The  entire  regulated  flow 
might  profitably  be  used  for  the  irrigation  of  extensive  areas  of  arable  land 
below  Boulder  Canyon. 

The  data  now  available  indicate  that  the  water  power  resources  of  the  670 
miles  of  the  river  between  Green  River  and  Boulder  Canyon,  may  be  utilized 
by  developing  five  projects. 

Green-Grand  Project. — A  170-ft.  dam  built  on  the  Colorado  River  imme- 
diately below  the  mouth  of  Green  River  would  make  possible  the  development 
of  110  000  h.  p.  The  capacity  of  this  project  for  power  may  be  greatly  in- 
creased when  the  flow  of  the  Green  and  Grand  Rivers  is  regulated  by  additional 
storage  in  the  upper  basin  of  these  streams. 

Lees  Ferry  Project. — By  building  a  dam  at  Lees  Ferry  to  raise  the  water 
700  ft.,  1  000  000  h.  p.  may  be  developed. 

Marble  Canyon  Project. — Assuming  that  the  flow  of  the  river  is  regulated 
by  storage  above,  it  may  prove  feasible  to  develop  1  380  000  h.  p.  between  Lees 
Ferry  and  the  western  boundary  of  the  Grand  Canyon  National  Park. 

Diamond  Creek  Project. — Between  the  western  boundary  of  the  Grand 
Canyon  National  Park  and  Diamond  Creek,  the  Colorado  River  falls  500  ft. 
This  part  of  the  river  may  be  developed  by  building  two  dams,  each  dam  to 
raise  the  water  250  ft.  The  capacity  of  this  project  would  be  830  000  h.  p.,  if 
the  flow  of  the  river  is  regulated  by  storage  above. 

Boulder  Canyon  Project. — It  is  assumed  that  at  Boulder  Canyon  the  flow 
will  be  re-regulated  to  meet  the  demand  for  water  for  irrigation.  Under  this 
condition,  a  dam  550  ft.  high  will  make  possible  the  development  of  700  000  h.  p. 

More  than  4  000  000  continuous  horse-power  may  be  developed  between 
Green  River  and  Boulder  Canyon.  The  aggregate  installed  capacity  of  the 
power  plants  would  probably  be  more  than  5  000  000  h.  p. 

The  Lees  Ferry  Project 

Eight  miles  above  Lees  Ferry,  Ariz.,  is  a  site  which  has  been  selected  as  par- 
ticularly favorable  for  both  the  regulation  of  flow  and  the  development  of 

•  Water  Svpply  Paper  No.  395,  U.  S.  Geological  Survey.  1916. 
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power,  the  possibilities  of  which  will  be  disclosed  by  the  surveys  and  investiga- 
tions now  in  progress. 

Fig.  1  shows  the  general  location  of  the  Lees  Ferry  project  and  Figs.  2  and 
3  show  tentative  plans  for  the  storage  dam,  alternate  spillway  sites,  and  the 
position  of  the  power  tunnels  and  power  house.  The  contours  (Fig.  2)  were 
sketched  in  and  are  intended  only  to  show  roughly  the  surrounding  topog- 
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raphy.  A  careful  survey  will  probably  show  more  favorable  conditions.  The 
physical  features  are  shown  clearly  in  Figs.  4,  5,  6,  and  7.  The  views  can 
be  better  understood  by  referring  to  Fig.  2,  on  which  is  shown  the  number  of 
the  photograph,  the  point  from  which  it  was  taken,  and  an  arrow  indicating 
the  direction  of  view. 
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Present  information  indicates  that  to  construct  a  T80-ft.  dam  at  the  Lees 
Ferry  site  may  prove  feasible.  A  dam  of  this  height  would  form  a  reservoir 
with  a  capacity  of  about  50  000  000  acre-ft.  The  maximum  back-water  would 
extend  up  stream  nearly  to  the  junction  of  the  Green  and  Grand  Rivers  and 
to  within  230  ft.  of  the  elevation  of  the  piers  of  the  railroad  bridge  near  Green 
River,  Utah. 

The  capacity  of  the  upper  100  ft.  of  the  Lees  Ferry  Reservoir  would  be 
about  20  000  000  acre-ft.  Allowing  for  evaporation  from  the  reservoirs  and 
for  the  use  of  water  in  the  upper  basin  for  the  irrigation  of  additional  lands, 
the  20  000  000  acre-ft.  of  storage  capacity  may  be  sufficient  to  equalize  the  flow 
through  the  canyons  of  the  lower  river.  With  a  100-ft.  drawdown,  the  average 
head  available  at  Lees  Ferry  for  power  would  be  about  650  ft.,  and  with  the 
flow  of  the  river  equalized  at  this  point,  power  plants  in  the  canyon  below 
could  be  operated  under  heads  almost  equal  to  the  full  height  of  the  respective 
dams.  The  dam  farthest  down  stream,  however,  should  provide  sufficient 
storage  capacity  to  regulate  the  flow  to  conform  to  the  demand  for  irrigation. 
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Under  these  conditions,  it  seems  probable  that  an  aggregate  effective  head  of 
2  800  ft.  may  be  utilized  out  of  the  3  350  ft.  of  fall  between  Green  River,  Utah, 
and  Boulder  Canyon. 

The  mean  annual  flow  at  Lees  Ferry  has  been  about  15  000  000  acre-ft.,  but 
allowing  for  the  reduction  in  flow  for  ultimate  irrigation  development  in  the 
upper  basin,  this  quantity  may  be  reduced  to  10  000  000  acre-ft.  It  may  be 
fifty  years  before  ultimate  irrigation  development  in  the  upper  basin  is  reached. 
To  assume  that  a  uniform  flow  of  about  19  300  sec-ft.  can  be  maintained  at  the 
Lees  Ferry  site  and  in  the  canyons 'below  would  seem  reasonable. 

The  depth  to  bed-rock  at  the  dam  site  has  not  been  determined,  but  the 
writer  believes  that  rock  is  near  the  surface  in  the  river  channel.  When  he 
examined  this  part  of  the  river  in  August,  1915,  the  river  was  at  a  very  low 
stage,  and  down  stream  about  8  miles  from  the  Lees  Ferry  dam  site,  the  bed- 
rock appeared  to  extend  across  the  channel  of  the  Colorado  River  at  the  surface. 

At  the  dam  site,  the  red  sandstone  walls  of  the  canyon  rise  1  300  ft.  above 
the  river,  and  the  width  of  the  canyon  at  the  water  surface  is  450  ft.  The 
course  of  the  river  at  this  point  is  in  the  form  of  the  letter  "S",  thus  making 
two  spillway  sites  available.  By  constructing  tunnels  through  the  bluff,  the 
water  may  be  carried  about  3  000  ft.  to  a  forebay  and  power  house  which  is 
6  miles  by  river  from  the  dam  site.    The  site  is  easily  accessible  by  automobile 
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and  a  railroad  could  be  built  at  a  comparatively  low  cost,  connecting  with  the 
nearest  railroad  point,  Flagstaff,  Ariz.,  133  miles  to  the  south.  After  con- 
sidering the  conditions  at  the  dam  site,  the  facilities  for  spillways,  site  for 
power  house  and  auxiliary  structures,  storage  capacity  above  the  dam,  and  the 
accessibility  of  the  project,  the  writer  believes  the  Lees  Ferry  site  to  be  one 
of  the  most  promising  on  the  Colorado  River  below  the  junction  of  the  Green 
and  Grand  Rivers. 

Should  this  project  be  developed,  water  would  be  available  for  irrigation 
on  the  lower  river  for  at  least  a  generation  to  come,  and  the  menace  from 
floods  would  be  removed  (except  floods  from  the  Gila  River). 

The  conditions  favor  the  construction  of  a  780-ft.  dam  of  the  rock -fill  type. 
(Fig.  3.)  Although  such  a  high  rock-fill  dam  has  never  been  constructed,  the 
writer  believes  that  one  can  be  built  at  this  site  and  made  practically  water- 
tight at  a  much  less  cost  than  any  other  type  of  dam. 

Tentative  Design  for  Bock-Fill  Dam. — In  designing  a  rock-fill  dam  for  the 
Lees  Ferry  site,  a  slope  of  3:1  was  used  for  the  up-stream  face;  for  the  do\vn- 
stream  face,  6:1  was  used  to  the  300-ft.  level,  and  4:1  for  the  remainder. 
(Fig.  3.)  The  rock  for  the  dam  can  be  blasted  from  the  canyon  walls.  "With 
this  plan  of  construction,  the  slopes  of  the  finished  dam  would  be  uneven,  but 
the  writer  believes  that  the  general  slope  of  both  faces  of  the  finished  dam 
should  not  be  greater  than  those  mentioned. 

It  is  assumed  that  bed-rock  lies  at  a  depth  of  100  ft.  below  the  bed  of  the 
river,  that  the  channel  is  filled  with  fine  sand  and  silt  to  a  depth  of  60  ft., 
and  that  the  next  40  ft.  is  composed  of  sand  and  boulders.  If  the  canyon 
walls  were  blasted  into  the  river,  the  heavy  mass  of  material  would  settle  to 
the  level  of  the  boulders  assumed  to  be  60  ft.  below  the  bed  of  the  river,  and 
some  of  the  fine  sand  and  silt  would  be  forced  up.  Under  these  conditions, 
the  finished  dam  would  contain  50  000  000  cu.  yd.  of  material.  The  center 
50-ft.  section  of  the  dam  would  contain  about  1  000  000  cu.  yd. 

Prior  to  construction,  the  outline  for  the  dam  could  be  plainly  marked  on 
the  canyon  walls.  (Fig.  4.)  A  plan  for  mining  both  walls  of  the  canyon 
could  be  worked  out  from  detailed  topography  of  the  site  of  the  dam.  To 
obtain  500  000  cu.  yd.  of  rock  from  each  wall  for  the  center  50-ft.  section  of 
the  dam,  it  would  be  necessary  to  blast  the  walls  back  on  a  slope  slightly 
steeper  than  2:1  (Fig.  2),  and,  here,  it  may  be  necessary  to  rehandle  some  of 
the  material.  Up  and  down  stream  from  the  center  50-ft.  section  of  the  dam, 
the  walls  of  the  canyon  may  be  blasted  from  a  lower  level,  and  the  required 
quantity  of  material  obtained  by  blasting  back  on  a  much  steeper  slope.  The 
space  occupied  by  the  loose  rock  in  the  dam  will  be  about  15%  greater  than 
the  space  occupied  by  the  same  material  in  its  natural  compact  state.  If  the 
mines  are  properly  placed  in  both  walls  of  the  canyon,  the  first  shots  will 
blow  enough  rock  into  the  river  to  form  a  dam  250  ft.  high,  having  a  gradual 
slope  to  the  lower  toe,  more  than  a  mile  down  stream. 

The  discharge  of  the  river  may  be  expected  to  range  from  4  000  to  10  000 
sec-ft.  during  the  eight  months  following  the  flood  period.  Perhaps  50%  of 
the  material  in  the  dam  would  consist  of  rock  weighing  from  1  ton  to  1  000 
tons.    If  the  unexpected  should  happen,  and  a  flood  of  100  000  sec-ft.  should 


FlG.   5. — Panoramic  View,  Lees  Ferry,  Ariz. 


Fig.   6. — Up-Stream  View^  1  Mile  Below  Dam,  Lees  Ferry,  Ariz. 


Fig.   7. — View  Showing  Site  of  Power  House,  etc.,  Lees  Ferry,  Ariz. 
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pass  over  the  unfinished  dam,  some  of  the  material  might  be  moved  down 
stream.  The  unfinished  dam  would  have  a  slope  of  about  5%  and  the  bed  over 
which  the  flood  would  pass  would  be  rough.  Under  these  conditions,  the  water, 
8  ft.  in  depth,  might  attain  a  velocity  of  30  ft.  per  sec.  As  the  weight  of 
bodies  that  can  be  moved  by  a  current  varies  as  the  sixth  power  of  the 
velocity,  such  a  flood  would  have  an  enormous  ability  for  destruction.  The 
lighter  materials  would  be  carried  down  stream,  and  rock  that  could  with- 
stand the  force  of  the  water  would  settle.  However,  floods  which  occur  outside 
the  normal  flood  period,  last  only  a  few  days.  To  believe  that  after  the  flood, 
the  unfinished  dam  would  retain  a  height  of  100  ft.  or  more  above  the  average 
low-water  level  seems  more  reasonable  than  that  all  of  it  would  be  carried 
away.  Such  a  flood  might  prove  to  be  a  blessing  in  disguise,  as  that  part 
of  the  dam  remaining  would  form  a  solid  foundation  on  which  to  build  the 
superstructure. 

However,  flood  water  should  not  be  permitted  to  flow  over  the  dam,  and  it 
is  suggested  that  no  material  be  blasted  into  the  river  until  a  temporary 
spillway  has  been  provided  200  ft.  above  the  bed  of  the  river.  A  spillway 
tunnel  located  at  B  (Fig.  2),  would  be  about  3  000  ft.  long  and  could  be  given 
a  fall  of  200  ft.  A  spillway  tunnel,  30  ft.  in  diameter,  with  a  properly  de- 
signed entrance,  would  have  approximately  the  following  capacity: 

Elevation  of  water 
above  gate-sill.  Capacity,  in 

in  feet.  second-feet. 

0 0 

10 5  000 

20 13  500 

30 22  500 

40 28  500 

50 33  700 

60 38  200 

70 42  000 

80 45  000 

90 47  400 

100 50  000 

With  the  spillway  completed  and  the  flood  stage  passed,  the  mines  may  be 
discharged  and  about  20  000  000  cu.  yd.  of  rock  would  be  blown  into  the  river. 
This  mass  of  loose  rock  would  not  be  water-tight  which  feature  is  the  most 
uncertain  in  the  plan  here  presented. 

This  mass  of  rock,  weighing  about  40  000  000  tons,  would  displace  the  fine 
sand  and  silt  and  would  tend  to  form  a  mud  bank  immediately  up  stream 
from  the  dam.  Such  a  mud  bank  would  be  practically  water-tight  and,  until 
overtopped,  it  would  cut  off  the  flow  of  the  river.  This  material  might  make 
the  rock-fill  water-tight  to  an  elevation  of  50  to  100  ft.  above  the  bed  of  the 
river,  and  thus  form  a  reservoir  having  a  storage  capacity  of  from  100  000 
to  700  000  acre-ft.  If  the  flow  of  the  river  was  5  000  sec-ft.,  the  supply  of 
water  for  irrigation  might  be  cut  off  for  a  period  of  from  10  to  70  days. 
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Water  for  the  irrigation  of  more  than  400  000  acres  of  land  on  the  Lower 
Colorado  must  be  available  each  month  of  the  year.  To  cut  off  the  supply  of 
water  for  the  irrigation  of  these  lands,  even  for  a  10-day  period,  might  result 
in  serious  damage  to  crops,  and  an  understanding  should  be  had  with  the  irriga- 
tion interests,  in  order  that  they  may  take  proper  steps  to  protect  the  croi)s 
should  the  supply  be  cut  off. 

Therefore,  unless  a  temporary  spillway  is  provided  at  an  elevation  of  50 
ft.  above  low  water,  it  will  be  necessary  to  discharge  the  mines  when  the 
river  is  in  flood  so  that  the  storage  reservoir  above  the  dam  may  be  quickly 
filled,  and  permit  the  water  to  flow  either  through  the  upper  part  of  the  un- 
finished dam  or  through  a  temporary  spillway  located  at  the  200-ft.  level.  The 
writer  believes  that  the  temporary  spillway  should  be  located  at  the  200-ft. 
level  and  that  the  mines  should  be  discharged  after  the  peak  of  the  summer 
flood,  when  the  discharge  has  fallen  to  about  50  000  sec-f t.  This  feature  of  the 
project  deserves  consideration,  and  a  thorough  study  of  the  stream-flow  records 
should  be  made  to  determine  the  proper  time  for  the  flrst  discharge  of  the  mines. 

Practically  all  the  rock-fill  can  be  blasted  into  place,  thus  making  it  unneces- 
sary to  rehandle  the  material  except  for  finishing  a  small  section  at  the  top 
of  the  dam.  The  50  000  000  cu.  yd.  of  rock  could  probably  be  blasted  into  place 
at  a  cost  of  10  cents  or  less  per  cubic  yard.  To  determine  the  quantity  of  fine 
material  necessary  to  make  the  rock-fill  water-tight  would  be  difficult,  but  the 
writer  believes  that  about  10  000  000  cu.  yd.  of  fine  rock,  sand,  and  silt  would 
be  required. 

The  upper  face  of  the  dam  would  be  permanently  submerged  to  the  600-ft. 
level,  and,  therefore,  below  this  level  no  protection  against  wave  action  is 
necessary.  The  water  in  the  reservoir  would  fluctuate  between  the  600  and  700- 
ft.  levels.  The  reservoir  would  be  located  in  a  deep  box  canyon  the  circuitous 
course  of  which  would  prevent  excessive  wave  action.  (Fig.  3.)  On  the  upper 
face  of  the  dam,  above  the  600-ft.  level,  rock  2  ft.  in  diameter  should  probably 
be  placed.  This  section  will  be  wet  and  dry  periodically  and  will  require  care 
in  its  construction,  if  the  back-fill  is  to  be  kept  water-tight. 

Malcing  the  RocJc-Fill  Water-Tight. — Several  methods  have  been  used  in 
the  past  to  make  rock-fill  dams  water-tight,  but  most  of  these  methods  appear 
to  be  unsatisfactory  when  applied  to  such  a  high  dam. 

A  concrete  core-wall  extending  to  bed-rock  is  often  used.  If  this  plan 
were  adopted  at  the  Lees  Ferry  dam  site,  it  would  be  necessary  to  excavate  the 
river  channel  to  bed-rock.  To  take  care  of  the  flood  water  during  the  period 
when  the  core-wall  is  being  built  from  bed-rock  to  the  former  water  surface, 
would  be  both  hazardous  and  expensive.  For  such  a  high  dam  there  would  be 
danger  of  the  core-wall  becoming  fractured  on  account  of  uneven  forces  being 
exerted  by  the  rock-fill. 

A  steel  core,  having  a  concrete  base,  would  be  even  more  objectionable  than 
a  concrete  core,  for  besides  requiring  a  concrete  facing  to  prolong  its  life, 
it  would  have  all  the  objectionable  features  of  the  concrete  core. 

The  rock-fill  might  be  made  water-tight  by  lining  the  up-stream  face  of 
the  dam  with  concrete,  but  it  would  be  necessary  either  to  carry  this  concrete 
facing  to  bed-rock  or  to  provide  an  impervious  base  for  the  (Jajic^  with  a  series 
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of  cut-off  walls.  Otherwise,  the  water  would  pass  under  the  concrete  facing 
and  undermine  the  dam.  In  addition  to  these  objectionable  features,  the  set- 
tlement of  the  rock-fill  would  make  it  almost  impossible  to  prevent  the  con- 
crete facing  from  becoming  fractured. 

The  writer  believes  that,  with  the  river  under  control,  the  rock-fill  can  be 
made  water-tight  by  sluicing  fine  material  into  the  dam. 

The  discharge  of  the  river  ranges  from  4  000  to  10  000  sec-ft.  after  the 
flood  period.  This  quantity  of  water  might  find  its  way  through  the  rock-fill. 
At  this  stage  of  construction,  every  attention  should  be  given  to  the  work  of 
making  the  rock-fill  water-tight.  It  would  be  necessary  to  place  fine  material 
on  the  upper  face  and  perhaps  as  far  down  stream  as  the  center  of  the  finished 
dam.  This  material  should  be  graded  in  size  from  that  which  would  pass 
through  a  1-in.  to  a  6-in.  mesh.  On  the  right  bank  of  the  river,  a  few  hundred 
feet  up  stream  from  the  upper  toe  of  the  dam,  there  is  a  talus  which  could 
be  moved  to  the  dam  at  a  low  cost.  The  back-water  above  the  dam  might  have 
a  depth  of  from  Y5  to  100  ft.  and  would  extend  up  the  river  a  distance  of  at 
least  25  miles. 

Assuming  that  the  rock-fill  rises  250  ft.  above  the  bed  of  the  river,  and  that 
there  is  100  ft.  of  water  above  the  dam,  the  flow  of  water  through  the  dam 
would  be  as  follows:  The  water  would  rush  through  the  open  spaces  between 
the  large  rocks,  flow  through  the  spaces  between  the  smaller  rocks,  percolate 
through  the  sand,  and  seep  through  the  clay  or  fine  silt.  The  rush  of  water 
through  the  spaces  between  the  large  rocks  would  be  partly  stopped  by  the 
coarser  material,  that  is,  the  rock  6  in.  in  diameter;  and  the  flow  through 
the  spaces  between  the  smaller  rocks  would  be  partly  stopped  by  the  finer 
material,  that  is,  rock  that  would  pass  the  1,  2,  3,  or  4-in,  mesh.  Large  quan- 
tities of  sand  may  then  be  deposited  on  the  upper  face  of  the  dam.  Due  to 
the  flow  of  water  under  high  pressure,  this  sand  would  be  carried  into  the  dam. 
The  deposit  of  fine  clay  or  silt  on  the  up-stream  face  and  on  top  of  the  dam 
should  produce  a  practically  water-tight  structure.  Owing  to  the  enormous 
pressure,  water  would  always  seep  through  the  dam,  but  probably  not  in 
quantities  sufficient  to  cause  erosion. 

When,  in  1915,  the  writer  made  a  trip  by  boat  through  150  miles  of  the 
canyon  of  the  Colorado  River  between  Hite,  Utah,  and  Lees  Ferry,  Ariz.,  large 
silt  deposits  at  the  mouth  of  Navajo  Creek  were  observed.  This  creek  joins 
the  Colorado  from  the  south,  at  a  point  about  18  miles  up  stream  from  the 
site  of  the  Lees  Ferry  dam.  Large  silt  deposits  also  were  observed  at  many 
other  points  in  the  canyon  below  the  mouth  of  San  Juan  River.  These  de- 
posits could  be  located  before  they  are  covered  with  the  back-water,  and  as 
the  water  reached  the  respective  deposits,  the  material  could  be  loaded  on 
barges  by  dipper  or  suction  dredgers.  It  might  prove  more  economical,  how- 
ever, to  place  rock  crushers  on  the  plateau  above  the  dam  and  transport  the 
crushed  material  to  the  dam  by  chutes.  It  is  thus  seen  that  there  is  plenty  of 
accessible  material  for  use  in  the  final  process  of  making  the  rock-fill  water- 
tight. 

When  the  rock-fill  becomes  water-tight  and  the  reservoir  fills,  the  water 
may  percolate  through  the  40-ft.  layer  of  sand  and  boulders.  (Fig.  3.)  This 
water  would  be  forced  to  travel  a  distance  of  about  5  700  ft.    The  indicated 
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hydraulic  gradient  is  about  1 :  8,  and  the  writer  believes  that  the  frictional 
resistance  to  the  passage  of  water  through  the  40-ft.  layer  of  sand  and  boulders 
would  be  sufficient  to  consume  the  head  of  700  ft.  before  the  lower  toe  of  the 
dam  is  reached,  in  which  case,  the  velocity  of  the  percolating  water  near  the 
lower  toe  of  the  dam  would  not  erode  the  foundation.  Under  these  conditions, 
the  dam  as  designed  would  be  safe  against  blow-outs  caused  by  the  upward 
hydrostatic  pressure  of  the  percolating  water  on  its  base. 

It  is  said  that  the  silt-laden  waters  of  the  Colorado  would  be  sufficient  to 
tighten  the  dam.  This  silt,  however,  would  be  deposited  at  the  head  of  the 
back-water  and  not  at  the  dam,  which  condition  favors  the  completed  project. 
With  reservoir  full,  the  back-water  would  extend  up  every  side  canyon  and 
tributary  of  the  Colorado,  and  would  probably  extend  up  the  San  Juan  River, 
a  distance  of  80  miles  or  more.  The  San  Juan,  which  carries  a  large  quan- 
tity of  silt  would  have  its  own  stilling  basin  and,  perhaps,  100  years  would 
pass  before  the  silt  would  reach  the  canyon  of  the  Colorado.  As  each  side 
canyon  would  have  its  own  stilling  basin,  the  water  in  the  main  canyon  of 
the  Colorado  above  the  dam  would  remain  practically  clear.  This  is  im- 
portant when  it  is  considered  that  the  water  is  to  be  used  for  the  development 
of  power. 

As  it  is  proposed  to  blast  about  20  000  000  cu.  yd.  of  rock  into  the  river 
channel  with  the  first  discharge  of  the  mines,  arch  action  may  result  when 
this  enormous  quantity  of  material  falls  into  the  canyon,  thus  leaving  a  large 
open  space  within  the  proposed  dam.  Although  such  arch  action  is  only  a 
remote  possibility,  it  might  be  advisable  to  discharge  the  mines  in  both  walls 
of  the  canyon  at  the  same  instant,  so  that  much  of  the  material  may  meet 
over  the  river  channel  and  fall  vertically.  Perhaps  better  results  can  be  ob- 
tained by  discharging  the  mines  in  one  wall,  after  those  in  the  other  wall,  but 
the  writer  believes  it  is  impossible  to  determine  just  how  the  rock  will  fall 
when  the  mines  are  discharged. 

Care  of  Water  During  Construction. — The  writer  believes  it  unnecessary 
to  have  the  river  under  control  until  the  dam  is  raised  to  an  elevation  250  ft. 
or  more  above  the  bed  of  the  river.  If  the  mines  were  discharged  immediately 
after  the  flood  period  has  passed,  at  least  eight  months  would  elapse  under 
normal  conditions  before  the  river  would  again  be  at  flood  stage.  During  these 
eight  months,  it  is  expected  that  the  upper  face  of  the  dam  can  be  raised  100  ft., 
or  to  an  elevation  of  350  ft.  above  the  bed  of  the  river.  The  storage  capacity 
of  the  reservoir  between  an  elevation  of  200  and  350  ft.  is  about  8  000  000 
acre-ft. 

The  writer  has  described*  the  flood  of  1917,  during  which  the  peak  at 
Lees  Ferry  was  about  147  000  sec-ft.,  one  of  the  highest  floods  of  record 
originating  above  that  site.  An  analysis  of  the  records  of  daily  discharge  for 
this  flood  period  shows  that  the  water  level  in  the  Lees  Ferry  Reservoir  would 
have  been  raised  from  an  elevation  of  215  ft.  to  an  elevation  of  332  ft.  above 
the  bed  of  the  river.  The  accumulated  storage  above  the  200-ft.  level  would 
have  been  about  7  300  000  acre-ft.  and  the  total  volume  discharged  through 
the  temporary  spillway  would  have  been  nearly  7  500  000  acre-ft.  It  is  seen, 
therefore,  that  in  order  to  prevent  such  a  flood  overtopping  the  unfinished 
•  Engmeervng  News-Record,  March  6th,  1919. 
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dam,  it  would  have  been  necessary  to  raise  the  dam  at  least  332  ft.  above 
the  bed  of  the  river.  For  the  plan  of  construction  herein  presented,  the 
writer  believes  that  the  most  dangerous  period  would  be  that  during  which  the 
dam  is  being  raised  from  the  200  to  the  350-ft.  level.  During  this  period,  it  may 
be  necessary  to  take  care  of  a  summer  flood  such  as  that  which  occurred  in 
1917. 

The  water  level  in  the  reservoir  during  construction  might  be  controlled 
most  economically  and  eflS.ciently  by  one  temporai-y  spillway,  at  the  200-ft. 
level,  controlled  by  a  Johnson  valve  having  a  capacity  of  60  000  sec-ft. 
under  a  static  head  of  100  ft.  As  this  spillway  is  to  be  used  only  during 
construction,  it  would  not  be  necessary  to  provide  slide-gates  so  that  the 
Johnson  valve  may  be  unwatered  for  inspection  and  repairs.  If  a  summer 
flood,  such  as  that  which  occurred  in  1917,  must  be  taken  care  of  when 
the  dam  is  nearing  the  300-ft.  level,  the  temporary  spillway  will  be  taxed 
to  its  maximum  capacity  of  60  000  sec-ft.  As  the  dam  is  raised  above 
the  300-ft.  level,  the  storage  capacity  of  the  reservoir  becomes  much  greater, 
so  that  a  spillway  capacity  of  less  than  60  000  sec-ft.  would  be  required.  Under 
this  plan,  the  dam  could  be  built  to  its  full  height  without  fear  of  its  being 
overtopped  by  a  flood  during  construction. 

The  tunnels  leading  to  the  power  house  may  be  located  at  the  600-ft.  level. 
(Fig.  3.).  As  this  paper  deals  primarily  with  the  design  of  a  rock-fill  dam, 
no  attempt  will  be  made  to  determine  the  most  feasible  location  for  the  power 
tunnels. 

The  summer  floods  are  caused  by  the  melting  snows  in  Colorado,  Utah,  and 
Wyoming.  From  the  records  of  precipitation,  the  volume  of  the  coming 
summer  flood  can  be  determined  with  fair  accuracy  60  days  in  advance.  A 
permanent  spillway  should  be  provided  at  the  600-ft.  level  so  that  the  water 
level  in  the  reservoir  may  be  drawn  down  to  provide  sufficient  capacity  to 
take  care  of  a  flood  much  greater  than  any  heretofore  recorded. 

Those  in  charge  of  the  operation  of  the  reservoir  would  be  more  concerned 
with  the  volume  of  run-off  than  with  the  magnitude  of  the  flood  peak.  The 
quantity  of  snow  in  the  upper  basin  would  indicate  whether  the  expected  run- 
off would  be  high,  low,  or  average  in  volume.  An  extended  period  of  high 
temperatures,  accompanied  by  a  warm  rain  or  "chinook"  wind,  would  cause  a 
flood  of  great  magnitude,  but  of  short  duration.  It  would  be  impossible  to 
predict  such  conditions  60  days  in  advance,  but  a  study  of  the  run-off  records 
for  the  past  20  years  would  afford  a  fairly  accurate  basis  for  a  prediction  as 
to  the  time  the  summer  flood  may  be  expected. 

Power  During  Construction. — As  coal  is  abundant  within  15  miles  from 
the  site,  a  steam  plant  could  be  built  to  furnish  power  during  construction. 
After  the  dam  has  been  raised  above  the  200-ft.  level  and  the  water  is  passing 
through  the  temporary  spillway,  power  may  be  had  by  constructing  a  hydro- 
electric plant  at  the  outlet  of  this  tunnel. 

Conclusions 

1. — At  the  site  of  the  Lees  Ferry  Dam,  the  canyon  is  narrow  and  the  red 
sandstone  is  of  good  quality.     These  conditions  favor  the  construction  of  a 


216  TENTATIVE  PLAN  FOR  ROCK-FILL  DAM,  LEES  FERRY,  ARIZ. 

rock-fill  dam.  It  seems  probable  that  practically  all  of  the  50  000  000  cu,  yd. 
of  rock  for  the  fill  can  be  blasted  into  place.  However,  it  will  be  necessary, 
or  at  least  advisable,  to  resort  to  the  hand-and-derrick  method  in  placing  a 
part  of  the  rock  in  the  section  of  the  dam  above  the  GOO-ft.  level.  The  slopes 
of  the  finished  dam  are  not  expected  to  conform  exactly  with  those  shown  on 
Fig.  3,  but  it  is  the  writer's  opinion  that  the  average  slope  should  not  be 
steeper. 

2.— Owing  to  the  favorable  conditions  at  the  site  of  the  dam,  the  writer 
believes  it  entirely  feasible  to  raise  the  dam  to  the  250-ft.  level  with  the  first 
discharge  of  the  mines.  The  quantity  of  material  required  to  form  a  dam 
250  ft.  high  depends  on  the  depth  to  the  layer  of  boulders  and  the  depth  to 
bed-rock.  It  would  be  advisable,  therefore,  to  test  the  river  channel  for  bed- 
rock by  diamond  drill  borings. 

3. — It  would  not  be  necessary  to  by-pass  the  flood  water  until  the  dam  has 
been  raised  to  an  elevation  of  200  ft.  above  the  bed  of  the  river,  except  that 
provision  must  be  made  to  meet  the  demand  for  water  for  irrigation. 

4. — Provision  should  be  made  to  control  the  water  level  in  the  reservoir 
above  an  elevation  of  200  ft.,  in  order  to  facilitate  the  sluicing  of  fine  material 
into  the  rock-fill  to  make  it  water-tight. 

5. — Flood  water  should  not  be  permitted  to  overtop  the  dam  after  it  has 
been  built  higher  than  200  ft.  above  the  river  bed. 

6. — A  permanent  spillway  should  be  provided  at  the  600-ft.  level. 

7. — The  raw  materials  necessary  for  the  construction  of  a  rock -fill  dam  are 
conveniently  situated. 

8.— In  this  project,  it  is  planned  to  do  on  a  large  scale  what  has  often 
been  successfully  accomplished  on  a  smaller  scale.  The  writer  believes  the 
most  uncertain  feature  of  the  project  is  the  work  of  making  the  rock-fill  water- 
tight. If  the  seepage  through  the  dam  is  sufficient  to  cause  erosion,  it  would 
not  be  very  expensive,  considering  the  magnitude  of  the  project,  to  blast  in 
the  canyon  walls  and  produce  a  6:1  slope  from  the  crest  of  the  dam  to  the 
lower  toe. 

9. — The  writer  believes  that  a  rock-fill  dam  properly  constructed  would  be 
fully  as  safe  as  a  concrete  dam.  To  the  design  herein  presented  for  a  rock- 
fill  dam,  the  unit  stresses  developed  in  the  foundation  and  abutment  walls 
are  low  and  need  be  given  minor  consideration.  This  type  of  dam,  however, 
may  be  subject  to  failure  due  to  a  blow-out  which  might  be  caused  by  the 
upward  hydrostatic  pressure  of  the  water  percolating  under  the  foundation. 
The  writer  believes  that  the  rock-fill  dam  described  in  this  paper  would 
be  safe  against  blow-outs  or  erosion.  Should  erosion  occur,  no  doubt  the 
trouble  could  be  remedied  long  before  there  was  any  real  danger  of  the 
dam  failing. 

Should  either  the  rock-fill  or  a  concrete  dam  be  overtopped  by  a  flood,  the 
damage  might  be  sufficient  to  cause  failure.  A  flood  passing  over  the  top  of 
the  rock-fill  dam  would  cause  at  least  a  partial  failure  of  the  dam.  The 
seriousness  of  the  damage  would  depend  on  the  magnitude  and  duration  of 
the  flood. 
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Because  the  capacity  of  the  reservoir  is  enormous,  it  is  a  comparatively 
simple  matter  to  provide  adequate  spillway  capacity,  and  the  chances  of  a 
dam  being  over-topped  by  a  flood  are  remote.      ^ 

10. — A  concrete  dam  built  at  the  Lees  Ferry  site  to  raise  the  water  700  ft. 
above  the  bed  of  the  river  would  have  a  volume  of  about  5  400  000  cu.  yd.  and 
would  probably  cost,  including  spillway  structures,  about  $50  000  000.  It  is 
diflicult  to  estimate  the  cost  of  a  dam  of  the  rock-fill  type,  but  a  liberal  estimate 
indicates  that  it  would  be  little  more  than  half  that  of  the  concrete  dam. 
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DISCUSSION" 


C.  R.  F.  CouTLEE,*  M.  Am.  Soc.  C.  E.  (by  letter)  .—Eock-fill  dams  are 
perhaps  the  most  useful  appliances  in  engineering,  now  that  water  power  has 
become  such  a  prominent  branch  of  that  science.  They  have  been  used  in 
India  for  a  long  time,  the  up-stream  face  being  staunched  by  depositing,  first, 
stone  of  one-man  size,  then  macadam  size,  and,  finally,  sand.  Two  parallel 
rock-fills  with  an  earth  center,  as  used  at  Panama,  is  a  splendid  arrangement. 

At  Kenora,  Ont.,  Canada,  there  is  a  rock-fill  dam  with  sluiceways  closed 
by  movable  stop-logs.  It  was  built  by  the  late  Sir  John  Kennedy,  M.  Am. 
Soc.  C.  E.,  30  years  ago,  the  granite  rock  being  deposited  in  the  rapids  with- 
out particular  care.  The  up-stream  face  is  neither  paved  nor  staunched,  and  the 
leakage  has  remained  about  constant.  The  slope  through  the  dam  extends 
from  the  water  surface  above  to  about  1  ft.  higher  than  the  surface  of  the 
water  below.  The  head  is  18  or  20  ft.,  the  slopes  are  1 : 1,  and  the  width  3  ft. 
above  water  is  6  ft. 

The  Georgian  Bay  Canal  Project,  Ottawa  River,  included  many  large 
rock-fills  which  are  described  in  the  report  for  1908  of  the  Public  Works 
Department  of  Canada.  In  connection  with  the  Ottawa  River  storage,  several 
rock-fill  dams  were  built  from  1909  to  1912. 

At  the  foot  of  Quinze  Lake,  the  dam  is  more  than  1  mile  long  and  45  ft. 
high  in  middle  channel.  The  embankment  was  made  from  each  side  and 
closed  in  mid-stream  with  a  flow  of  5  000  sec-ft.  running.  Large  rocks  were 
carried  down  stream  at  first,  but  they  soon  came  to  rest  and  others  jammed 
against  them,  until  gradually  the  fill  grew  up  stream.  Part  of  the  dam,  more 
than  30  ft.  high,  was  deposited  on  a  swamp.  The  slopes  are  1.5:1,  with  a 
width  of  10  ft.  at  5  ft.  above  full  reservoir. 

At  Kipawa  River,  at  the  north  end  of  the  lake,  a  rock-fill  was  deposited 
across  a  crevice  in  the  granite  about  100  ft.  wide,  through  which  1  000  sec-ft. 
poured  in  a  rapid.  At  the  south  end  of  Kipawa  Lake,  another  rock-fill,  500 
ft.  long,  was  deposited  on  bare  rock.  No  attempt  was  made  to  staunch  any 
of  these  dams.  At  the  north  end  of  Kipawa  Lake,  the  leakage  is  300  sec-ft., 
and  at  the  south  end  about  200  sec-ft.,  the  maximum  head  approximating 
15  ft. 

At  the  Timiskaming  Dam,  four  concrete  sluiceways  were  scoured  under 
during  the  spring  flood  of  1912,  and  the  piers  settled  down  into  a  sand  pocket. 
Satisfactory  repairs  were  made  by  filling  in  the  gap  with  rock.  The  depth 
was  25  ft.  and  the  head  about  15  ft.  Down  stream  from  this  dam,  a  flow  of 
70  000  sec-ft.  scoured  out  a  hard  boulder  bottom  to  a  depth  of  20  ft.  below 
the  sill,  for  a  width  of  400  ft.  This  was  filled  with  30  000  cu.  yd.  of  loose 
rock,  into  which  the  next  high  flow  scoured  15  ft.  in  depth.  Loose  rock  was 
again  used  for  filling,  and  further  scouring  has  not  taken  place.  Descrip- 
tions of  these  works  are  given  in  the  Ottawa  River  Storage  Reports  of  the 
Public  Works  Department  of  Canada  for  1913  and  1915,  which,  although  out 
of  print,  are  available  in  libraries.    In  constructing  the  branch  of  the  Canadian 

*  Ottawa,  Ont.,  Canada. 
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Pacific  Railway  from  Toronto  north  to  Sudbury,  Ont.,  rock  embankments  were 
made  to  sink  into  muskeg  swamps  with  considerable  certainty  as  to  alignment. 

A  rock-fill  becomes  part  of  the  geology  of  the  country,  it  will  not  over- 
turn nor  slide  on  its  base,  and  it  will  stand  overtopping  for  some  time.  It 
is  very  strong,  but  leaky.  To  staunch  the  face,  the  voids  should  be  gradu' 
ally  reduced  with  stone  decreasing  to  macadam  size  and  then  a  covering 
of  earth  should  be  applied  at  slope  of  from  3:1  to  7:1.  Brush  mattresses 
are  not  desirable  for  staunching,  as  they  bridge  voids  and  eventually  break 
suddenly.  At  Frank,  Alberta,  Canada,  the  great  rock  slide,  2  miles  long  and 
2  miles  wide,  occupied  the  whole  bed  of  the  middle  fork  of  the  Old  Man 
River.  Without  gathering  much  head,  the  small  river,  however,  has  been  able 
to  seep  through. 

A  great  rock-fill  dam  might  be  constructed  across  the  St.  Lawrence  River, 
near  Riviere  du  Loup,  Que.,  Canada,  requiring  70  000  000  cu.  yd.,  which  could 
be  deposited  after  twin  locks,  similar  to  those  at  Panama,  had  been  built  in 
Hare  Island.  The  sluiceways  to  pass  800  000  sec-f  t.  could  also  be  constructed 
in  the  dry  before  any  rock  was  deposited.  This  would  bar  out  the  tide,  leaving 
the  water  of  the  upper  river  fresh,  with  a  current  in  the  outward  direction  only. 
There  would  be  no  more  tidal  fluctuation  or  choking  by  tide-borne  ice,  and  a 
40-ft.  depth,  without  flooding,  would  be  secured.  In  a  similar  manner,  a  rock- 
fill,  400  or  500  ft.  wide  on  top,  could  be  built  across  the  Hudson  River  between 
New  York  and  New  Jersey,  which  would  keep  the  river  at  a  constant  level  as 
far  as  Albany,  N.  Y. 

H.  B.  MuCKLESTON,*  M.  Am.  Soc.  C.  E.  (by  letter). — This  paper  describes 
a  proposal  to  dam  the  Colorado  River  by  creating  artificially  an  enormous 
landslip  from  the  canyon  walls.  Except  for  the  artificial  feature,  the  proposal 
is  not  without  precedent. 

The  same  thing  occurred  naturally  in  1893  on  the  Birahi-Ganga,  a  small 
stream  in  India.  In  this  case,  the  dam  was  about  900  ft.  high,  11  000  ft.  wide 
at  the  base,  and  2  000  ft.  wide  at  the  top.  The  catchment  area  above  the  dam 
was  small,  about  90  sq.  miles,  so  that  the  discharge  cannot  have  been  very 
great.     Nevertheless,  the  dam  went  out  as  soon  as  it  was  topped. 

In  view  of  the  author's  proposals  for  staunching  his  dam,  it  is  interest- 
ing to  learn  that  the  Gohna  Lake  Dam  referred  to,  leaked  350  sec-ft.,  long 
before  it  was  topped.    A  full  account  of  this  failure  has  been  published.! 

Edwin  H.  Warner,:};  M.  Am.  Soc.  C.  E.  (by  letter). — The  author  presents 
a  plan  for  a  rock-fill  dam  780  ft.  high  and  greater  in  magnitude  than  any  dam 
of  which  there  is  a  record.  The  type  proposed  is  archaic,  developed  when  low 
first  cost  was  a  necessity,  which  necessity  does  not  exist  in  the  case  under 
consideration. 

The  profile.  Fig.  3,  is  conservative;  the  notation  on  it  "rock-fill  made  im- 
pervious" is  reminiscent  of  "let  there  be  light  and  there  was  light".    With  this 

•  Chf.  Engr.,  Lethbridge  Northern  Irrig.  Dist.,  Lethbridge,  Alberta,  Canada. 

t Records  of  the  Public  Works  Department  of  India,  No.  324  ;  Journal,  Soc.  of  Arts,  Lon- 
don, March,  1896;  and,  also,  "Water  Power",  by  the  late  J.  P.  Frizell,  M.  Am.  Soc.  C.  B., 
p.  250. 

t  Cons.  Engr.,  San  Francisco,  Calif. 
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notation  in  effect,  and  the  author's  statement  tliat  there  shall  be  no  overtopping 
of  the  dam  by  flood  waters  after  the  dam  is  completed,  it  is  not  apparent  why 
the  toe  should  be  carried  1  mile  down  stream.  The  profiles  of  rock-fill  dams 
illustrated  in  the  "Design  and  Construction  of  Dams",  by  Edward  Wegmann, 
M.  Am.  Soc.  C.  E.,  show  no  such  exaggeration  of  the  down-stream  slope. 

The  author's  first  step  in  construction  is  to  drop  1  000  000  cu.  yd.  into  the 
bed  of  the  stream,  making  a  dam  250  ft.  high,  "this  will  settle  60  ft.  through 
sand  and  silt  which  will  be  forced  up".  The  probability  that  this  settlement 
will  occur  does  not  seem  great.  Much  greater,  however,  is  the  probability  that, 
as  he  says,  a  flood  of  100  000  sec-ft.  will  strew  his  rock  down  stream  leaving  a 
dam  100  ft.  high ;  the  "blessing  in  disguise"  part  of  the  operation  in  "leaving  a 
solid  foundation  on  which  to  build"  seems  somewhat  problematical  both  as  to 
the  "blessing"  and  the  "solid  foundation".  The  next  step  is  dropping  20  000  000 
eu.  yd.  in  one  shot,  on  top  of  the  first  1  000  000  cu.  yd.,  thus  forming  "a  mud 
bank  immediately  up  stream"  and  cutting  off  the  irrigator's  supply  for  "from 
10  to  70  days"  until  the  mud  bank  is  overtopi>ed  and  washed  away.  The  author 
states  that  this  "might  result  in  serious  damage  to  the  crops,  and  an  under- 
standing should  be  had  with  the  irrigation  interests,  in  order  that  they  may  take 
proper  steps  to  protect  the  crops".  He  does  not  suggest  an  arrangement;  it 
could  take  two  forms,  namely,  the  purchase  of  the  crops  on  400  000  acres  at 
a  cost  not  much  in  excess  of  his  estimate  of  the  cost  of  a  rock-fill  dam,  or 
supplying  water  from  some  other  source.  Neither  of  these  alternatives  seems 
to  be  quite  practicable,  so,  perhaps,  it  is  best  to  be  content  with  the  possibility 
that  the  "bud  bank"  will  not  form,  or,  if  it  does,  it  will  not  make  the  complete 
closure  suspected  of  it. 

The  author's  estimate  of  10  cents  per  cubic  yard  for  blasting  50  000  000 
cu.  yd.,  seems  to  be  low  when  viewed  from  the  cost  of  explosives  alone,  and 
his  expectation  of  landing  his  rock  where  he  wants  it,  without  rehandling,  is 
negatived  by  his  later  statement  that  "it  is  impossible  to  determine  just  how 
the  rock  will  fall". 

The  author  believes  the  dam  "can  be  made  water-tight",  and  states  that 
"there  will  always  be  seepage  through  the  dam".  To  secure  water-tightness, 
he  assumes  that  the  graded  material,  later  introduced,  will  find  its  appointed 
place  in  a  structure  extending  1^  miles  along  the  river.  Perhaps  it  will;  who 
knows  ? 

The  author  concludes  that  the  dam  will  cost  little  more  than  half  that  of  a 
concrete  dam,  the  cost  of  which  he  places  at  $50  000  000.  Having  assigned 
$5  000  000  as  the  cost  of  the  rock-fill,  it  would  be  of  interest  to  know  what 
items  enter  into  the  remaining  $20  000  000. 

As  a  final,  or,  perhaps,  more  properly,  first  point  in  the  matter  of  the 
author's  design  and  construction  methods,  there  is  nothing  advanced  to  satisfy 
the  bond-buyer's  engineer,  who  is  obsessed  by  a  curiosity  as  to  what  is  to  be 
done  with  the  money  his  people  are  asked  to  furnish;  he  insists  on  facts  and, 
at  times,  declares  he  can  furnish  his  own  opinions,  which,  being  his  own,  satisfy 
him.  That  his  opinion  would  be  unfavorable  to  a  rock-fill  dam,  780  ft.  high, 
is  certain,  even  conceding  as  does  the  writer,  that  water-tightness  is  not, 
beyond  reasonable  limits,  an  absolute  necessity. 
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His  opinion  would  likewise  be  unfavorable  to  a  concrete  dam  of  similar 
height,  as  the  unit  stresses  in  the  concrete  would  exceed  the  present  limits 
of  good  practice.  The  only  dam  that  will  meet  his  approval  is  a  gravity  type, 
the  lower  section  of  which  will  be  mammoth  rubble  laid  in  cement  mortar  and 
carried  up  to  a  point  where  concrete  can  be  safely  used.  The  author's  splendid 
monograph  "Colorado  River  and  Its  Utilization",*  furnishes  data  which  point 
to  a  lesser  height  of  dam  than  that  proposed  in  this  paper. 

The  mean  annual  flow  of  the  Colorado  at  Lees  Ferry  is  15  000  000  acre-ft., 
but  in  order  to  satisfy  fully  all  irrigation  needs,  13  000  000  acre-ft.  are  re- 
quired. The  storage  of  25  000  000  acre-ft.  will  give  proper  regulation  and,  with 
a  dam  approximately  450  ft.  high,  800  000  h.  p.  can  be  developed. 

The  value  of  property  below  Lees  Ferry  makes  imperative  the  adoption  of 
a  dam  of  the  gravity  .type,  because  it  is  the  only  type  which  will  have  the 
approval  of  the  farmer,  the  bond-buyer's  engineer,  and  the  Federal  and  State 
regulatory  bodies.  The  writer  holds  firmly  to  the  opinion  that  an  arch  dam 
can  be  designed  and  built,  which  will  be  as  secure  against  failure  as  the  gravity 
dam,  but  consideration  of  this  type  is  precluded  by  the  fact  that  agreement  in 
this  opinion  is  not  to  be  had  from  the  several  parties  at  interest. 

If  the  author  finds  less  constructive  criticism  in  the  foregoing  than  he  asks 
for,  he  may  find  contentment  in  this,  that  both  he  and  the  writer  are  dealing 
largely  in  opinions  on  a  matter  which  greatly  transcends  present  knowledge; 
hence,  each  may  hold  to  his  own  without  undue  prejudice. 

F.  A.  NoETZLi,t  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — Hydraulic  engi- 
neers of  the  West  are  keenly  interested  in  the  deliberations  of  the  Colorado 
Itiver  Commission  which,  under  the  leadership  of  Herbert  Hoover,  M.  Am. 
Soc.  C.  E.,  has  accomplished  a  great  deal  toward  smoothing  out  the  con- 
flicting interests  of  the  various  border  States  interested  in  the  control  and 
utilization  of  the  waters  of  the  Colorado  Eiver.  In  view  of  the  fact  that,  by 
providing  adequate  reservoirs  for  storing  the  flood  waters  of  the  river  at  the 
various  excellent  reservoir  sites  on  the  main  river  and  its  tributaries,  sufficient 
water  appears  to  be  available  to  satisfy,  in  every  State  concerned,  all  reason- 
able claims  for  irrigation  and  power  for  generations  to  come,  it  is  to  be  hoped 
that  the  Colorado  River  Commission  will  soon  be  successful  in  initiating  the 
construction  of  a  large  dam  on  this  river. 

At  present,  about  14  000  000  acre-ft.  of  water,  out  of  an  average  of  16  000  000 
acre-ft.,  is  wasted  annually  into  the  Gulf  of  California.  This  would  be  enough 
water  to  irrigate  at  least  3  000  000  acres  of  land  in  addition  to  the  area  already 
irrigated  from  the  river.  According  to  the  author,  "more  than  4  000  000  continu- 
ous horse-power  may  be  developed  between  Green  River  and  Boulder  Canyon." 
Sxich  figures  should  convince  one  that  most  of  the  present  quibbling,  with 
regard  to  sacrificing  the  rights  of  certain  States  for  the  benefit  of  others,  has 
few  engineering  facts  on  which  to  rely. 

Mr.  La  Rue's  excellent  paper  will  be  welcomed  by  many  engineers,  as  it 
affords  an  opportunity  to  discuss  the  feasibility  of  a  large  dam  on  the  Colorado 
River.     The  thorough  investigation  of  the  whole  project,  made  by  the  U.  S. 

*  Published    as    Water    Supply    Paper    No.    395,    by    the    U.    S.    Geological    Survey. 
t  Chf.   Engr.,   Bissell  &  Sinnicks,  San  Francisco,  Calif. 
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Reclamation  Service,  and  more  particularly  the  surveys  and  borings  at  the 
Boulder  Canyon  Dam  site,  would  appear  to  have  furnished  sufficient  informa- 
tion to  warrant  the  conclusion  that  the  construction  of  a  high  dam  across  the 
Colorado  River  is  feasible. 

The  author  suggests  the  construction  of  a  rock-fill  dam  by  blasting  down 
the  canyon  walls.  In  order  that  the  discussion  might  be  based  on  definite 
dimensions,  he  chose  the  Lees  Ferry  site,  without,  however,  advocating  this  or 
any  other  specific  project. 

The  suggestion  of  blasting  enormous  masses  of  rock  from  both  sides  of  the 
canyon  walls  is  fascinating,  but  it  might  prove  to  be  a  dangerous  experiment 
on  a  stupendous  scale.  There  exists  no  precedent  on  which  to  rely.  All  the 
evidence  that  may  be  gathered  from  past  experience  with  rock-fill  dams  would 
indicate  an  almost  certain  failure.  The  writer  is  unable  to  agree  with  the 
statement  of  Mr.  La  Rue,  that  (in  case  of  a  flood  of  100  000  sec-ft.  passing 
over  the  dam  to  a  depth  of  8  ft.),  "*  *  *  to  believe  that,  after  the  flood,  the 
unfinished  dam  would  retain  a  height  of  100  ft.  or  more  above  the  average  low- 
water  level,  seems  more  reasonable  than  that  all  of  it  would  be  carried  away. 

*  *  *"  In  the  past,  whenever  water  has  overtopped  a  rock-fill  dam  for  1  ft.,  or 
even  less,  the  dam  almost  invariably  was  destroyed.  The  erosion,  which  may  be 
assumed  to  have  started  at  the  crest,  increased  the  depth  and,  therefore,  the 
velocity  of  the  flowing  water.  Since,  as  the  author  states,  "*  *  *  weight  of 
bodies  that  can  be  moved  by  a  current  varies  as  the  sixth  power  of  the  velocity 

*  *  *",  the  erosive  action  of  the  water  overtopping  a  rock-fill  dam  increases  at 
a  tremendous  rate,  and  soon  will  move  also  the  largest  sized  rocks,  inasmuch  as 
the  waters  in  the  reservoir  are  discharged,  in  addition  to  the  flood  flow  that 
started  the  failure.  Fig.  8  is  a  view  from  the  new  Lower  Otay  Dam,  down 
the  canyon  through  which  the  waters  passed,  that,  in  1916,  destroyed  the  former 
rock-fill  dam.  The  photograph  was  taken  by  the  writer  early  in  1922  and 
clearly  shows  the  lighter  colors  of  the  deeper  parts  of  the  canyon,  the  side  walls 
of  which,  for  miles,  were  stripped  of  every  loose  particle,  down  to  smooth  solid 
rock.  The  force  of  the  water  will  be  appreciated  from  such  a  view.  From  a 
description  of  the  failure  of  the  Lower  Otay  Dam,*  it  appears  that  the  reservoir 
of  40  000  acre-f t.  capacity  was  emptied  in  2i  hours.  This  corresponds  to  an 
average  flow  of  nearly  200  000  sec-ft.  for  2^  hours.  In  addition,  the  run-off 
from  the  water-shed  amounted  to  about  35  000  sec-ft.  The  maximum  flood 
peak  was,  therefore,  probably  in  excess  of  300  000  sec-ft.,  and  the  water  rushed 
down  the  canyon  with  an  average  velocity  of  about  18  ft.  per  sec.  Referring 
again  to  the  possibility  of  the  Lees  Ferry  dam  being  overtopped  during  con- 
struction to  a  depth  of  8  ft.  by  an  unexpected  flood  of  100  000  sec-ft.,  it 
appears  doubtful  if  more  than  perhaps  a  few  of  the  largest  blocks  of  the  dam 
would  stay  within  the  area  of  the  foundation. 

Assuming,   however,   that  the  unfinished   dam   would  retain   a  height  of 

100  ft.  after  the  flood,  it  may  be  well  to  consider  also  the  effect  of  the  water 

that  would  be  released  from  the  reservoir  between  the  100  and  250-ft.  level 

The  reservoir  capacity  between  these  two  levels  is  several  million  acre-feet,  and 

•  U.  S.  Geological  Survey,  Water  Supply  Paper  No.  ^26,  p.  25. 
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most  of  this  water  would  be  released  during  the  first  day,  producing, 
with  the  assumed  flow  of  100  000  sec-f  t.,  a  flood  peak,  below  the  dam,  of 
probably  more  than  1 000  000  sec-ft.  The  effect  of  such  a  flow  on  the 
Imperial  Valley  and  the  bottom-lands  along  the  Lower  Colorado  River  would 
be  disastrous. 

However,  it  might  perhaps  be  possible  to  devise  a  program  of  construction 
by  which  the  water  would  be  prevented  from  overtopping  the  dam.  The  ques- 
tion is  then  narrowed  down  to  the  problem  of  making  the  dam  water-tight 
during  construction,  as  well  as  afterward. 

Mr.  La  Eue  suggests  blasting  about  20  000  000  cu.  yd.  of  rock  into  the  river 
channel  with  the  first  discharge  of  mines  located  on  both  sides  of  the  canyon. 
It  hardly  can  be  assumed  that  this  large  quantity  of  rock  would  settle  and 
spread  evenly  across  the  whole  river,  so  as  to  form  a  more  or  less  level  barrier 
about  250  ft.  in  height,  which  would  be  the  object  of  this  first  operation.  At 
the  250-ft.  level,  the  canyon  is  about  600  ft.  wide,  and,  unless  a  great  quantity 
of  excess  powder  is  used,  the  blasted  rock  would  probably  slide  down  the  sides 
of  the  canyon,  instead  of  being  hurled  a  distance  between  300  and  700  ft., 
measured  horizontally,  to  the  location  where  the  designer  of  the  dam  would  like 
it  to  drop.  The  danger  evidently  exists  of  a  continuous  low  channel  being 
formed  approximately  along  the  axis  of  the  canyon  through  which  the 
water  might  escape  and  destroy  the  dam  before  the  level  in  the  reservoir  had 
reached  the  spillway  tunnel.  A  rock-fill  dam  of  the  dimensions  suggested  by 
the  author  would  no  doubt  be  stable  if  it  was  possible  to  make  the  dam  water- 
tight, or  at  least  so  to  reduce  the  velocity  of  water  percolating  through  the  dam 
that  it  would  not  start  erosion  and  blow-outs. 

Past  experience  with  earth  and  rock-fill  dams  has  shown  that,  in  general,  for 
dams  of  considerable  height,  this  is  possible  only  by  lining  the  up-stream  face, 
or  by  providing  a  water-tight  membrane,  such  as  a  concrete  or  steel  sheet  core- 
wall,  or  a  puddle  of  clayey  material,  etc. 

The  author  believes  that  "with  the  river  under  control,  the  rock-fill  can  be 
made  water-tight  by  sluicing  fine  material  into  the  dam.  *  *  *"  The 
method  proposed  is  ingenious.  However,  a  combination  of  unforeseen  condi- 
tions, such  as  arching  of  the  loose  material  within  the  dam,  and  consequent 
abrupt  and  uneven  settlements  from  the  weight  of  the  added  rock  in  the  build- 
ing of  the  dam,  might  rupture  the  originally  water-tight  sand  and  silt  cover 
and  a  blow-out  might  follow  with  disastrous  consequences.  The  Colorado  River 
silt  is  remarkably  water-tight  even  in  layers  of  a  few  inches,  if  the  silt  is 
precipitated  from  still  or  slowly  moving  water.  However,  if  the  water  attains 
a  velocity  of  3  ft.  per  sec.  or  more,  erosion  takes  place  with  great  rapidity. 
Such  action  might  occur  if  a  silt  membrane,  on  the  up-stream  face  of  the  pro- 
posed dam,  was  ruptured  by  abrupt  settlements  within  the  dam. 

Furthermore,  it  must  be  considered  that,  even  if  it  should  be  possible,  by 
sluicing,  to  make  the  dam  water-tight  for  a  working  head  of,  say,  200  or  300  ft., 
the  possibility  still  remains  of  flow  and  erosion  starting  when  the  water  level 
in  the  reservoir  would  rise  600  or  700  ft.  above  the  stream  bed.  The  water 
pressure  at  the  bottom  of  the  full  reservoir  would  be  43  700  lb.  per  sq.  ft,,  or 
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about  300  lb.  per  sq.  in.  Such  a  pressure  is  considered  by  conservative  engi- 
neers as  the  limit  for  good  concrete  in  masonry  dams,  and  probably  few 
designers  would  rely  on  a  layer  of  wet  sand  and  silt  to  sustain  safely  such  load. 

It  would  seem,  therefore,  that  the  construction  of  a  rock-fill  dam  on  the 
Colorado  River  involves  a  number  of  rather  doubtful  features  which,  during  the 
construction  of  the  dam,  would  hardly  be  conducive  to  sound  sleep  on  the 
part  of  the  responsible  engineer,  or  the  people  living  below  the  dam. 

In  his  report  to  Congress,  Arthur  P.  Davis,  Past-President,  Am.  Soc.  C.  E., 
Director  of  the  Reclamation  Service,  has  demonstrated  that  the  construction 
of  a  masonry  dam  on  the  Colorado  River  is  safe  and  feasible.  Hardly  any 
dangers  to  life  and  property  on  the  Lower  Colorado  River  are  involved  in  the 
construction  of  a  masonry  dam,  and  the  final  designs  may  show  such  a  struc- 
ture less  costly  than  a  rock-fill  dam. 

The  problem  to  be  solved,  therefore,  is  at  which  of  the  various  sites  should 
such  a  masonry  dam  be  built?  Under  present  conditions,  such  a  dam  has  to 
serve  three  purposes :  Flood  control,  irrigation,  and  the  development  of  hydro- 
electric power. 

Flood  control  of  the  Lower  Colorado  River  is  urgently  needed.  The  great 
snowfall  of  the  winter  of  1921-22,  over  the  drainage  area  of  the  river,  may 
produce  at  some  time  in  the  future  exactly  the  dangerous  conditions  of  which 
the  inhabitants  of  the  Imperial  Valley  are  afraid  and  which  such  a  dam 
would  almost  completely  eliminate. 

Even  by  permitting  the  upper  States  all  the  freedom  desired  in  the  irriga- 
tion of  any  or  all  of  their  land  that  may  be  entitled  to  it  or  that  is  susceptible 
of  irrigation  from  this  source  of  supply,  enough  water  would  still  remain  to 
irrigate  1  000  000  or  2  000  000  acres  of  additional  land  in  Arizona,  California, 
and  Mexico. 

Between  500  000  and  1  000  000  hydro-electric  horse-power  may  be  developed 
economically  as  a  by-product.  This  is  more  than  the  market  may  possibly 
absorb  for  many  years  within  economical  distance  of  distribution.  According 
to  the  author's  figures  there  are,  in  addition,  more  than  4  000  000  h.  p. 
capable  of  development  between  Green  River  and  Boulder  Canyon,  enough 
for  generations  to  come.  In  view  of  these  facts,  it  is  to  be  hoped  that  the 
various  States  concerned  will  soon  come  together  for  united  action  and  empower 
the  Federal  Government  to  proceed  with  the  construction  of  a  dam  on  the 
Colorado  River.  The  embracing  of  a  maximum  part  of  the  water-shed  to  afford 
the  greatest  possible  protection  from  floods,  the  closer  proximity  to  the  large 
area  of  irrigable  lands,  and  the  closeness  to  the  market  for  power,  all  favor  the 
building  of  a  dam  at  the  Boulder  Canyon  site.  After  this  dam  is  built,  possibly 
the  experiment  of  constructing  a  rock-fill  dam  at  Lees  Ferry  may  be  under 
taken,  as  suggested  by  the  author.  If  this  construction  was  undertaken  when 
the  Boulder  Canyon  Reservoir  was  purposely  nearly  empty,  no  great  damage 
might  occur  if  the  Lees  Ferry  rock-fill  dam  should  suffer  a  blow-out  during 
construction. 

The  writer  is  particularly  interested  in  the  problems  of  the  Colorado  River 
for  the  reason  that  he  believes  he  has  solved  in  part  what  might  be  called  the 
problem  of  the  Lower  Colorado  River  below  Boulder  Canyon.    To  the  present 
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time,  it  was  believed  by  many  engineers  who  investigated  the  lower  course 
of  the  river,  that  it  was  not  economically  feasible  to  build  a  high  dam 
across  the  river  for  power  purposes.  The  reason  for  the  negative  result  of 
these  investigations  lies  probably  in  the  fact  that  bed-rock,  at  the  deepest  point 
in  the  river  channel,  is  more  than  100  ft.  below  the  present  stream  bed. 
Furthermore,  the  flow  in  the  river  is  seldom  less  than  4  000  sec-ft.,  and  floods 
of  150  000  to  200  000  sec-ft.  may  be  expected  almost  every  year. 

About  5  miles  above  Parker,  Ariz.,  the  solid  rock  banks  on  both  sides  of 
the  Colorado  rise  about  100  to  120  ft.  above  the  river  bed  and  are  600  to  700  ft. 
apart.  Through  the  protruding  rock  hills  on  the  Arizona  side,  it  is  proposed 
to  cut  a  channel  about  250  ft.  wide,  somewhat  lower  than  the  present  river 
bed,  and,  by  means  of  a  coffer-dam,  to  divert  the  flow  of  the  river  during  the 
construction  of  an  earth  and  rock-fill  dam  across  the  main  river  channel.  After 
the  main  dam  has  been  completed  to  the  crest,  and  a  spillway  of  200  000  sec-ft. 
capacity  is  excavated  at  a  favorable  location  on  the  California  side  of  the  river, 
the  temporary  diversion  channel  may  be  closed  by  a  concrete  arch  dam,  at  the 
foot  of  which  the  power-house  might  be  built.  The  main  dam,  which  would 
be  about  100  ft.  high,  would  be  of  the  earth  and  rock-fill  type  with  a  con- 
crete core-wall  reaching  to  bed-rock  or  to  a  double  row  of  sheet-piling  to  prevent 
percolation  through  the  dam. 

With  a  load  factor  of  70%  and  the  quantity  of  stored  water  available 
between  the  sill  of  the  spillway  and  the  crest  of  the  15-ft.  gates  on  top  of  the 
spillway,  about  100  000  h.  p.  could  be  developed.  The  remainder  of  the  reservoir 
is  thereby  assumed  to  be  silted  up.  The  intake  to  the  turbines  will  be  through 
the  arch  dam,  thus  affording  a  minimum  cost  of  installation  and  a  maximum 
degree  of  efficiency  for  operation.  At  the  tail-race  of  the  power  plant,  a  part 
of  the  water  discharged  by  the  turbines  may  be  taken  in  a  canal  and  used  for 
the  irrigation  of  about  120  000  acres  of  land  a  short  distance  below  the  dam. 
Complete  plans  for  the  irrigation  of  this  land  were  prepared  some  time  ago  by 
the  U.  S.  Indian  Service. 

The  temporary  diversion  channel  would  require  the  excavation  of  about 
1  000  000  cu.  yd.  of  rock,  of  which  a  part  might  be  used  in  the  construction 
of  the  main  dam. 

Thus,  by  the  somewhat  unusual  method  of  diverting  a  mighty  river  into 
a  new  channel,  then  building,  without  any  undue  risks,  a  dam  across  the  main 
channel,  and  closing  afterward  the  temporary  diversion  canyon  by  a  concrete 
arch  dam,  under  the  most  favorable  conditions  as  to  rock  foundation  and  side 
abutments,  a  safe  and  economical  solution,  in  part,  of  the  problem  of  the  Lower 
Colorado  River  is  effected. 

It  is  of  further  interest  to  note  that  the  proposed  reservoir  near  Parker 
would  afford  an  excellent  opportunity  for  temporary  flood  control  for  Imperial 
Valley  during  the  construction  of  the  Boulder  Canyon  Dam.  The  time  re- 
quired for  building  the  Boulder  Canyon  Dam  may  be  10  years,  while  the  dam 
at  Parker  could  be  constructed  within  less  than  2  years.  The  capacity  of  the 
Parker  Reservoir  is  about  1  500  000  acre-ft.,  and  the  silt  deposits  from  the  river 
may  reduce  this  capacity  by  about  100  000  acre-ft.  per  year.    As  the  dam  will 
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be  used  later  mainly  for  creating  head  for  the  power  plant,  the  silting  process 
of  the  reservoir  is  of  minor  importance. 

Kirk  Bryan,*  Esq.  (by  letter).t — During  the  extensive  surveys  of  the  Colo- 
rado River  by  the  U.  S.  Geological  Survey  in  1921,  the  writer  was  detailed  to 
conduct  geological  work  in  the  vicinity  of  Lees  Ferry,  The  results  of  this 
work,  in  so  far  as  they  affect  the  building  of  a  dam  at  Lees  Ferry,  are  pre- 
sented herewith.  The  paper  by  Mr.  La  Rue  has  raised  definite  questions  in 
the  solution  of  which  the  geologic  facts  are  pertinent. 

RocTcs  Involved. — The  rocks  in  the  vicinity  of  Lees  Ferry  are  sedimentary 
in  character  and  form  great  beds  of  like  material  that  are  persistent  in  com- 
position over  large  areas.  The  character  of  these  rocks  is  given  in  Table  2 
and  their  distribution  is  shown  on  the  geologic  map.  Fig.  9,  from  which 
also  the  reader  will  be  able  to  locate  various  features  of  the  topography 
which  are  discussed  subsequently.  Fig.  10  shows  the  formations  from  the 
Kaibab  limestone  to  the  top  of  the  Jurassic  sandstone  with  the  characteristic 
tojKjgraphy  of  each  formation. 

TABLE  2. 


Triassic. 


Permian. 


Permian 
and  Penn 
vanian 


(?) 
syl- 


General  Section  of  Rocks  near  Lees  Ferry. 


f  Brown  thin  bedded  sandstones  and  shales.    ' 

I  (Wlngate  and  Navajo  of  Gregory).  Ma.ssive  tangentially  cross- 
I  bedded  red  to  buff  sandstones.  No  parting  visible  at  tbe  center, 
\     but  upper  half  lias  lenses  of  dense  gr.^y  limestone  6  in.  to  3  ft.  thick 

at  intervals  and  near  the  top,  nodules  of  limonite  the  size  of  peas 
I     are  cpmmon.    In  the  Vermilion  Cliffs  the  upper  half  is  distinctly 
\     lighter  in  color. 
'Chinle  formation  (Upper  Triassic). 

Blue,  green,  and  red  shales:  white,  gray,  purple,  and  red  sandstones; 

and  ciierty  limestones.    Upper  part  of  Chinle  formation  consists  of 

heavy  bedded  sandstones  and  red  shales.    Lower  part  contains 

fossil  wood. 
Shinarump  conglomerate  (Upper  Triassic?). 

Gray  conglomerate  with  lenses  of  sandstone  and  shale;  muchfossil 

wood. 
Unconformity. 
Moenkopi  formation  (Lower  Triassic). 

Red  sandy  shales  and  thin  bedded  sandstones  with  seams  of  gypsum. 

In  places  "has  beds  of  red  and  gray  sandstone  2  to  6  ft.  thick,  and  in 

one  locality  12  ft.  of  gypsiferous  limestone.    Base,  generally,  1  to  10 
t     ft.  of  chert  conglomerate. 
Unconformity. 
I  Kaibab  limestone. 

Yellow  limestone  with  numerous  more  or  less  rounded  nodules  of 
I     chert. 

J  Coconino  sandstone. 
I     Gray  cross  bedded  massive  sandstone. 
Unconformity     (?)  1 

I  Hermit    ( ?)    shale.  I 

I     Red  shale  and  sandstone.  I 

Unconformity    (?).  (Not  observed).  i- 

J  Supai  formation. 

1      Red  shale  with  beds  of  blue  limestone. 


Feet. 


1  100-1  200 


1  000± 


500± 


250 
300 


500+ 
observed 


Of  these  formations,  the  sandstones  of  the  Jurassic  Age  form  high  and  con- 
spicuous cliffs  in  Echo  Cliffs,  Vermilion  Cliffs,  and  Glen  Canyon.  In  many 
places  also,  the  almost  sheer  cliff  is  continued  downward  in  the  ledges  of  red 

*  Geologist,  U.   S.  Geological  Survey. 

t  Published  by  permission  of  the  Director  of  the  U.  S.   Geological  Survey. 


DISCUSSION  ON  ROCK-FILL  DAM,  LEES  FERRY,  ARIZ. 


229 


EXPLANATION 
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below. 
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Shinarump  Congl. 
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and  sandstone 

Unconformity 


"^ 


Moenkopi  Fornn. 
Red  sandy  shales  with, 
gypsum  and  sandstones 

Unconformity 


Kaibab  Limestone 
Yellow  and  gray  cherty 
limestone 


m 


Coconino  Sandstone 
White  and  gray  croaa- 
bedded  sandstone 


Hermit  ?  Shale  and 
Supai  Formation 
Red  shale,  sandstone 
and  limestone 
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Fig.  9. 
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sandstone  and  intervening  shales  of  the  upper  part  of  the  Chinle  formation. 
In  general,  however,  the  Chinle  formation  forms  ragged  badlands  or  is  con- 
cealed below  the  debris  from  the  overlying  clitfs.  The  Shinarump  conglomerate 
commonly  forms  a  cliff  and  sustains  a  platform  which  lies  like  a  fret  at  the 
base  of  the  Vv^alls  of  the  overlying  formation.  In  places,  however,  this  con- 
glomerate is  thin  or  wanting  and  the  badlands  of  the  Chinle  formation  merge 
into  the  topography  of  the  underlying  Moenkopi.  The  red  sandy  shale  and  thin 
sandstones  of  the  Moenkopi  formation  usually  stand  as  corrugated  cliffs  under 
the  protection  of  the  Shinarump.  The  resistant  and  cherty  Kaibab  limestone 
forms  the  top  of  the  extensive  plateaus  that  bound  the  Marble  Canyon  of 
the  Colorado  River  southwest  of  Lees  Ferry.  Within  Marble  Canyon,  the  Kai- 
bab forms  a  succession  of  cliffs  and  often  a  sheer  cliff  down  to  the  Coconino 
sandstone,  which  is  in  turn  a  persistent  cliff  maker.  The  Hermit  ( ?)  shale 
and  Supai  formation  together  form  a  series  of  cliffs  and  talus  slopes  down  to 
the  great  cliff  to  the  Redwall  limestone  which  is  not  .exposed  within  the  area. 

General  Structure. — The  rocks  which  have  been  described  in  the  preceding 
section  are  affected  by  two  structures  which  are  of  importance  in  the  dis- 
tribution of  the  rocks  and  also  affect  the  problem  of  constructing  a  dam  at  Lees 
Ferry.  The  Echo  monocline  extends  from  the  Painted  Desert  about  50  miles 
south  of  Lees  Ferry  through  Lees  Ferry  and  dies  out  to  the  north.  Along  this 
structure,  the  beds  have  a  dip  to  the  east  of  about  10°  over  a  zone  from  1  to  5 
miles  wide.  East  and  west  of  this  zone  the  beds  lie  horizontal  or  nearly  so. 
In  consequence  of  this  monoclinal  fold,  each  bed  stands  from  1 000  to 
2  000  ft.  higher  in  the  area  west  of  the  monocline  than  in  the  area  on  the  east. 
Erosion  has  proceeded  in  such  a  manner  as  to  strip  from  the  area  west  of  the 
Echo  monocline  most  of  the  formations  down  to  the  Kaibab  limestone.  The 
Echo  Cliffs  mark  the  zone  where  the  folding  is  most  intense.  The  second 
structure  of  importance  is  the  general  or  regional  northerly  dip.  In  conse- 
quence of  this  structure,  the  Echo  Cliffs  and  Echo  monocline  fade  out  to  the 
north.  The  inclination  of  the  beds  due  to  this  structure  is  from  1  to  2° 
and  is  more  noticeable  west  of  the  Echo  monocline  than  east  of  it.  Erosion 
has  stripped  all  the  formations  to  the  top  of  the  Kaibab  limestone  as  far 
north  as  the  base  of  the  Vermilion  Cliffs.  Lees  Ferry  lies  in  the  angle  between 
the  Echo  Cliffs  and  the  Vermilion  Cliffs.  At  the  Ferry,  the  beds  are  dipping 
about  10°  eastward.  East  of  the  Ferry,  they  are  horizontal  or  nearly  so.  West 
of  Lees  Ferry  at  the  base  of  Vermilion  Cliffs,  they  dip  about  1°  to  the  north. 

Character  of  the  Rochs  at  the  Dam  Site. — Lees  Ferry  dam  site,  as  recom- 
mended by  Mr.  La  Rue,  lies  in  the  first  bend  of  the  river  up  stream  from  Lees 
Ferry.  In  Fig.  11,  the  distribution  of  the  rocks  is  shown  on  a  larger  scale.  The 
map  is  redrawn  from  the  topographic  map  made  by  the  U.  S.  Geological  Survey 
in  1921.  The  straight  reach  of  the  river  in  which  the  dam  site  is  to  be  located 
is  carved  in  the  massive  Jurassic  sandstone.  The  only  available  site  for  the 
power  plant  is,  however,  west  of  the  ferry  in  an  area  underlain  by  the  Chinle 
formation.  The  Echo  monocline  crosses  the  area  at  about  the  center  line  of 
the  first  loop  of  the  river.  West  of  the  lines  showing  the  Echo  monocline 
fracture  system  in  Fig.  11,  the  rocks  dip  about  10°  to  the  east.  East  of  these 
lines  they  appear  to  be  horizontal  or  nearly  so.    Construction,  therefore,  as  far  as 
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Fig.  10. — View  Down  Marble  Canyon,  from  near  Lees  Ferry,  Showing  the  Vermiljon 
Cliffs  and  Topographic  Expression  of  Formations  Discussed  in  Text. 
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the  dam  itself  is  concerned,  has  to  deal  only  with  the  massive  Jurassic  sand- 
stone. This  sandstone  is  unusually  massive,  having  few  joints  and  relatively 
few  bedding  planes.  Almost  all  the  sand  grains  are  of  quartz,  imperfectly 
rounded,  but  without  sharp  edges.  According  to  Gregory,*  the  Navajo  sand- 
stone or  upper  member  of  the  Jurassic  sandstone  as  here  treated,  consists  of 
sand  grains  of  two  sizes.  Grains  of  0.15  to  0.25  mm.  make  up  90%  of  the 
rock,  other  grains,  averaging  0.G5  mm.  in  diameter,  form  an  interrupted  coat 
on  the  cross-bedding  laminae.  The  sandstone  is  somewhat  loosely  cemented 
with  calcium  carbonate.    In  addition  to  the  lime  cement,  the  sandstone  con- 
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Fig.  11. 

tains  iron  oxides  which  give  it  a  red  or  buff  color  and  in  places,  especially  near 
the  top  of  the  formation,  these  oxides  are  concentrated  in  nodules  or  concre- 
tions about  the  size  of  peas.  In  places  in  the  Navajo  country,  the  cement  is 
silicious.  At  intervals  through  the  sandstone  are  beds  of  limestone  from  6  to 
18  in.  in  thickness,  and  these  beds  fade  out  laterally  in  short  distances.     The 

*  "Geology   of   the   Navajo   Country",   U.    S.    Geological    Survey,   Professional  Paver   93. 
1917.  p.  58. 
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limestone  is  gray  and  crystalline  and,  as  far  as  known,  unfossiliferous.  The 
most  striking  characteristic  of  the  massive  sandstone  is  its  cross-bedded  char- 
acter. The  cross-laminse  are  from  |  to  ^  in.  thick  and  consist  of  sand  grains  of 
two  sizes,  the  finer  grains  which  make  up  the  bulk  of  each  lamina  being  sepa- 
rated from  the  next  lamina  by  a  layer  of  larger  grains.  .  These  cross-lamina- 
tions extend  across  the  face  of  the  rock  in  groups  of  great  curved  lines  that  are 
generally  tangent  to  the  curve  of  lower  groups  or  to  the  bedding  planes.  The 
cross-lamination  is  on  a  grand  scale,  sweeping  curves  being  from  10  to  200  ft., 
or  more,  in  length.  The  sandstone  in  places  has  a  tendency  to  split  parallel  to 
these  cross-laminse.  In  other  places,  the  rock  is  so  uniform  in  strength  that 
erosion  produces  rounded  forms.  In  addition  to  the  features  described,  the 
sandstone  is  cut  by  vertical  joints  the  strongest  of  which  strike  in  a  generally 
northwest  direction.  These  joints  divide  the  rock  into  great  plates  along  which 
erosion  is  most  effective.  In  Fig.  4,  these  joints  may  be  seen  on  the  left  hand 
or  east  side  of  the  dam  site.  The  spacing  of  the  joints  is  of  the  greatest 
importance.  In  some  places  they  are  from  20  to  50  ft.  apart  and  the  walls 
are  very  sheer  and  straight.  At  other  places,  for  a  distance  of  100  to  200 
ft.,  the  joints  are  close  together,  being  from  1  to  10  ft.  apart.  At 
these  places  the  walls  are  irregular  and  are  cut  back  by  narrow,  steep-sided 
gulches  and  side  canyons.  In  Fig.  11,  the  general  direction  of  these  joints 
is  shown  diagrammatically  and  the  parallelism  of  the  minor  canyons  with  the 
joint  system  is  brought  out.  Folding  along  the  Echo  monocline  impressed 
on  the  rocks  is  another  system  of  vertical  joints,  that  has  a  northerly  trend. 
In  Fig.  4,  the  rocks  of  the  right  foreground  have  a  schistose  appear- 
ance which  is  due  to  this  north-south  system  of  joints.  In  Fig.  11,  this 
belt  of  joints  is  shown  diagrammatically.  These  joints  are  in  the  nature 
of  fault  fractures  due  to  the  elevation  of  the  western  part  of  the  region 
with  respect  to  the  eastern.  In  places  the  fractures  are  close  together  and  in 
other  places  widely  spaced;  they  branch,  fork,  and  interlace.  Some  of  them 
are  small  faults.  These  joints  are  filled  by  crystalline  calcium  carbonate  and 
iron  and  manganese  oxides. 

The  rocks  of  the  dam  site  are  essentially  uniform  in  character  from  the 
water  level  to  the  top  of  the  cliffs.  The  advantages  and  disadvantages  are 
thus  equal  for  any  height  of  dam  which  may  be  constructed.  The  crushing 
strength  of  the  rock  is  low,  but  the  fact  that  it  stands  in  great  walls  in  a  state 
of  Nature  indicates  that  its  crushing  strength  is  ample  for  a  high  structure. 
However,  in  a  rock-fill  dam,  such  as  is  proix)sed,  some  of  the  blocks  will  be 
forced  to  bear  very  heavy  loads  while  resting  on  a  point  rather  than  a  flat 
surface.  Such  rocks  will  undoubtedly  be  crushed,  and  Mr.  La  Eue  is  cor- 
rect in  assuming  that  there  wall  be  a  large  amount  of  adjustment  to  load 
in  a  rock-fill  dam  composed  of  this  material.  This  crushing  and  adjustment, 
however,  will  tend  to  compact  the  structure.  When  such  adjustment  is  taking 
place,  streams  of  water  will  doubtless  carry  away  the  fine  debris  and  tend  to 
prevent  the  closing  of  cavities. 

According  to  Mr.  La  Rue's  proposition,  it  is  expected  to  blast  down  the 
material  from  the  cliffs  to  form  the  dam.  The  rock,  however,  is  so  unusual 
a  type  that  a  number  of  problems  will  arise  in  this  connection.     The  writer 
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with  the  assistance  of  Mr.  Frank  Mitchell  made  one  test  shot.  A  small 
amount  of  blasting  was  also  done  in  the  installation  of  a  cable  for  stream 
gauging.  This  limited  experience  indicates  that  the  massive  but  porous  sand- 
stone presents  special  problems  in  blasting.  The  quantity  of  powder  neces- 
sary and  the  best  type  of  holes  or  galleries  for  loading  this  powder  will  have 
to  be  determined  experimentally.  It  should  also  be  pointed  out  that  the  east 
side  of  the  dam  site  is  affected  by  vertical  joints  which  strike  diagonally  to  the 
cliff  face.  These  joints  will  have  a  large  but  unpredictable  effect  on  the 
blasting.  The  west  face  of  the  dam  site  from  the  center  line  south  is  similar 
to  the  east  side,  but  from  the  center  line  north  the  rock  is  affected  by  the  north- 
south  system  of  joints  referred  to  previously.  The  blasting  in  this  locality  may 
be  no  more  difficult  than  in  other  places,  but  the  action  will  be  somewhat 
different  and  probably  the  chunks  obtained  will  be  smaller.  It  seems  necessary, 
therefore,  to  recommend  that  preliminary  work  be  done  on  a  rather  large  scale 
to  determine  what  the  exact  conditions  of  blasting  will  be,  before  the  first 
great  blast  by  which  Mr.  La  Rue  proposes  to  raise  the  dam  250  ft.  above  river 
level.  When  these  experiments  are  conducted  it  will  be  possible  to  obtain 
data  on  two  important  questions.  One  of  these  is  the  size  of  blocks  which  can 
be  obtained  by  blasting  and  the  other  is  the  quantity  of  fine  material  which 
will  be  produced.  It  seems  obvious  that  it  will  be  necessary  to  have  very  large 
blocks  on  the  down-stream  side  of  this  proposed  dam  during  the  period  when  it 
is  not  yet  water-tight.  An  unknown  quantity  of  fine  material  will  be  produced 
during  blasting  and  by  the  fall  of  blocks.  In  Nature,  very  large  blocks  can  fall 
the  full  distance  from  the  top  of  the  cliffs  to  the  bottom  without  breaking,  but 
the  fact  that  such  blocks  are  found  does  not  indicate  how  many  similar  blocks 
have  been  crushed  by  this  same  fall. 

Location  of  Tunnels. — Dependent  on  the  detailed  plans  which  may  be 
adopted,  tunnels  may  need  to  be  driven  in  the  line  of  E  E'  and  A  A',  as  shown 
in  Fig.  11.  Tunnels  along  the  line,  E  E',  either  for  diversion  of  the  river  during 
construction  or  as  a  permanent  wasteway  after  construction  will  be  driven 
through  the  massive  Jurassic  sandstone  entirely.  Large  tunnels  can  be  con- 
structed at  a  minimum  of  expense  because  of  the  ease  of  drilling  the  rock  and 
because  its  massive  character  will  require  no  support  for  the  roof.  However, 
unless  the  velocities  in  the  tunnel  are  low,  a  concrete  lining  will  be  necessary 
to  prevent  wear.  It  seems  likely  also  that  there  will  be  losses  to  the  adjacent 
porous  sandstone  if  the  water  in  the  tunnel  is  under  great  pressure  and  that 
this  water  percolating  through  the  sandstone  may  eventually  find  or  work  oiit 
channels  large  enough  to  produce  serious  losses  from  the  tunnel  and  direct  the 
water  toward  inconvenient  places.  At  Locality  A  A',  a  tunnel  may  be  required 
at  a  low  elevation  or  at  a  high  elevation  to  act  as  a  spillway,  A  tunnel  or 
tunnels  to  carry  water  to  the  power-house  will  certainly  be  built  here  because 
the  flat,  east  of  the  present  ferry,  is  the  best  if  not  the  only  available  power- 
house site.  The  geologic  section.  Fig.  12,  shows  the  character  of  rock  which 
will  be  encountered  in  tunnels  at  various  elevations.  The  folding  along  the 
monocline  brings  up  the  lower  formations  to  river  level  and  above  on  the  west 
flank  of  the  ridge.  Tunnels  at  low  elevations  will  pass  from  the  massive  Jurassic 
sandstone  on  the  east  into  the  red  sandstones  and  shales  of  the  upper  part  of 
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the  Chinle  formation  and  thence  into  the  cherty  limestone  and  soft  shales  of 
the  middle  of  this  formation.  Tunnel  construction  in  the  middle  of  the  Chinle 
formation  will  require  thorough  support  for  the  roof  and  a  permanent  concrete 
lining.  The  red  sandstones  and  shale  of  the  upi)er  part  of  the  formation  will 
probably  present  no  difficulties  during  construction,  but  a  lining  will  be  required 
as  in  the  Jurassic  sandstone.  The  location  of  tunnels  at  the  lower  elevation 
becomes  then  an  engineering  problem  as  to  relative  cost  of  a  short  tunnel  at 
Locality  A  A'  or  a  longer  tunnel  at  Locality  E  Ef  Tunnels  at  Locality  A  A' 
and  at  an  elevation  of  650  ft.  will  be  required  for  carrying  water  to  the  power 
plant.  These  tunnels  will  be  wholly  within  the  Jurassic  sandstone  and  require 
no  comment  either  on  their  construction  or  location. 


5000 


Paria  River 
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Fig.  12. 


Leakage. — On  the  assumption  that  the  water-tight  dam  to  an  elevation  of 
720  ft.  is  constructed  in  the  straight  stretch  of  river  east  of  Lees  Ferry,  con- 
sideration was  given  to  the  problem  of  leakage.  The  west  wall  of  the  reser- 
voir is  relatively  narrow,  but  the  massive  Jurassic  sandstone  is  cut  by  numerous 
sealed  joints,  as  mentioned  previously.  It  is  considered  that  these  joints  will 
form  fairly  perfect  obstacles  to  percolation.  Similarly,  the  folding  which  has 
carried  the  Chinle  formation  up  to  elevations  of  about  3  500  ft.  on  the  west  side 
of  the  ridge  near  the  present  ferry  has  laid  a  dam  of  rather  tight  rocks  in  the 
path  of  percolating  waters.  On  the  east  side  of  the  dam  the  reservoir  wall  is 
formed  by  the  massive  Jurassic  sandstone.  The  minimum  distance  through 
this  wall  is  about  6  000  ft.  A  certain  amount  of  direct  percolation  through 
the  pores  of  the  rock  may  be  expected,  but  most  of  the  leakage  will 
occur  along  vertical  joints.  However,  the  direction  of  these  joints,  as  shown 
on  Fig.  11,  is  nearly  at  right  angles  to  the  direction  of  this  flow.  If  consider- 
able leakage  should  take  place  through  the  sandstone  and  large  springs  break 
out  below  the  toe  of  the  dam  and  in  the  canyon  at  Locality  E',  it  seems  unlikely 
that  such  leaks  would  affect  the  stability  of  the  canyon  wall. 

Depth  of  the  River  Channel. — During  mean  high  water  the  depth  at  the 
gauging  station  above  Lees  Ferry  ranges  from  13  to  17  ft.  The  bed  of  the 
river  is  composed  largely  of  sand.  Near  the  margin  of  the  channel  are  numer- 
ous large  rocks  which  have  fallen  from  the  cliffs.  Many  of  these  seem  to  be 
relatively  stable  in  position  and  not  easily  dislodged  by  floods. 

It  is  practically  impossible  to  predict  the  distance  to  bed-rock  in  such  a 
channel.    If  the  river  has  cut  its  bed  normally,  the  thickness 'of  gravel  and 
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sand  will  be  only  that  of  seour  and  fill  during  great  floods.  Such  scour  and  fill 
should  be  relatively  moderate  in  amount,  but  is  an  unpredictable  quantity. 
The  Shinarump  conglomerate  crosses  the  river  channel  vpest  of  the  ferry  (see 
Fig.  11).  Mr.  La  Rue  believes  that  bed-rock  extends  across  the  channel  at  this 
point  at  low  water.  If  this  ledge  exists,  then  there  has  been  no  general  silting 
of  the  channel.  At  the  dam  site  there  may  be,  however,  a  hole  or  deep  in  the 
rock  bed  of  the  river  due  to  the  presence  of  a  fossil  plunge-pool.  A  plunge-pool  or 
over-deepening  of  the  stream  bed  occurs  at  all  falls  and  it  seems  possible, 
although  there  is  no  direct  evidence,  that  the  Glen  Canyon  of  Colorado  River 
was  cut  back  as  a  head-water  falls  from  the  line  of  Echo  Cliffs  eastward.  As 
the  falls  receded,  successive  plunge-pools  would  be  filled  with  gravel  to  bring 
the  river  to  a  uniform  grade.  It  seems  necessary  for  the  determination  of  the 
depth  to  bed-rock  to  proceed  in  the  usual  manner  by  drilling. 

Ohservations  on  the  Scheme  for  a  Rock-Fill  Dam. — Mr.  La  Rue's  scheme 
for  a  rock-fill  dam,  which  is  to  be  made  water-tight  by  sluicing  in  a  fine 
material  during  construction,  is  a  bold  solution  of  the  problem  for  a  dam  at 
Lees  Ferry.  The  difficulty  of  obtaining  suitable  material  as  well  as  the  isola- 
tion of  the  locality  required  such  a  solution,  and  the  author  is  to  be  com- 
plimented on  his  originality  and  vision.  In  advance  of  building  such  a  dam  it 
may  be  assumed  that  the  thickness  and  character  of  the  sand  and  gravel  above 
bed-rock  will  have  been  determined  and  that  experiments  will  have  been  con- 
ducted to  determine  the  best  method  of  blasting  the. massive  sandstone  walls. 

According  to  Mr.  La  Rue,  fine  material  for  filling  the  interstices  of  the 
dam  can  be  found  up  stream  at  various  sand-bars  and  banks.  A  roadway  up 
the  canyon  is  impracticable  and  the  navigation  of  the  canyon  is  attended  with 
some  difficulties,  even  with  the  assumption  that  preliminary  blasting  will  raise 
the  water  level  and  pond  the  water  for  a  distance  of  15  or  20  miles.  Therefore, 
another  source  of  fine  material  was  sought.  The  Moenkopi  formation  consists 
largely  of  sandy  shale  and  might  make  suitable  material  for  filling  such  a  dam 
except  for  its  rather  high  content  of  gypsum  and  other  soluble  salts.  Con- 
tinual solution  of  this  material  would  make  it  an  ineffective  filler  for  small 
spaces.  Similarly,  the  base  of  the  Chinle  formation,  consisting  of  gray,  green, 
and  blue  shales,  is  suitable  in  that  it  is  clayey,  particularly  where  it  is  weathered, 
but  this  formation  also  'contains  a  considerable  quantity  of  soluble  material. 
Systematic  sampling  and  some  simple  laboratory  work  might  show  that  these 
clays  could  be  used.  The  upper  part  of  the  Chinle  formation  consists  of  heavy, 
bedded,  earthy  sandstone  and  sandy  shales,  and  this  part  of  the  formation 
appears  to  be  rather  free  from  salts,  but  it  is  so  exposed  in  cliffs  that  it  can 
not  be  easily  quarried.  It  occurred  to  the  writer,  therefore,  that  the  hetero- 
geneous landslide  material  on  the  south  bank  of  Colorado  River  opposite  the 
ferry,  in  the  general  locality  marked  F  in  Fig.  11,  might  be  a  suitable  source  for 
part  of  this  material.  The  material  has  been  in  position  for  some  time  and 
the  soluble  matter  has  doubtless  been  leached  out.  There  is  also  a  large  sand 
dune  which  is  free  of  soluble  matter.  By  installing  a  crusher  and  mixer,  the 
surface  of  this  slump  or  landslide  area  and  the  dune  could  be  stripped  with 
steam  shovels  and  crushed,  obtaining  as  a  result  a  mixture  of  disintegrated 
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shale  and  leached  sandstone  which  would  have  a  texture  similar  to  loam. 
Loaded  into  cars,  this  material  could  be  brought  across  the  river  and  carried 
to  the  top  of  the  bluflF  on  an  inclined  railway.  The  use  of  this  material  depends 
on  its  relative  cost. 

It  seems  ppobable  that  in  blasting  the  cliffs  a  large  quantity  of  fine  material 
would  be  obtained  and,  unless  precautions  are  taken,  it  is  likely  to  be  lost. 
If  as  a  preliminary  to  the  large  blast,  which  is  to  raise  the  dam  to  250  ft.,  a 
small  low  dam  is  thrown  across  the  river  at  or  slightly  below  the  toe,  the  dam 
would  then  be  built  in  slack  water  and  much  more  fine  material  would  be  saved. 

Mr.  La  Rue's  scheme  is  generalized,  and  he  has  assumed  that  blasting  in  the 
cliffs  "would  produce  a  relatively  even  crest  line  at  any  given  point  on  the  dam, 
but  it  should  be  borne  in  mind  that  the  material  will  slide  into  the  dam  site  in 
the  manner  of  a  series  of  talus  cones  and  the  low  point  of  the  dam  at  any  cross- 
section  will  be  near  the  center  line  of  the  river.  The  difficulties  may  be  visual- 
ized by  a  consideration  of  the  cross-sections  shown  in  Fig.  13.  Line  G  C"  is  at 
the  center  of  the  dam  as  proposed  by  Mr.  La  Rue,  and  the  other  lines  at  the 
upper  and  lower  points,  respectively.  In  Cross-section  C  C,  a  1  on  2  slope  has 
been  projected.  It  is  possible  that  when  blasted  the  material  will  slide  into  the 
lower  part  of  the  canyon  on  this  slope,  but  it  is  unlikely  that  the  heap  of  loose 
material  will  stand  on  this  slope.  It  seems  more  likely  that  it  will  assume  a 
slope  between  35  and  50  degrees.  The  existing  talus  which  occurs  at  intervals 
along  the  canyon  walls  doubtless  has  the  minimum  slope.  Three  talus  cones 
shown  on  the  large  topographic  map  of  the  dam  site  have  maximum  slopes  be- 
tween 29°  30'  and  33°  30'.  The  artificial  cones  will  be  less  stable  and  will  prob- 
ably have  coarser  material.  Overtopping  of  the  dam  during  construction  is  a 
serious  matter  if  the  water  will  be  concentrated  in  a  V-shaped  trough  near 
the  center  line  of  the  dam,  because  the  maximum  velocities  will  thereby  be 
obtained.  It  may  be  necessary,  therefore,  to  hand-place  a  considerable  part  of 
the  material  near  the  longitudinal  center  line  of  the  dam,  or  to  blast  in  an 
excess  of  material  so  that  the  center  line  will  be  the  required  height. 

Materials  for  Construction. — The  local  materials  available  for  general  con- 
struction purposes  are  considered  in  the  following  paragraphs. 

The  Coconino  sandstone.  Hermit  ( ?)  shale,  and  Supai  formation  are  ex- 
posed only  in  the  Marble  Canyon  or  its  tributary  canyons.  The  outcrops  are 
so  inaccessible  that  these  formations  may  be  dismissed  as  sources  of  material. 

The  Kaibab  limestone  is  exposed  over  large  areas  southwest  of  Lees  Ferry, 
and  there  are  numerous  places  where  quarrying  can  be  done  economically. 
The  formation  is  about  250  ft.  thick  and  consists  almost  exclusively  of  yellow 
limestone  with  nodules  of  chert.  No  beds  were  seen  which  gave  any  promise 
of  being  valuable  for  making  cement.  Dimension  stone  of  large  or  small  size 
can  be  readily  obtained.  The  hard  chert  nodules  are  so  numerous  that  the  cost 
of  facing  blocks  with  a  chisel  or  hammer  will  be  large.  The  rock  can  be  con- 
sidered as  available  only  for  rough  ashlar  or  rubble  masonry.  It  would,  how- 
ever, make  excellent  crushed  rock  for  concrete  or  macadam. 

The  Moenkopi  formation  is  a  sandy  shale  with  interbedded  thin  sandstones 
and  contains  considerable  gypsum.    It  is  valueless  for  structural  purposes. 
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The  Shinarump  conglomerate  is  about  40  ft.  thick  and  forms  a  gray  ledge 
above  the  "dug  way"  and  the  ridge  on  the  east  side  of  Paria  Creek.  It  is  a 
cross-bedded  conglomerate  of  well-rounded  silicious  pebbles  with  lenses  of 
sandstone  and  small  lenses  of  green  shale.  Fragments  of  fossil  wood  and  logs 
of  trees  are  abundant.     This  conglomerate  is  hard  and  durable,  has  widely 


Chinle  f. 


D 


D' 


Fig.  13. 


spaced  vertical  joints,  and  is  an  excellent  rock  for  rubble  or  Cyclopean  masonry. 
It  is  somewhat  too  hard  and  coarse-grained  to  be  easily  worked  into  blocks  of 
uniform  dimension. 

The  Chinle  formation  is  a  very  complex  unit  consisting  of  gray,  green,  and 
blue  shale  below,  white  and  purplish  sandstone  and  shales,  cherty  limestone  and 
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shales  in  the  middle  part,  and  in  the  upper  part  massive  red  sandstones  and 
shales.  Only  the  upper  part  contains  material  of  any  value  for  construction 
purposes.  The  red  sandstones  have  a  pleasing  color,  can  be  obtained  in  large 
and  small  sizes,  and  are  easily  worked.  They  have  no  great  crushing  strength, 
nor  are  they  suitable  for  masonry  which  is  to  be  alternately  wet  and  dry.  The 
best  site  for  a  quarry  from  which  to  obtain  these  sandstones  that  might  be  used 
for  the  construction  of  the  power-house,  is  on  the  high  point  south  of  the  pres- 
ent ferry,  where  these  sandstones  dip  10°  to  the  east.  Small  quantities  of  such 
stone,  however,  can  be  obtained  near  the  power-house  site  from  the  adjacent 
ledges  and  the  rocks  of  the  talus. 

The  characteristics  of  the  massive  Jurassic  sandstone  have  already  been  dis- 
cussed. Except  for  the  rock-fill  of  the  dam,  this  rock  is  not  suitable  for 
construction  purposes. 

Large  quantities  of  sand  and  gravel  can  be  obtained  from  the  bar  at  the 
mouth  of  Paria  River  about  a  mile  west  of  the  ferry. 

Arthur  P.  Davis,*  Past-President,  Am.  Soc.  C.  E.  (by  letter). — The  first 
proposition  known  to  the  writer  for  constructing  a  high  dam  in  a  large  stream 
on  an  alluvial  bottom,  by  dumping  loose  rock  into  the  flowing  water  without 
diverting  the  river  or  excavating  the  foundation,  was  made  by  the  late  A.  G. 
Menocal,  M.  Am.  Soc.  C.  E.,  Chief  Engineer  of  the  Maritime  Canal  Com- 
pany, who  proposed  such  an  operation  for  a  dam  about  65  ft.  in  height  on  the 
San  Juan  River,  a  few  miles  below  the  mouth  of  the  San  Carlos  at  a  point 
called  Ochoa,  where  the  river  forms  the  boundary  line  between  Costa  Rica  and 
Nicaragua.  The  following  extract  from  a  paperf  prepared  by  Mr.  Menocal  for 
the  Water  Commerce  Congress  at  Chicago,  111.,  in  1893,  describes  the  dam  and 
method  of  construction: 

"It  consists  in  dumping  from  an  aerial  suspension  conveyor  large  and 
small  material  properly  assorted,  across  the  river  from  bank  to  bank  until 
a  barrier  is  created  sufiiciently  high  and  strong  to  arrest  the  flow  and  hold  the 
waters  at  the  required  level,  the  body  of  the  dam  to  be  made  up  of  large  blocks 
of  stone,  weighing  from  1  to  10  tons,  and  smaller  material  to  fill  the  voids.  Its 
base  will  be  quite  broad  as  compared  with  the  height,  probably  from  400  to  500 
feet  between  the  foot  of  the  upstream  slope  and  the  end  of  the  apron.  The  top 
is  estimated  30  feet  wide,  the  rock  upstream  slope  1  to  1,  and  the  apron,  or 
downstream  slope,  4  to  1,  with  the  lower  portion  flattening  down  to  5  or  6  to  1 . 
On  the  upstream  side  small  material,  such  as  stone,  fragments  of  gravel,  clay, 
etc.,  selected  as  circumstances  may  require,  will  be  deposited  as  the  work  ad- 
vances, in  sufficient  quantity,  as  tight  as  wanted.  It  is  not  expected  or  even 
desirable  to  have  a  water-tight  structure,  the  object  sought  being  simply  to 
oppose  such  an  obstruction  to  the  river  as  may  be  necessary  to  hold  the 
waters  at  the  required  level.  The  minimum  flow  of  the  river  is  about  ten 
times  the  water  needed  for  working  the  canal.  Consequently,  nine-tenths  of  it 
can  be  wasted  with  advantage.  That  the  dam  will  eventually  become  tight 
there  can  be  no  doubt,  as  the  small  drifts  and  detritus  forced  in  by  the  current 
will  gradually  fill  the  voids  and  consolidate  the  structure. 

"The  method  of  construction  will  be  quite  simple.  After  protecting  the 
abutments  against  possible  erosion,  large  pieces  of  rock  will  be  dumped  in  the 
bed  of  the  stream  from  three  or  four  cableways  spanning  the  valley.     The 

*  Director,  U.  S.  Reclamation  Service,  Washington,  D.  C. 
t  H.  R.  Document  No.  279,  54th  Cong.. .1st  Session,  p.  53. 
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material  should  be  distributed  uniformly  over  the  area  under  the  main 
portion  of  the  dam,  commencing  up  stream  and  keeping  up,  as  nearly  as 
possible,  an  even  level.  Scouring  will  soon  cause  settling  of  the  blocks  into 
firmer  soil,  the  upper  level  in  the  meantime  being  constantly  raised  by  deposit- 
ing more  stone,  while  the  small  material  is  being  forced  by  the  current  into 
the  voids,  and  the  overflow  dislodging  and  rearranging  the  unstable  blocks 
until  they  reach  a  final  resting  place.  This  process  to  be  continued  until  the 
resistance  at  the  bottom  becomes  so  great  as  to  check  scouring  due  to  maximum 
pressure,  when  the  dam  will  be  carried  up  to  the  desired  level.  The  river,  in 
the  meantime  running  over  the  mound,  will  readjust  the  material  in  and  adapt 
the  apron  to  the  necessary  conditions  of  stability  to  withstand  the  effect  of 
the  fall,  and  carry  off  the  water  safely.  If  the  dam  is  then  raised  so  as  to 
shut  off  a  whole  or  the  largest  part  of  the  river  flow,  which  can  by  that  time  be 
discharged  over  the  waste  weirs,  the  structure  will  be  permanent." 

It  was  proposed  that  this  dam  be  an  overflow  weir,  and  this  feature  has 
been  generally  condemned. 

The  Nicaragua  Canal  Board,  consisting  of  the  late  William  Ludlow, 
M.  Am.  Soc.  C.  E.,  Mordecai  T.  Endicott,  Past-President,  Am.  Soc.  C.  E.,  and 
the  late  Alfred  Noble,  Past-President,  Am.  Soc.  O.  E.,  studied  the  plans  of 
the  company  and  made  the  following  comments*  on  this  design : 

"It  appears  from  this  account  of  typical  existing  dams  that,  although 
rock-fill  dams  are  not  new,  and  although  weirs  have  been  built  on  sand  and 
maintained  successfully,  the  Ochoa  Dam  is  actually  without  precedent  in  its 
more  serious  aspects,  and  its  construction  will  be  far  more  difficult  than 
any  that  have  been  mentioned.  The  successful  rock-fill  dams  have  impervious 
foundations,  and  are  made  water-tight  by  sheathing  or  masonry.  The  materials 
in  them  are  in  great  part  hand  laid,  adding  greatly  to  their  stability,  and  none 
of  them  has  been  built  in  conflict  with  the  forces  of  a  great  river  or  was 
intended  to  be  used  as  a  weir  for  the  discharge  of  floods. 

"As  to  this  last  point,  the  Board  is  clear  in  its  judgment  that  no  such 
endeavor  should  be  made  in  the  case  of  the  Ochoa  Dam,  as  involving  an 
unwarrantable  hazard  to  the  safety  of  the  structure  and  of  the  canal 
navigation." 

*  *  *  *  **  *  * 

"The  weakest  point  of  a  dam  built  as  the  company  proposes  would  probably 
be  at  the  river  bank,  where  the  loose  rock  will  meet  the  steep  clay  slope.  The 
method  proposed  for  protecting  this  point  by  lines  of  sheet  piling  and  con- 
crete core  seems  entirely  inadequate.  A  better  construction  would  involve 
the  use  of  a  caisson  on  each  side  of  the  river,  located  so  as  to  be  partly  in  the 
river  channel  and  partly  in  the  firm  clay  bank,  and  sunk  by  the  pneumatic 
process  to  bed  rock  if  within  reach  by  that  means,  or  if  not  at  least  below 
reach  of  scour.  It  seems  probable  that  either  bed  rock  or  a  mass  of  boulders 
would  be  found  near  sea  level,  elevation  0.  The  caisson  should  be  surmounted 
by  a  concrete  wall,  extending  up  the  hillside  beyond  the  caisson  to  the  highest 
elevation  to  be  reached  by  the  water  surface  after  the  completion  of  the  dam, 
say  114  or  116.  A  trench  20  feet  or  so  in  depth,  or  deeper  if  necessary  to 
reach  firm  material,  should  be  excavated  in  the  hillside  for  the  core  wall.  This 
work  done,  the  river  banks  and  hillsides  below  high-water  level  should  be 
covered  with  a  heavy  mass  of  large  stones  and  an  additional  amount  held 
in  reserve  before  depositing  any  rock  in  the  river.  The  result  of  this  would 
be  to  contract  somewhat  the  width  of  the  river  channel,  which  would  at  once 
scour  out  so  as  to  maintain  its  normal  cross  section.  A  considerable  scour 
would  be  desirable,  because  it  is  important  that  the  rock  mass  be  sunk  deeply 

*  H.  R.  Document  No.  279.  54th  Cong.,  1st  Session,  pp.  61-64. 
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into  the  river  bed,  since,  if  rock  or  a  bed  of  boulders  or  heavy  gravel  can  be 
reached,  the  safety  of  the  structure  will  be  increased  greatly.    In  depositing 
rock  in  the  river  those  methods  should  be  used  which  will  induce  scour,  and 
possibly  the  building  out  from  each  side  may  best  answer  this  purpose." 
******  *  * 

"The  rock  mound  would  be  quite  permeable,  and  the  water  pressure  against 
it  would  vary  with  the  volume  of  the  discharge.  To  make  it  hold  water,  an 
embankment,  which  would  form  the  real  dam,  the  rock  mound  serving  as 
its  support,  must  be  built  on  the  upstream  side.  It  is  proposed  to  make  the 
embankment  of  fine  stone,  gravel,  clay,  etc.,  with  the  view  that  a  quantity 
of  these  materials  should  be  carried  well  into  the  rock  mound.  An  embank- 
ment composed  largely  of  clay  dumped  in  the  water  would  take  a  much  flatter 
slope  than  3:1.  For  these  reasons  the  quantity  estimated  by  the  company 
would  have  to  be  increased  largely,  and  means  may  have  to  be  adopted,  not 
contemplated  by  the  company,  to  render  the  dam  tight  enough  to  answer  its 
purpose,  as  the  permissible  leakage  is  much  less  than  the  company  has  assumed. 

"By  the  addition  of  the  embankment,  and  the  retardation  by  friction  of  the 
flow  of  water  through  the  underlying  sand  bed,  the  dam  will  be  rendered  more 
secure  from  undercutting  and  consequent  settlement;  but  some  doubt  as 
to  ultimate  security  will  still  remain.  Confidence  would  be  gained  to  a 
certain  extent  during  the  construction  of  the  dam,  if  no  breaches  were 
caused  by  the  annual  floods,  but  it  would  require  a  considerable  period  of 
time  after  the  completion  of  the  dam  to  allay  all  apprehension.  If  a  site  can  be 
found  where  the  dam  can  be  built  above  a  rock  or  other  stable  foundation,  the 
permanence  of  the  structure  will  be  rendered  much  more  probable  and  the 
uncertainties  of  construction  reduced. 

"If  such  a  dam  becomes  breached  with  the  great  volume  of  water  standing  at 
a  high  level  against  it,  destruction  would  follow  quickly.  The  crest,  therefore, 
should  be  raised  so  far  above  the  surface  of  the  water  in  the  pool  that  a  con- 
siderable settlement  could  be  sustained  without  sinking  the  crest  below  the 
water  surface." 

It  should  be  noted  that  the  Board  places  emphasis  on  the  importance  of 
scour  in  settling  the  foundation  as  far  into  the  sand  as  possible.  It  is  also  to 
be  noted  that  this  eminent  board  of  engineers  was  doubtful  of  the  permanent 
safety  of  a  dam  even  of  this  height  under  these  conditions. 

The  practical  application  of  the  method  of  damming  a  large  river  by 
dumj)ing  rock  on  a  bed  of  silt  while  the  river  flowed  over  it  was  made  by 
the  Southern  Pacific  Company  in  1906,  in  the  spectacular  control  of  the 
Colorado  River  when  it  was  flowing  into  Salton  Basin.  The  same  method 
was  used  in  constructing  a  coffer-dam  across  the  Colorado  River  in  making 
the  final  closure  for  the  Laguna  Dam.  In  neither  case,  however,  was  the 
water  allowed,  to  flow  permanently  over  the  rock-fill,  as  proposed  by  Mr. 
Menocal,  and  the  rock  used  was  settled  deep  into  the  silt  by  the  erosion  of  the 
water  during  construction. 

The  author  proposes  no  means  for  effecting  a  water-tight  junction  between 
the  rock-fill  and  its  abutments,  and  the  writer  sees  no  effective  method  of 
accomplishing  such  a  junction  between  the  proposed  silt  filling  and  the  rock. 
Under  such  a  head,  water  would  follow  the  rock  with  a  velocity  likely  to  become 
erosive  at  many  points,  and  thus  open  avenues  of  danger.  The  best  solu- 
tion seems  to  be  a  concrete  pavement  cemented  to  the  abutments  with  all  the 
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care  and  precaution  that  the  highest  skill  can  suggest.  Cracks  which  might 
appear  should  be  sealed  with  a  cement  gun  at  the  first  opportunity. 

In  considering  the  construction  of  a  loose  rock  dam  in  Boulder  Canyon 
during  the  past  few  years,  the  Government  engineers  and  those  whom  they 
have  consulted  have  regarded  the  settlement  of  the  loose  rock  into  the  soft 
material  aS'  deeply  as  possible  as  one  of  the  most  important  and  difficult 
operations  to  accomplish,  and  it  seems  obvious  that  it  cannot  be  made  per- 
fect without  excavating  the  loose  material,  but  might  perhaps  with  many 
precautions  be  made  to  sufficient  extent  to  secure  safety. 

The  author's  proposal  to  deposit  enough  rock  in  the  river  at  one  blast  to 
bring  the  dam  to  the  250-ft.  level  seems  especially  designed  to  prevent  any 
water  action  in  the  direction  of  scour  and  of  sinking  the  rock  into  the  silt. 
He  says: 

"If  the  canyon  walls  were  blasted  into  the  river,  the  heavy  mass  of  material 
would  settle  to  the  level  of  the  boulders,  assumed  to  be  60  ft.  below  the  bed  of 
the  river,  and  some  of  the  fine  sand  and  silt  would  be  forced  up." 

No  reason  is  given  for  this  important  conclusion  and  the  methods  pro- 
posed seem  likely  to  prevent  this  desirable  result. 

If  this  dam  was  built  by  the  methods  suggested  by  the  author,  there 
would  be  a  considerable  part  of  the  structure  below  the  river  bed  founded 
on  sand  and  silt.  As  the  water  rose  in  the  reservoir  after  the  dam  was 
completed,  the  head  on  this  silt  would  gradually  increase  and  no  assurance 
could  be  given  that  a  critical  point  might  not  be  reached  when  the  reservoir  is 
nearly  full,  and  sufficient  percolation  through  the  foundation  might  take 
place  to  start  erosion  and  cut  a  channel  through  the  silt.  A  free  passage 
ever  so  small,  resulting  from  the  slight  arching  of  the  rock,  that  would 
conduct  water  "through  the  sand  at  a  velocity  due  to  more  than  700  ft.  of  head, 
would  scour  rapidly,  carrying  considerable  rock,  until  a  channel  was  excavated 
large  enough  to  allow  the  rock  above  to  settle,  and  unless  this  was  accomplished 
in  one  motion  the  scour  would  continue  until  the  main  rock-fill  fell  into 
place.  If  it  was  arched  sufficiently  it  would  not  do  so  promptly,  and  the 
scour  would  continue  until  the  opening  would  carry  a  flood  much  larger  than 
normal  and  do  great  damage  below.  It  seems  inevitable,  however,  that 
eventually  the  rock-fill  would  fall  in  place  and  stop  this.  If,  in  so  doing,  it 
should  fall  below  the  level  of  the  water  in  the  reservoir,  the  dam  would  be 
overtopped.  No  loose  rock  dam  has  ever  been  overtopped  without  failing,  and 
some  have  failed.  None  of  them  has  had  a  780-f t.  head  nor  50  000  000  acre-ft. 
of  stored  water  behind  it  to  complete  its  destruction. 

It  should  be  remembered  that  the  proposed  reservoir  of  50  000  000  acre-ft. 
has  an  area  of  235  000  acres,  and  a  discharge  of  1  000  000  acre-ft.  would  lower 
the  reservoir  only  about  6  ft.  This  would  aiford  an  average  flow  of  500  000 
sec-ft.  for  24  hours.  No  one  can  doubt  that  this  would  destroy  the  dam  faster 
than  it  would  lower  the  reservoir.  The  writer  will  not  attempt  to  describe 
the  results  of  suddenly  releasing  50  000  000  acre-ft.  of  water.  It  would  at 
least  submerge  and  destroy  the  great  Imperial  Yalley  and  all  improvements 
along  the  Lower  Colorado  River,  and  doubtless  many  lives  would  be  lost. 
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It  is  readily  seen  that  both  the  danger  of  faikire  and  the  magnitude  of 
the  disaster  are  greatly  augmented  with  the  height  of  the  dam.  This  law 
applies  especially  to  an  unprecedented  or  doubtful  design. 

Where  the  necessary  structure  so  far  exceeds  precedent,  to  build  it  any 
higher  than  needed  would  be  inexcusable.  The  author  appears  to  consider  a 
capacity  of  20  000  000  acre-ft.  to  be  sufficient  to  regulate  the  river.  The 
writer  agrees  with  this  estimate,  but  would  provide  20%  more  to  store 
silt  and  prolong  the  usefulness  of  the  reservoir.  There  can  be  no  reason 
therefore  for  building  a  reservoir  of  greater  capacity  than  about  24  000  000 
acre-ft.,  except  for  the  increased  head  for  power  development.  This  site  is  so 
remote  from  markets  and  so  much  farther  than  many  other  available  sites 
that  there  is  at  present  no  excuse,  and  for  many  years  or  decades  there  will 
be  no  justification,  for  developing  power  at  this  point.  The  available  head  can 
be  utilized  by  building  dams  of  moderate  dimensions  at  other  points  without 
such  unprecedented  and  hazardous  characteristics. 

The  author  states  that  the  construction  of  a  dam  near  Lees  Ferry 
would  remove  the  menace  from  floods  on  the  lower  river,  except  floods 
from  the  Gila  River.  That  statement  is  erroneous,  as  the  proposed  dam  would 
leave  about  50  000  sq.  miles  of  drainage  area  unregulated,  besides  that  of  the 
Gila.  It  is  perfectly  proper,  as  the  author  does,  to  except  the  Gila  River,  which 
for  brief  periods  sometimes  furnishes  floods  as  great  as  those  of  the  Colorado ; 
but  the  area  of  50  000  sq.  miles  between  the  mouth  of  the  Gila  and  Lees 
Ferry  should  also  be  excepted.  Most  of  this  area  can  be  intercepted  by  a  dam 
at  Boulder  Canyon,  which  is  the  lowest  point  in  the  basin  wher^  this  can  be 
done,  and  is  accordingly  the  proper  place  for  storage  purposes  if  the  floods  are 
to  be  controlled. 

Table  1  shows  a  capacity  for  Lees  Ferry  Dam  of  50  000  000  acre-ft. 
and  for  Boulder  Canyon  Dam  of  31 680  000  acre-ft.  The  results  of  the 
actual  surveys  were  probably  not  available  to  the  author  when  he  sub- 
mitted his  paper.  These  surveys  have  been  in  progress  for  a  long  time,  and 
the  results  are  now  available  and  are  shown  roughly  in  Table  3  which  gives  the 
comparative  area  and  capacity  for  each  given  height  of  the  dam,  as  high  as 
the  surveys  have  been  carried  at  Boulder  Canyon. 

Table  3  shows  that,  for  the  heights  given,  the  Glen  Canyon  Reservoir 
would  have  less  capacity  than  Boulder  Canyon. 

A  dam  780  ft.  in  height  in  Glen  Canyon  near  Lees  Ferry  would  introduce 
not  only  unnecessary  hazards,  but  would  waste  a  large  quantity  of  water  by 
evaporation.  A  reservoir  of  24  000  000  acre-ft.  capacity  in  Glen  Canyon, 
would  have  an  area  of  about  125  000  acres,  according  to  the  available  surveys, 
whereas  one  of  50  000  000  acre-ft.  capacity  would  have  a  surface  area  of  235  000 
acres  and  unnecessarily  expose  to  evaporation  110  000  acres.  This  would  be  at 
its  highest  stages  during  the  hot  months  of  June,  July,  August,  and  Sep- 
tember. Assuming  an  average  excess  area  of  100  000  acres,  and  an  annual 
evaporation  of  6  ft.  from  the  extra  area,  600  000  acre-ft.  of  water  would  be 
wasted  annually,  all  of  which  would  be  lost  for  use  at  the  numerous  high  dams 
eventually  to  be  built  in  the  canyon  below. 
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The  absence  of  a  ijrecedent  to  the  proposed  plans  leaves  the  writer 
in  doubts  much  the  same  as  those  which  remained  in  the  minds  of  the 
members  of  the  Nicaragua  Canal  Board  previously  quoted,  and  there  apparently 
is  sufficient  doubt  so  that  it  would  be  inexcusable  to  attempt  such  a  structure 

TABLE  3. 


Boulder  Canton  Reservoir. 

Glen  Canyon  Reservoir. 

Height  of  dam 

above  river  bed, 

• 

in  feet. 

Area,  in  acres. 

Capacity,  in  acre- 
feet. 

Area,  in  acres. 

Capacity,  in  acre- 
feet. 

50 

3  500 

88  000 

4  000 

100  000 

100 

7  500 

362  000 

7  000 

375  000 

150 

15  500 

937  000 

10  800 

820  000 

200 

25  000 

1  950  000 

16  600 

1  505  000 

250 

33  500 

3  413  000 

24  000 

2  520  000 

300 

44  000 

5  350  000 

34  000 

3  970  000 

350 

57  000 

7  875  000 

47  000 

5  995  000 

4(X» 

73  000 

11  125  000 

63  000 

8  745  000 

450 

90  000 

15  200  000 

85  000 

12  445  000 

500 

109  000 

20  175  000 

114  000 

17  420  000 

550 

133  000 

26  200  000 

145  000 

23  895  000 

600 

157  000 

33  425  000 

178  000 

31  970  000 

where  more  conservative  designs  are  possible  or  to  build  the  dam  under  these 
conditions  any  higher  than  necessary. 

Opinions  concerning  the  safety  of  the  proposed  design  can  hardly  be  con- 
sidered of  much  value  until  something  is  known  of  the  underground  conditions, 
which  have  not  been  investigated  at  Glen  Canyon.  Still  less  is  it  possible, 
under  these  conditions,  to  make  intelligent  estimates  of  cost  of  any  type  of 
dam.  These  conditions  at  Boulder  Canyon  have  been  carefully  investigated, 
and  comparative  estimates  of  high  concrete  and  rock-fill  dams  have  been  made 
by  men  with  wide  experience  in  the  construction  of  high  dams.  These  esti- 
mates lead  to  the  conclusion  that  the  rock-fill  type,  with  proper  precautions  for 
safety,  could  not  be  relied  on  to  be  much  cheaper  than  a  massive  concrete 
structure  the  safety  of  which  would  be  without  question. 

J.  C.  Stevens,*  M.  Am.  Soc.  C.  E.  (by  letter).— Mr.  La  Rue's  plan  of  con- 
structing in  the  Colorado  River  a  rock-fill  dam  780  ft.  high  and  a  base  width  of 
more  than  a  mile  is  novel  and  bold.  He  has  stated  the  reasons  the  plan 
should  not  be  adopted,  when  he  says,  ''this  mass  of  loose  rock  would  not  be 
water-tight,  which  feature  is  the  most  uncertain  in  the  plan  here  presented." 

The  writer  believes,  however,  that  his  plan  might  well  be  given  further 
investigation  with  a  view  to  modifying  the  design  and  method  of  construc- 
tion so  as  to  remove  this  uncertainty.* 

There  can  be  little  doubt  that  a  rock-fill  dam  to  the  height  proposed  will 
stand  throughout  the  ages  and  will  not  involve  the  uncertainty  of  stresses  that 
would  attend  the  design  of  a  solid  concrete  dam  to  this  unprecedented  height. 
The  only  question  is  whether  it  can  be  made  water-tight  at  an  expense  that 
will  give  it  an  advantage  over  a  solid  dam. 

♦Cons.  Hydr.  Engr.    (Stevens  and  Koon),  Portland,  Ore. 
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The  writer  thinks  the  plan  of  making  a  dam  200  ft.  high  by  one  blast  from 
the  canyon  sides  is  somewhat  fanciful.  Under  the  conditions  assumed,  namely, 
100  ft.  to  bed-rock  and  a  water  surface  width  of  450  ft.,  and,  further,  assuming 
that  the  canyon  sides  slope  ^  :  1,  a  fill  that  would  raise  the  water  200  ft.  would 
have  a  projected  area  of  150  000  sq.  ft.  The  finer  material  would  undoubtedly, 
be  washed  away,  leaving  a  fill  composed  of  rocks  from  the  size  of  cocoanuts  to 
box  cars.  The  voids  in  this  mass  would  be  at  least  one-third,  through  which 
the  water  would  readily  pass  at  a  velocity  of  0.5  ft.  per  sec.  Thus,  a  flood  of 
from  two  to  five  times  the  summer  flow  might  pass  through  the  fill  before 
water  reached  the  200-ft.  level. 

It  would  be  almost  impossible  to  reduce  this  leakage  to  safe  quantities 
by  any  amount  of  blanketing.  For  instance,  for. a  leakage  of  500  sec-ft.  the 
velocity  through  the  mass  would  be  about  0.003  ft.  per  sec,  or  250  ft.  per  day. 
Water  travels  faster  than  this  in  natural  sand  and  gravel  beds,  moraines,  etc. 
The  first  blanketing  of  stones,  gravel,  and  earth  would  tend  to  fill  the  voids 
somewhat  in  the  up-stream  face  of  the  fill,  but  this  would  reduce  the  velocity 
so  that  no  more  material  would  be  carried  into  the  fill.  The  leakage  there- 
after would  become  that  through  the  blanket  itself,  and,  although  the  velocities 
through  it  could  be  reduced  to  very  low  values,  the  aggregate  amount  of 
leakage  would  be  great  on  account  of  the  enormous  area  exposed  to  the  water. 

It  seems  to  the  writer  that  a  type  of  dam  worth  consideration  would  be  a 
combination  of  solid  concrete  and  rock-fill.  By  way  of  a  suggestion :  Unwater 
the  river  by  means  of  a  tunnel  and  a  coffer-dam  at  the  river  level.  Then 
build  a  solid  concrete  dam  to  a  height  of  50  ft,  above  the  river  surface,  and 
let  this  dam  form  the  up-stream  toe  of  a  rock-fill  to  the  full  height  of  780  ft., 
the  rock-fill  to  be  faced  with  pre-cast  reinforced  concrete  slabs  anchored 
together  to  form  a  fiexible  facing  to  the  fill  and  joining  with  the  solid  con- 
crete dam  at  the  toe.  Heavy  eye-bolts  should  extend  through  the  slabs  in 
both  directions,  by  which  each  could  be  flexibly  joined  to  its  neighbors. 
After  placing,  the  joints  should  be  filled  with  asphaltuA. 

This  presupposes  that  the  rock-fill  will  be  placed,  not  dumped,  and  that  the 
up-stream  third  of  the  dam  will  be  essentially  a  dry  wall.  The  slopes  oi  the 
fill  need  not  be  more  than  1 :  1  on  the  up-stream  side  and  2 :  1  on  the  down- 
stream side.  Just*  how  much  of  the  rock-fill  should  go  to  bed-rock,  if  any,  could 
only  be  determined  after  the  character  of  the  foundations  was  known, 

J.  H.  QuiNTON,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  author  is  entitled  to 
much  credit  for  his  valuable  contributions  to  the  knowledge  of  the  physical 
features  of  the  Colorado  River,  not  only  in  his  pai)er,  but  also  in  public 
documents. 

It  cannot  be  said,  however,  that  he  has  contributed  much  to  the  knowledge 
of  building  dams  in  great  rivers,  for  he  proposes  a  plan  for  building  a  dam  in 
the  Colorado  River,  in  which  he  substitutes  blind  force  and  haphazard  methods 
founded  on  "beliefs",  for  technical  skill  and  knowledge  founded  on  well- 
known  principles. 

*  Cons.  Engr.,  Los  Angeles,  Calif. 
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The  author's  idea  of  blasting  the  loose-rock  portion  of  a  dam  in  place  is 
not  new,  as  it  was  tried  at  both  the  Lower  Otay  and  Morena  Dams,  but  was 
not  successful.  The  loose-rock  portion  of  the  Lower  Otay  Dam  was  com- 
posed of  a  mass  of  quarry  refuse  above  the  steel  core,  and  of  larger  rock  below 
that  core. 

The  author  proposes  to  build  a  dam,  below  which  the  water  is  allowed  to 
percolate,  by  blasting  rock  from  the  cliffs' on  both  sides  of  the  canyon.  Such 
a  dam  must  be  of  such  length,  up  and  down  stream,  that  the  underground 
water  emerging  from  its  lower  toe  will  not  have  sufficient  force  to  carry  away 
the  sand  or  silt  from  the  river  bed  or  from  the  interstices  of  the  material 
composing  the  dam.  This  length  depends  on  the  kind  of  material  composing 
the  river  bed  and,  for  each  material,  has  a  definite  ratio  to  the  head  of  water 
above  the  dam.  For  such  material  as  that  composing  the  bed  of  the  Colorado 
River,  this  ratio  is  between  12  and  15.  The  flow  of  water  under  the  dam  may 
be  treated  as  the  flow  of  water  in  a  pipe  filled  with- sand  or  other  permeable 
material. 

The  water  is  never  allowed  to  pass  lengthwise  through  the  dam,  and  is 
prevented  from  doing  so,  either  by  a  concrete  wall,  or  an  upper  slope  of 
impermeable  material.  The  dam  itself  may  be  either  permeable  or  imperme- 
able. In  the  former  ease,  the  surface  of  the  lower  slope  must  be  above  the 
hydraulic  grade  line  at  all  points.  In  the  latter,  the  impermeable  material 
below  the  hydraulic  grade  line  must  be  heavy  enough  to  resist  the  upward 
pressure  of  the  water,  with  a  reasonable  factor  of  safety. 

A  good  example  of  the  former  is  the  Laguna  Dam  on  the  Colorado,  in 
which  the  ratio  of  length  to  head  is  13.5,  and  a  good  example  of  the  latter  is 
the  Granite  Reef  Dam  on  the  Salt  River  Project,  built  by  the  U.  S.  Reclama- 
tion Service.  The  Laguna  Dam,  however,  was  not  built  by  blasting  a  mass 
of  rock  into  the  river  bed,  but,  like  all  dams  which  have  stood  the  test  of 
floods,  the  rock  was  laid  in  place  with  care.  Three  concrete  cross-walls,  each 
5  ft.  thick,  and  extending  across  the  river  bed,  from  bed-rock  on  one  side  to 
bed-rock  on  the  other,  serve  to  hold  the  loose  rock  in  place.  The  top  layer  of 
rock  was  laid  to  an  even  slope  by  hand  and  set  in  cement  concrete.  This  is  a 
diversion  dam,  and  is  only  19  ft.  high,  from  the  bed  of  the  river  to  the  top  of 
the  concrete  wall  at  the  crest.  The  dam  proposed  by  the  author,  if  properly 
designed,  would  have  to  be  at  least  13.5  X  '''SO?  o^  10  530  ft.  long,  up  and  down 
stream,  would  have  a  volume  of  about  106  000  000  cu.  yd.,  and  require  the 
blasting  of  at  least  50  000  000  cu.  yd.  of  rock.  This  material,  if  laid  carefully 
on  the  bed  of  the  river  to  form  a  stable  dam,  would  probably  cost  $1  per  cu.  yd., 
or  more. 

If  the  rock  is  blasted  in  great  masses  into  the  canyon  and  the  river  allowed 
to  "work  its  sweet  will"  on  it  during  the  flood  season,  a  great  deal  of  it  would 
be  carried  down  stream.  Much  of  it  would  also  sink  into  the  sandy  bed  of 
the  river,  and  in  a  year  or  two  probably  another  50  000  000  cu.  yd.  of  rock 
would  be  required.  As  designed  by  the  author,  the  dam  would  not  withstand 
G50  ft.  of  water  even  if  all  the  material  composing  it  were  laid  carefully  in 
place,  for  the  reason  that  the  water  would  fill  the  interstices  of  the  material. 
The  mass  would  become  fluid  and  would  not  stand  on  a  slope  of  4:1  or  6:1. 
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It  would  creep  gradually  down  stream,  and  as  soon  as  the  water  of  the 
reservoir  commenced  to  pass  over  the  top,  it  would  be  destroyed. 

Some  of  the  rock-fill  storage  dams  which  have  stood  the  test  of  full  res- 
ervoir and  great  storms  are  the  Minidoka  Dam  (90  ft.),  built  in  1904,  by  the 
U.  S.  Reclamation  Service,  in  Snake  River,  the  Zuni  Dam  on  the  Zuni  Indian 
Reservation,  New  Mexico  (70  ft.),  and  the  Morena  Dam  of  the  San  Diego 
(Calif.),  Water- Works  (160  ft.). 

Each  of  these  dams  has  an  impermeable  or  slightly  permeable  "curtain" 
or  "cut-oflf",  carefully  connected  to  an  impermeable  and  stable  foundation. 
The  loose-rock  pile  in  a  storage  dam  is  not  only  a  support,  but  also  a  blind  drain 
for  the  slightly  permeable  material,  and  is  generally  of  such  dimensions  as  to 
withstand,  alone,  the  pressure  of  the  water,  with  a  reasonable  factor  of  safety 
against  rupture  or  sliding.  There  is  no  record  of  a  storage  dam  of  the  rock- 
fill  type  having  been  constructed  without  an  impermeable  cut-off  connected 
to  an  impermeable  foundation. 

In  this  type  of  rock-fill,  it  is  considered  unsafe  for  the  loose-rock  part  of 
the  dam  to  rest  on  any  but  an  impermeable  foundation,  as  there  may  be  con- 
siderable leakage  due  to  imperfect  work  or  material,  in  addition  to  the  natural 
leakage  which  is  to  be  expected  through  the  material  of  the  curtain.  If  this 
leakage  should  be  sufficient  to  saturate  the  material  under  the  loose-rock 
pile,  settlement  of  the  rock  will  occur,  which  would  affect  the  stability  of  the 
dam,  and  eventually  cause  its  destruction.  It  will  be  seen  that  to  build  a 
properly  designed  rock-fill  dam  in  the  Colorado  River,  it  would  be  necessary 
to  make  an  excavation  large  enough  to  support  the  rock  pile  on  bed-rock, 
or  other  impermeable  material,  such  as  cemented  gravel.  The  excavation 
alone  would  cost  more  than  a  masonry  or  concrete  dam  complete,  and  this 
plan,   therefore,   may  be   dismissed   as   impracticable. 

Nothing  has  been  said  of  the  advisability  of  building  a  rock-fill  dam  780 
ft.  high,  even  if  it  were  practicable.  A  dam  of  such  unprecedented  dimen- 
sions, and  in  such  a  great  river  as  the  Colorado,  would  have  to  be  of  masonry 
and  as  solid  as  the  rock  cliffs  above  it,  in  order  to  be  safe  and  to  inspire  con- 
fidence in  the  people  living  below  it.  The  dam  proposed  by  the  author,  and 
his  method  of  building  it,  is  nothing  more  than  a  dream,  or  a  vain  imagining. 
"The  baseless  fabric  of  this  vision"  is  the  proposition,  first  to  blast  in  place  a 
dam  250  ft.  high,  with  a  gradual  lower  slope  extending  nearly  a  mile  down 
stream.  Nothing  is  said  about  the  upper  slope  of  this  dam,  which  may  be 
supposed  to  adjust  itself  to  the  angle  of  repose  for  material  of  this  nature. 
Even  if  this  could  be  accomplished,  the  water  would  not  rise  to  the  200-ft. 
level,  because  it  would  flow  freely  through  the  interstices  of  the  rock  which 
forms  about  50%  of  the  mass  (instead  of  15%  as  stated  by  the  author),  and 
would  cease  to  rise  when  that  flow  equalled  the  flow  of  the  river  above  the 
reservoir. 

The  writer  feels  that  he  has  said  enough  to  show  that  the  dam  proposed 
by  the  author  is  not  practicable.  Great  engineering  structures  cannot  be 
founded  on  "beliefs"  unless  there  are  "cold  facts"  to  justify  them,  and  none  of 
the  latter  is  found  in  this  paper.     It  seems  unfortunate  that  so  many  people, 
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even  those  in  high  places,  should  have  expressed  their  belief  that  a  loose- 
rock  dam  could  be  built  by  blasting  cliffs  into  a  canyon  of  the  Colorado  River, 
and  it  is  hoped  that  this  discussion  will  put  an  end  to  this  foolish  idea.  Such 
ideas  expressed  by  engineers,  when  not  backed  up  by  facts  and  knowledge, 
only  cause  ridicule  among  those  who  have  had  experience, in  building  dams  in 
great  rivers,  and  give  the  general  public  a  wrong  impression  which  is  some- 
times difficult  to  eradicate. 

Ernest  H.  Baldwin,*  M.  Am.  Soc.  C.  E.  (by  letter.) — The  magnitude  of 
the  proposition  for  damming  the  Colorado  Eiver,  advanced  in  such  an  interest- 
ing manner  by  the  author,  would  be  sufficient  in  itself  to  attract  the  attention 
of  engineers  interested  in  this  branch  of  engineering,  but  this  feature,  com- 
bined with  many  other  data  relative  to  this  important  but  perplexing  river, 
makes  this  paper  extremely  valuable. 

The  general  proposition  of  a  high  dam  on  the  Colorado  River,  whether  at 
Lees  Ferry  or  Boulder  Canyon,  is  undoubtedly  feasible  and  of  prime  necessity, 
but  in  constructing  such  a  dam  there  should  be  no  guesswork,  no  radical  de- 
parture from  the  tried  and  tested  methods  that  have  proved  successful  and 
that  require  only  expansion,  and  most  careful  planning,  to  insure  their  suc- 
cess in  the  Lees  Ferry  Dam. 

The  writer  has  had  experience  in  the  blasting  of  rock  into  rivers  for  the 
purpose  of  forming  rock-fill  dams,  although  on  a  scale  small  in  comparison 
with  the  dam  proposed  by  the  author.  The  most  carefully  laid  plans  will 
miscarry  in  this  method  of  building  dams,  and  where  millions  of  cubic  yards 
of  rock  are  to  be  placed  without  interfering  with  irrigation,  a  miscalculation 
may  be  more  expensive  than  another  type  of  dam. 

It  is  stated  that,  at  the  site  of  the  Lees  Ferry  Dam,  the  bed-rock  is  probably 
overlaid  with  40  ft.  of  boulders  and  sand  and  60  ft.  of  fine  sand  and  silt.  This 
means  that  several  million  cubic  yards  of  the  first  rock  blasted  would  settle 
down,  as  the  upper  60  ft.  of  sand  and  silt  was  eroded,  until  it  rested  on  the 
bed  of  boulders.  As  the  head  of  water  increased,  there  would  be  considerable 
scour,  with  consequent  leakage. 

Mr.  La  Rue  states  that  the  first  shots  will  blow  enough  rock  into  the  river 
to  form  a  dam  250  ft.  high,  arid  extending  to  the  toe,  more  than  a  mile  down 
stream.  With  the  settlement  due  to  erosion,  this  means  about  20  000  000  cu. 
yd.  of  rock,  and  the  blast  would  require  about  500  tons  of  explosives  to  bring 
the  dam  to  the  dimensions  mentioned.  This  is  an  enormous  quantity  of  rock, 
too  much  to  have  misplaced. 

If  such  a  blast  was  feasible,  the  rock  would  pile  up  100  or  150  ft.  from 
each  shore,  much  of  it  fine  material,  but  more  of  it  in  masses  of  100  to  1  000 
tons,  depending  on  the  placing  of  the  mines  and  the  manner  of  loading.  It 
would  not  be  well  mixed,  the  fine  and  the  coarse  rock  settling  at  different 
distances  from  the  shore.  The  central  100  ft.  or  more  of  the  river  would 
form  a  channel  that  would  scour  to  the  boulder  formation  at  least,  and  the 
large  masses  of  rock  would  arch,  forming  immense  caverns  that  could  never 
be  filled.     The  material  for  the  central,  or  channel,  part  of  the  dam  would 

*  Springfield,  Mo. 
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have  to  be  placed  by  another  method,  and  the  swift  current  would  probably 
transport  most  of  that  material  beyond  the  toe. 

To  build  a  rock-fill  dam  as  suggested  by  the  author,  would  mean  an  ex- 
tensive plant  for  handling  and  placing  the  material,  as  not  more  than  one- 
third  of  it  could  be  blasted  into  place  and  that  could  not  be  made  tight  by 
feasible  methods.  The  writer  believes  the  plant  required  to  complete  the  dam 
would  be  almost  as  elaborate  and  expensive  as  one  required  to  build  a  concrete 
structure. 

The  author  suggests  that  10  000  000  cu.  yd.  of  fine  rock,  sand,  and  silt 
might  be  required  to  tighten  the  dam.  This,  in  itself,  would  require  a  large 
plant  for  loading,  transporting,  and  placing.  To  be  effective,  the  tightening 
material  would  have  to  be  deposited  in  such  a  manner  that  the  reservoir  water 
would  carry  it  at  least  to  the  center  of  dam,  which  would  mean  a  long,  tedious, 
and  expensive  process. 

Should  it  be  found,  after  the  initial  blast  of  about  20  000  000  cu.  yd.  of 
rock,  that  conditions  were  as  previously  suggested,  then  several  million 'dollars 
would  have  been  wasted  and  a  good  dam  site  spoiled. 

In  the  writer's  judgment,  a  dam  780  ft.  high  could  be  more  economically 
constructed  of  concrete  if  the  foundation  was  found  to  be  suitable.  The 
natural  conditions  at  and  adjoining  the  site  seem  to  be  favorable  for  the 
making  of  aggregate  and  the  placing  of  concrete. 

C.  S.  Jarvis,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  proposed  plan  for 
a  780-ft.  rock-fill  dam  on  the  Colorado  River  is  startling  in  many  of  its 
details,  but  the  character  and  achievements  of  the  author  are  such  as  tQ 
command  a  more  serious  consideration  than  would  be  accorded  otherwise. 

The  remoteness  of  the  proposed  site  from  industrial  centers  might  be  urged 
against  the  project;  but  the  idea  of  such  a  type  of  construction  should  be 
examined  on  its  merits,  for  there  are  many  dam  sites  more  favorably  located, 
with  the  same  characteristics,  but  generally  of  smaller  dimensions,  than  the 
one  described  at  Lees  Ferry.  The  question  is  mainly  as  to  the  practicability 
of  such  a  dam,  as  the  author  specifically  states  in  his  introductory  remarks. 

The  transporting  power  of  running  water  is  fairly  calculable;  but  formulas 
do  not  take  into  account  the  action  around  the  larger  boulders.  These  may 
appear  in  the  bed  of  the  stream,  partly  submerged  in  rock  waste  or  silt,  and, 
when  the  flood  is  at  its  height,  erosion  will  occur  around  such  an  obstruction. 
When  a  sufficient  space  has  been  cleared  laterally  and  down  stream,  the  boulder 
may  slide  or  roll  a  short  distance,  and  the  alternate  scouring  and  movement 
will  be  repeated.  During  the  receding  stage  of  the  flood,  the  hollows  down 
stream  from  the  boulders  are  generally  filled  in  part,  so  that  an  observer  might 
consider  such  large  stones  safe  against  movement,  if  he  neglects  the  effect 
of  erosion,  as  described.  This  relentless  scouring  adjacent  to  obstructions 
is  the  element  most  directly  opposed  to  the  type  of  high  rock-fill  dam  under 
discussion. 

There  is  no  doubt  that,  with  suitable  preparation  and  blasting,  large  enough 
masses  of  rock  could  be  dislodged  to  create  a  loose  rock-fill;  but,  to  the  writer, 

*  Civ.   and  Cons.   Engr.,   Salt  Lake   City,   Utah. 


DISCUSSION  ON  ROCK-FILL  DAM,  LEES  FERRY,  ARIZ.  251 

it  appears  improbable  that  a  mud  bank  would  form  up  stream  and  "make  the 
rock-fill  water-tight  to  an  elevation  of  50  to  100  ft.  above  the  bed  of  the  river" ; 
that  such  a  bank  could  be  raised  ahead  of  the  rising  water  surface  of  the  reser- 
voir so  formed;  or  that  the  rock-fill  could  be  made  reasonably  water-tight  in  the 
midst  of  such  a  river,  if  such  a  mud  bank  should  be  formed  and  then  overtopped 
at  a  height  of  100  ft.  If  20  000  000  cu.  yd.  of  rock  were  thrown  into  the  river 
gorge,  as  outlined  by  the  author,  the  rapids  formed  thereby  would  exert  their 
power  to  remove  the  obstruction,  eroding  at  the  down-stream  toe,  and  rolling 
or  sliding  the  protruding  boulders  into  the  hollows  thus  formed,  until  the  rock- 
fill  had  spread,  settled,  and  displaced  sufficient  of  the  river  sand  and  gravel  to 
insure  stability  for  that  particular  stage  of  flow.  A  higher  flood  stage  would 
probably  cause  a  resumption  of  the  process  of  erosion  and  shifting.  During  the 
low-water  stage,  the  entire  flow  of  the  river  might  run  through  the  rock-fill,  and 
the  erosion  and  transportation  of  the  finer  materials  would  continue,  mainly 
from  the  up-stream  section  of  the  dam. 

The  writer  served  as  engineer  on  one  irrigation  project  where  time  limits 
and  flood  conditions  required  the  placing  of  a  20-ft.,  concrete,  diversion  dam 
partly  on  bed-rock  and  partly  on  a  rock-fill  in  the  midst  of  a  rapids  in  the  river 
channel.  It  was  well  known  that  leakage  would  result,  with  no  danger  to  the 
structure.  A  rock  and  earth-fill  dam  was  to  adjoin  the  concrete  section  and 
extend  to  the  opposite  bank  on  and  immediately  up  stream  from  the  rock-fill 
in  the  river  bed.  The  structures  were  built  during  flood  stages  of  the  stream, 
and  maintained  safely;  but  to  stop  the  recurrent  and  persistent  leaks  through 
this  rock-fill  required  the  placing  of  an  additional  volume  of  finer  materials 
about  equal  to  the  volume  of  the  structure  as  originally  planned;  and,  finally, 
during  a  low  stage  of  the  river,  a  cut-off  wall  was  placed  through  a  part  of  the 
river  bed,  at  the  up-stream  limit  of  the  dam,  to  prevent  the  recurrence  of  leaks 
and  slow  erosion  of  the  finer  materials. 

The  construction  of  several  rock-fill  dams  with  puddle  cores  on  glacial 
drift,  together  with  observations  on  these  structures  in  service,  and  the  lateral 
and  terminal  moraines  which  serve  as  the  retaining  embankments  for  reser- 
voirs and  lakes  of  great  depth,  have  convinced  the  writer  that  a  combination  of 
rock-fill  and  hydraulic-fill  may  be  built  and  maintained  safely  at  such  a  height 
as  the  author  has  suggested ;  but  a  pre-requisite  for  making  it  reasonably  water- 
tight and  dependable  would  be  the  positive  checking  of  the  underflow  and  the 
control  of  the  river  during  construction,  to  prevent  the  segregation  and  loss  of 
the  finer  materials. 

Those  who  have  had  to  construct  measuring  weirs  in  rocky  stream  beds 
with  the  water  at  high  stage  need  not  be  reminded  of  the  difficulty  in  making 
the  structure  water-tight,  especially  at  the  junction  with  the  stream  bed.  The 
volume  of  finer  materials  required  to  complete  the  dam  that  holds  back  a  depth 
of  water  of  only  2  or  3  ft.,  may  be  doubled  or  trebled,  because  of  the  persistent 
erosion  and  loss  of  the  finer  particles  through  the  rock-fill. 

The  extensive  studies  and  writings  of  the  author  on  the  utilization  of 
various  Western  rivers,  and  his  location  of  the  most  feasible  dam  sites  and 
storage  basins,  are  valuable  contributions  to  professional  knowledge. 
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Referring  to  Conclusion  No.  9,  "Should  either  the  rock-fill  or  a  con- 
crete dara  be  overtopped  by  a  flood,  the  damage  might  be  sufficient  to  cause 
failure",  it  seems  improbable  that  a  concrete  structure  of  such  magnitude 
would  be  designed  or  constructed  so  as  to  permit  failure  if  overtopped,  whereas 
the  rock-fill  would  certainly  be  lost  under  such  a  condition,  and  the  resulting 
damage  and  loss  in  the  lower  valleys  would  be  incalculable. 

In  view  of  these  considerations  and  the  uncertainties  that  would  envelop  the 
construction,  the  cost,  and  the  behavior  of  the  rock-fill  dam  as  proposed,  it 
seems  a  safe  conclusion  that  any  dam  of  unprecedented  height  at  the  proposed 
or  similar  sites  will  be  of  masonry,  founded  on  bed-rock,  or  of  rock-fill  with 
adequate  core-wall. 

Samuel  Fortier,*  M.  Am.  See.  C.  E.  (by  letter). — The  people  of  the 
West  are  much  interested  in  feasible  plans  to  utilize  the  waters  of  the  Colorado 
River.  Even  a  partial  utilization  of  this  river  might  affect  for  good  or  ill 
the  citizens  of  seven  Western  States.  Perhaps  the  most  valuable  part  of 
the  author's  paper  on  this  subject  is  in  outlining  the  wonderful  potentialities 
of  this  river,  when  properly  controlled,  in  furnishing  water  for  irrigation, 
producing  energy,  and  protecting  fertile  lands  from  floods.  lie  might  have 
added  a  fourth,  namely,  the  settlement  and  retention  of  the  river  sediment 
within  the  natural  channel  of  the  river. 

For  several  years,  the  U.  S.  Bureau  of  Public  Roads,  under  the  direction  of 
the  late  C.  E.  Tait,  M.  Am.  Soc.  C.  E.,  has  been  canning  on  an  investigation  of 
the  silt  problem  of  the  Colorado  River,  in  co-operation  with  the  State  of  Cali- 
fornia and  the  irrigation  interests  of  the  Imperial  Yalley  of  California.  As 
a  part  of  this  investigation,  daily  samples  were  taken  at  Hanlon  Station, 
the  river  intake  of  the  Imperial  Canal  System,  from  July  1st,  1917,  to  June 
30th,  1918,  to  determine  the  percentages  of  silt  entering  the  System  from  the 
river.  These  percentages  were  ascertained  by  filtering  out  and  weighing  the 
solids  contained  in  the  muddy  water  of  each  sample. 

In  Table  4  is-  given  the  maximum,  minimum,  and  average  daily  per- 
centages by  weight  for  each  month  of  the  period  covered. 

Owing  to  the  uncertainty  in  ascertaining  when  silt  has  reached  its  least 
volume  in  the  process  of  consolidation,  it  is  more  difficvJt  to  express  with 
the  same  degree  of  accuracy  the  percentage  of  silt  by  volume.  From  October, 
1907  to  September,  1908,  samples  of  equal  volume  were  taken  daily  from  the 
turbulent  water  below  the  gates  at  a  number  of  stations  of  the  Imperial  Canal 
System  and  poured  into  one  container  for  each  calendar  month.  The  com- 
posite samples  thus  obtained  were  then  shaken  and  settled  for  30  days  in 
glass  tubes,  1  m.  high,  after  which  the  percentage  of  silt  was  noted.  The 
results  obtained  on  the  Main  Canal  at  Hanlon  Head-gate  was  a  maximum 
of  3.8%  in  August,  a  minimum  of  0.9%  in  July,  and  a  mean  for  the  year  of 
1.6  per  cent.  If  due  allowance  is  made  for  differences  in  the  quantity  of 
silt  carried  in  1907-08  and  1917-18,  a  percentage  of  1.6  by  volume  would 
compare  in  a  general  way  with  a  percentage  of  0.242  by  weight. 

*  Associate    Chf.,    Div.    of   Agricultural    Eng.,   Bureau    of    Public    Roads,    U.    S.    Dept.    of 
Agriculture,  Berkeley,  Calif. 
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In  1919,  there  was  delivered  to  the  Imperial  Irrigation  District  1  584  312 
acre-ft.  of  water  diverted  from  the  Colorado  Kiver,  and  this  quantity  of 
.water  was  applied  to  413  440  acres  of  land.  These  figures  do  not  include  the 
quantity  of  water  delivered  to  lands  in  the  Republic  of  Mexico,  served  by 
the  same  system.  In  that  year,  the  cost  to  the  Irrigation  District  and  to 
the  several  .subsidiary  companies  known  as  mutual  water  companies  for 
removing  silt  from  the  canals,  amounted  to  approximately  $1  000  000.  This 
cost  did  not  include  that  incurred  by  the  farmers  in  removing  silt  from  farm 
laterals,  damages  to  crops  as  a  result  of  silt,  or  modifications  necessary  on 
account  of  yearly  accumulations  of  silt  on  cropped  fields.  This  extra  cost 
incurred  by  the  farmers  may  be  conservatively  estimated  at  $2.00  per  acre 
per  annum,  thus  bringing  the  total  damages  caiised  by  silt  in  one  year  to 
$4.42  per  acre  irrigated. 

TABLE  4. 


Dale. 


July,  1917 

August,  1917.... 
September,  1917. 
October,  1917.... 
November,  1917. 
December.  1917. 
January,  1918.. . 
February,  1918  . 

March,  1918 

April,  1918 

May,  1918 

June,  1918 


Mean . 


Maximum 
percentage 
by  weight. 


7.50 
033 
51G 
991) 
249 
159 
217 
319 
309 
540 
332 
269 


Minimum 
percentage 
by  weight. 


0.063 
0.174 
0.074 
0,129 
0.060 
0.064 
0.050 
0.0.36 
0.131 
0.103 
0.140 
0.019 


Average 
percentage 
by  weight. 


0.232 
0.574 
0.145 
0.371 
0.111 
0.080 
0.088 
0.083 
0.609 
0.286 
0.266 
0.061 


0.242 


If  it  is  true,  as  reported,  that  1  220  000  acres  are  irrigable  from  the  lower 
part  of  the  Colorado  River,  the  damage  caused  by  silt  in  one  form  or  another, 
unless  much  better  controlled  than  at  present,  would  impose  yearly  a  heavy 
financial  burden  on  the  part  of  the  water  users. 

It  is  evident,  therefore,  from  what  has  been  stated,  that  the  waters  of 
the  Colorado  River  should  be  stored  not  only  to  provide  water  for  irrigation, 
develop  power,  and  prevent  floods,  but  also  to  retain  the  river  silt.  The  cost  of 
such  storage  on  a  large  scale  by  concrete  dams  is  not  likely  to  exceed  $2.25 
per  aere-ft.  The  quantity  of  water  required  to  irrigate  such  crops  as  are 
grown  on  the  Lower  Colorado  Basin  is  usually  less  than  3  acre-ft.  per  acre, 
measured  at  farmers'  deliveries.  Accordingly,  the  first  cost  of  storing  enough 
water  to  irrigate  1  acre  of  land  in  this  Basin,  exclusive  of  transmission 
losses,  would  be  about  $6.75,  as  compared  with  $4.42,  the  present  annual  cost 
of  removing  silt  from  channels  and  compensating  land-owners  for  the  in- 
jurious eflfects  of  depositions  of  silt  on  irrigated  land. 

It  will  be  noted  by  a  reference  to  Table  4,  that  the  average  percentage  of 
silt  by  weight  is  0.242.  The  waters  of  the  Colorado  River  at  Yuina,  Ariz., 
contain  slightly  more  than  double  this  quantity,  or  0.5  per  cent.     The  differ- 
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ence  is  due  to  skimming  and  other  processes  by  which  the  water  admitted 
to  the  main  canal  of  the  Imperial  System  is  rendered  freer  of  solid  matter. 

As  to  the  author's  tentative  plan  to  store  water  at  Lees  Ferry,  the  writer, 
regrets  that  he  cannot  approve  of  the  site  selected  or  the  plan  proposed.  The 
site  is  too  far  removed  from  available  irrigable  lands,  settled  communities,  or 
transportation  facilities.  Owing  to  the  long  distances  between  the  dam  site  and 
the  markets  for  iDower,  only  a  small  percentage  of  the  hydro-electric  energy 
which  might  be  developed  could  be  utilized.  Besides,  as  the  writer  has  tried 
to  point  out,  the  retention  of  silt  is  an  important  factor  in  storing  water,  and 
by  locating  the  reservoir  at  Lees  Ferry  the  tributaries  which  carry  the  largest 
quantity  of  silt  would  enter  the  main  river  below  the  reservoir. 

As  regards  the  author's  tentative  design  for  a  rock-fill  dam  in  the  channel 
of  the  Colorado  River  at  Lees  Ferry,  the  feasibility  of  blasting  enormous 
quantities  of  rock  at  a  low  unit  cost  into  the  channel  from  the  adjacent  side- 
walls  in  the  manner  proposed  will  not  be  questioned.  To  render  water-tight 
such  a  quantity  of  blasted  rock  so  placed,  in  the  writer's  opinion,  would  be 
impractical  in  any  such  manner  as  that  proposed.  The  author  states  that 
the  loose  rock  in  the  dam  would  be  about  15%  greater  than  the  space  occupied 
by  the  same  material  in  its  natural  compact  state.  This  is  evidently  an 
error,  as  authorities  are  agreed  that  when  1  cu.  yd.  of  solid  stone  is  broken 
into  pieces,  it  will  occupy  when  loose  about  1.9  cu.  yd.  In  other  words,  the 
voids  in  broken  rock  generally  run  from  40  to  50  per  cent.  In  blasting  rock 
in  the  manner  proposed,  a  fairly  large  percentage  would  be  thrown  into  the 
river  gorge  in  large,  irregularly  shaped  masses,  some  of  which  might  contain 
1  500  cu.  yd.  When  piled  up  on  the  site  of  the  dam,  these  large  masses 
would  contain  correspondingly  large  open  spaces.  There  is  a  further  pos- 
sibility that  these  large  open  spaces  would  be  connected,  thus  permitting  large 
quantities  of  water  to  pass  through,  especially  if  the  water  was  under  high 
pressure.  The  author  proposes  to  render  such  a  mass  of  loose  rock  water- 
tight, first  by  sluicing  in  broken  rock  varying  in  size  from  1  in.  to  6  in.,  followed 
by  the  sluicing  of  sand.  The  bulk  of  such  rock  could  not  well  enter  the 
larger  cavities,  except  through  the  transporting  power  of  the  water.  So  little 
could  be  done  to  control  the  action  of  the  water  in  moving  the  smaller  rock 
particles  from  cavity  to  cavity  that  the  element  of  chance  assumes  large 
proportions.  In  fact,  the  whole  procedure  would  be  a  game  of  chance.  Per- 
haps the  rock  particles  might  find  a  lodging  place,  and  then,  again,  perhaps 
they  might  be  borne  through  the  structure  by  the  force  of  high  heads  of 
water.  In  any  event,  the  greatest  efficiency  that  could  be  expected  would 
be  that  a  relatively  small  part  of  the  voids  in  the  rock-fill  could  be  filled  in 
this  way.  The  author  also  proposes  to  sluice  sand  into  the  open  spaces  when 
the  latter  are  filled  with  broken  rock.  The  use  of  sand,  however,  is  based 
on  the  belief  that  the  cavities  would  first  be  filled  with  the  smaller  broken 
rock.     Otherwise,  the  sand  would  be  transported  through  the  rock-fill. 

A  Combination  Co7icrete  and  Each-Fill  Gravity  Dam. — Although  the 
writer  believes  that  it  would  be  unsafe  as  well  as  unwise  to  build  a  loose  rock- 
fill  dam  in  the  manner  outlined,  and  that  if  a  dam  is  built  in  Boulder 
Canyon,  or  elsewhere  on  the  Colorado  River,  it  will  be  of  concrete  through- 
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out,  he  is  of  the  opinion  that  a  certain  percentage  of  loose  rock,  having  the 
open  spaces  well  filled  with  finer  material,  might  well  form  part  of  a  concrete 
gravity  dam  of  the  dimensions  under  consideration.  The  foundation  of  a 
combination  structure  of  this  type,  up  to  the  natural  high-water  elevation, 
would  be  laid  in  concrete  in  the  manner  customary  in  building  gravity  dams, 
but  the  superstructure  would  consist  of  massive  concrete  walls  enclosing 
compartments  filled  with  broken  rock,  gravel,  sand,  and  rock  dust.  By  exer- 
cising care  in  grading  and  in  placing  the  rock  materials,  the  specific  gravity 
of  the  loose  rock  in  place  could  be  made  to  approach  80%  of  that  of  the 
concrete,  whereas  the  cost  per  unit  of  volume  of  rock-fill  in  place,  as  com- 
pared with  concrete  in  place,  would  be  about  as  1:3. 

This  suggestion  is  merely  a  new  adaptation  of  an  old  idea.  From  the 
days  of  the  Pilgrim  Fathers,  the  pioneers  of  every  State  in  the  Union  have 
made  use  of  wooden  crib-dams  filled  with  rock.  Unless  the  native  logs  or 
sawn  timbers,  of  which  the  cribs  are  built,  are  continuously  submerged,  early 
decay  is  inevitable.  In  these  days  of  higher  cost  of  timber,  as  compared  with 
that  of  concrete,  this  old  type  of  pioneer  dam  might  well  receive  renewed 
attention,  providing  concrete,  either  plain  or  reinforced,  can  be  used  in  lieu 
of  timber.  For  example,  some  advantages  in  the  way  of  lessened  cost  might 
be  derived  in  using  this  combination  structure  for  relatively  low  diversion 
dams  by  building  on  a  secure  foundation  a  skeleton  structure  of  reinforced 
concrete,  enclosing  compartments  to  be  filled  with  loose  rock.  At  the  other 
extreme,  as  regards  the  height  and  other  dimensions  of  dams,  is  to  be 
found  such  a  structure  as  is  contemplated  for  one  of  the  canyons  of  the 
Colorado  River.  Nothing  approaching  any  such  structure  in  size  has  ever 
been  built,  and  the  internal  stresses  produced  by  the  setting  of  the  concrete 
and  changes  in  temperature  would  be  more  or  less  conjectural;  whereas  in 
building  what  might  be  termed  a  skeleton  dam  of  concrete,  but  of  ample 
strength,  the  thickness  of  the  several  longitudinal  ribs  would  be  well  within 
established  practice.  The  general  form  of  such  a  type  of  dam  would  not 
differ  materially  from  the  common  gravity  type,  except  that  the  dimensions 
would  have  to  be  increased  to  take  care  of  the  lesser  specific  gravity  of  the 
loose-rock  portion  as  compared  with  concrete.  The  up-stream  face  would 
also  consist  of  a  series  of  sharp  arches  abutting  against  the  vertical  longi- 
tudinal ribs  and  against  the  side-walls  of  the  canyon.  These  ribs,  in  turn, 
would  be  tied  into  arched  cross-ribs,  thus  enclosing  compartments  of  the 
general  form  of  the  frustum  of  an  inverted  pyramid.  Such  a  form  would 
tend  to  wedge  in  and  compress  the  loose  rock  placed  therein.  A  drain  to 
bed-rock  could  be  installed  in  the  base  of  each  compartment,  and  provision 
made  to  drain  each  compartment.  There  would  be  no  horizontal  partitions 
in  any  compartment,  but  the  top  of  each  might  be  sealed  with  reinforced 
concrete  if  found  to  be  desirable. 

The  main  advantage  in  using  loose  rock  in  conjunction  with  concrete,  in 
a  dam  of  the  kind  proposed,  lies  in  the  lessened  cost.  If  such  a  structure 
coiild  be  designed  to  consist  of  40%  loose  rock,  the  saving  in  first  cost  would 
be  considerable.  Other  minor  advantages  might  lie  in  greater  elasticity 
and  better  facilities  for  expansion  and  contraction  joints  and  draining  the 
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foundation.  The  reduced  shearing  strength  along  horizontal  planes  and  the 
difficulty  in  designing  safe  multiple  arches  on  the  up-stream  face,  however, 
might  prove  disadvantageous. 

L.  F.  Harza,*  M.  Am.  See.  C.  E.  (by  letter). — The  author  proposes  to 
build  a  dam  about  twice  as  high  as  any  yet  constructed,  and  of  a  type  which 
as  yet  has  been  applied  to  a  height  only  one-half  as  great  as  other  types.  The 
method  proposed  has  been  applied  only  to  very  small  and  unimportant  or  tem- 
porary dams  of  that  type,  and  contemplates  the  formation  of  a  storage  reser- 
voir that  would  be  as  large,  if  not  larger,  than  any  in  existence,  with  valu- 
able lands  and  human  habitations  in  the  lower  reaches  of  the  river.  Whether 
such  a  project  should  be  undertaken  with  the  present  knowledge  of  such  struc- 
tures hardly  deserves  serious  consideration.  Man  has  never  been  able  to 
advance  safely  in  the  science  of  engineering  by  such  stupendous  strides,  and 
this  work,  if  it  is  undertaken,  calls  for  the  maximum  degree  of  safety  which 
engineering  knowledge  can  provide. 

As  a  hypothetical  problem,  however,  serving  by  its  very  size  to  intensify 
the  study  and  discussion  of  this  type  of  structure,  it  should  prove  valuable  in 
bringing  out  all  the  experiences,  theories,  and  opinions  bearing  on  this  type 
of  dam,  for  subsequent  application  to  smaller  structures. 

In  1914,  the  writer  proposed  such  a  plan,  on  a  smaller  scale,  as  one  of  sev- 
eral alternative  plans,  although  not  the  favored  one,  for  closing  the  main 
channel  of  the  Columbia  Eiver  near  The  Dalles,  Ore.,  after  having  com- 
pleted a  by-pass  channel  and  gates  of  sufficient  size  to  pass  and  control  the 
entire  flood  flow.f 

In  this  instance,  the  available  rock-fill  material  was  partly  to  be  piled  for 
this  purpose  behind  large  rubble  retaining  walls  and  was  assumed  to  cleave  on 
a  plane  inclined  on  a  slope  of  1  on  1,  after  the  blasting  of  the  retaining  walls, 
thus  furnishing  sufficient  material  (about  900  000  cu.  yd.)  above  this  slope 
to  divert  the  river  completely. 

The  writer  knows  of  one  instance  where  a  blast  on  a  smaller  scale  was  used 
to  close  a  narrow  river  gorge  under  a  head  of  about  100  ft.  Subsequent 
attempts,  extending  over  about  7  years,  to  seal  this  rock-fill  with  fine  material 
have  not  proved  successful,  unless  it  has  been  accomplished  recently.  Local 
settlements  of  the  fill  occur  periodically,  which  settle  and  crack  the  blanket 
of  fine  material,  starting  channels  of  flow  which  quickly  enlarge  until  a 
hopper-like  cavity  forms  in  the  blanket,  through  which  water  escapes  freely 
into  the  coarse  rock. 

The  writer  believes  that  the  principles  which  should  determine  the  design 
of  the  blanket  to  tighten  such  a  rock-fill  dam  are : 

(a). — The  material  must  be  graded  from  coarse  to  fine  by  such  gradual 
transition  and  by  such  definite  and  controllable  means,  that  each  size  of 
material  will  be  continuous  over  the  whole  surface  and  will  be  too  coarse  to 
be  carried  away  through  the  pores  of  the  next  larger  size. 

*  Cons.   Hydro-Elec.    and   Hydr.    Engr.,   Chicago,    111. 

t  "The  Columbia  River  Power  Project,"  Technical  Publishing  Co.,  San  Francisco.  Calif. 
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(6). — That  each  layer  must  be  of  sufficient  thickness  to  preclude  the  possi- 
bility of  local  settlements  of  the  supporting  rock  that  would  cause  fault  slips 
in  this  blanket  sufficient  to  bring  the  fine  material  in  contact  with  material 
coarse  enough  to  permit  the  fine  material  to  be  carried  away  by  percolating 
water,  and  thus  destroy  the  blanket  locally. 

(c). — Or,  preferably,  that  the  earth  blanket,  in  addition  to  Eequirement 
(a),  should  also  be  of  the  full  thickness  of  an  earth  dam  if  standing  alone  and 
unsupported  by  the  rock-fill,  in  order  that  the  velocity  of  the  seepage  may  be 
comparable  to  that  in  earth  dams. 

Obviously,  Requirements  (a)  and  (&)  are  difficult  or  impracticable  of 
accomplishment  when  material  is  deposited  under  water  on  an  irregular  sur- 
face, as  would  be  the  case  if  the  rock-fill  was  formed  by  a  large  blast  from 
the  adjacent  walls.  It  might  be  argued  that  the  natural  process  of  percolation 
would  eventually  segregate  the  materials  as  demanded  by  Requirement  (a). 
This,  however,  would  require  many  years  of  repairing  blow-outs,  settlements, 
and  cavities  formed  by  the  carrying  out  of  material,  before  equilibrium  would 
be  established,  if  indeed  it  ever  would  be. 

Requirement  (c),  if  the  up-stream  slope  of  the  rock-fill  was  2:1,  might 
result  in  a  slope  of  about  Y:l  or  8:1  for  the  final  up-stream  surface. 

If  an  earth  dam  at  full  section  was  to  be  built  up  stream  from  the  rock- 
fill,  its  foundation  would  require  the  same  treatment,  prior  to  the  blast,  that 
would  be  given  to  an  earth  dam  constructed  by  the  usual  means.  This  would 
require  under-flow  cut-offs  to  bed-rock,  the  grouting  of  all  fissures  in  the 
bottom  and  side-walls  to  be  covered  by  the  fill,  and  a  liberal  number  of  con- 
crete cut-off  walls  in  the  bottom  and  sides  of  the  gorge  to  prevent  seepage 
along  the  contact  between  the  earth  and  the  rock,  which  otherwise  might  cause 
channels  that  eventually  would  threaten  the  safety  of  the  structure. 

The  writer  would  like  to  cite  certain  observations  bearing  on  the  principles 
of  the  proposed  type  of  dam.  In  British  Columbia,  there  is  a  narrow  canyon, 
through  which  a  river  flows  with  a  flood  of  about  50  000  sec-ft.  and  with  a  fall 
of  about  50  ft.  per  mile.  Just  above  a  narrow  section,  flanked  with  steep 
mountains  about  8  000  ft.  high,  the  river  becomes  suddenly  sluggish  and  mean- 
ders through  an  alluvial  plain  that  is  about  J  mile  wide  and  30  miles  long 
and  as  flat  and  marshy  as  any  point  along  the  Mississippi.  The  mountains 
rise  abruptly  on  each  side  of  this  marshy  plain,  forming  a  section  of  valley 
like  a  "V,"  with  a  straight  horizontal  line  half  way  up.  This  condition 
strongly  suggests  a  natural  dam  formed  by  faulting  or  by  a  landslide  at  the 
transition  from  the  marshy  valley  to  the  roaring  canyon.  Borings  have 
proved  it  to  be  of  landslide  origin.  Here  is  a  natural  rock-fill  dam  acting  as 
its  own  spillway,  which  has  been  silted  successfully  by  natural  process.  The 
down-stream  slope,  however,  is  about  100  : 1,  and  the  silt  blanket  has  filled 
the  reservoir. 

The  writer  studied  and  reported*  on  another  such  instance  in  1915,  that 
of  the  Cascade  Rapids  in  the  Columbia  River.  He  refers  to  this  report 
because  it  conveys  a  lesson  in  conflict  with  opinions  expressed  in  some  of  the 
*  Bulletin  No.   5,  State  Engr.   of   Oregon. 
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discussions.  The  statement  has  been  made  that  it  would  be  difficult  to  reach 
the  center  of  the  fill  with  rock  from  the  two  walls.  Undoubtedly,  this  would 
be  the  case  if  the  rock  was  blasted  to  its  resting  place.  If,  however,  it  is  merely 
dislodged  along  a  cleavage  plane  so  steep  that  the  whole  mass  would  tend  to 
slide,  the  writer  is  not  sure  but  that  the  center  of  the  dam  would  be  the 
highest. 

The  rock  slide  of  the  Cascade  Eapids  from  an  elevation  of  3  420  ft.  appears 
to  have  buried  a  river  1  mile  away  and  diverted  it  to  a  new  channel  about  3 
miles  away,  of  which  the  detritus  still  forms  the  northern  bank.  Perhaps 
this  is  the  result  of  the  inertia  of  the  slide  and  of  a  subsequent  movement 
on  a  slippery  bed.  The  writer  also  remembers  having  observed  small  ava- 
lanches with  the  outer  nose  of  the  detritus  piled  higher  than  that  part  closer 
to  the  mountain,  or,  at  least,  it  so  appeared  without  an  instrument.  So  many 
plans  for  dams  like  that  of  the  author,  but  on  a  smaller  scale,  have  been  pro- 
posed that  it  seems  to  be  the  natural  impulse  of  almost  every  engineer,  when  he 
sees  a  narrow,  deep  canyon,  to  want  to  build  a  dam  by  the  rock-slide  method. 

I.  GuTMANN,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — It  has  been  sug- 
gested by  Mr.  Muckleston  that  there  is  an  analogy  between  the  rock-fill 
dam,  proposed  by  Mr.  La  Evie,  and  a  natural  landslip,  which,  in  1893, 
dammed  the  Birahi-Ganga,  in  India,  and  formed  Gonha  Lake.  It  may  seem 
strange  to  compare  the  dam,  which  is  proposed  to  be  built  by  blasting  rock  from 
solid  canyon  walls,  to  a  pile  of  rock  formed  by  a  natural  landslip.  The  analogy, 
however,  appears  most  appropriate  and  highly  impressive  after  one  learns,  from 
the  references  pointed  out  by  Mr.  Muckleston,  the  following  details  of  para- 
mount importance: 

1. — That  the  Birahi-Ganga  landslip  consisted  of  enormous  masses  of  lime- 
stone and  Dolomite  rocks,  mixed  with  detritus  and  covered  with  a  "thick  layer 
of  white  impalpable  powder." 

2. — That  the  rocks  sheared  off  from  a  steep  hill  and  dropped  from  a  height 
of  4  000  ft.  above  the  bed  of  the  stream. 

3. — That  the  900-ft.  dam  thus  formed  stood  for  about  a  year  until  it  was 
overtopped.f 

There  seems  to  be  sufficient  mechanical  similarity  between  slides  of  this 
type  and  the  new  method  of  dam  construction  suggested  by  Mr.  La  Eue, 
to  justify  further  reports  and  studies  of  dams  formed  by  natural  landslips. 

The  writer  can  cite  a  similar  occurrence,  on  a  much  smaller  scale,  which 
took  place  on  the  Jordan  River,  in  Palestine,  on  December  8th,  1267.  Accord- 
ing to  an  Arab  clironicle,:{:  a  hill  on  the  west  bank,  near  Damiah,  fell  into  the 
river  and  kept  it  completely  dammed  for  sixteen  hours.  The  Jordan  was  in 
full  flood  at  the  time.  From  a  direct  knowledge  of  the  river,  the  writer  would 
think  that  the  river  may  have  carried  from  2  000  to  3  000  sec-ft.  The  natural 
dam  must  have  been  composed  of  alluvial  and  diluvial  earths. 

*  Elec.  Bond    &  Share  Co.,  New  York  City. 
i  Journal,  Soc.  of  Arts   (Lond.),  March  27th,  1896. 

}  "From  the  Garden  of  Eden  to  the  Crossing  of  the  Jordan",  by  Sir  "William  Willcocks, 
Lond.,  1920. 
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E.  C.  La  Rue,*  M.  Am.  Sog.  C.  E.  (by  letter.) — The  writer's  pai^Hjr  was 
prepared  before  detailed  surveys  had  been  made  of  the  Lees  Ferry  project. 
It  was  necessary,  therefore,  to  estimate  the  capacity  of  the  reservoir,  the  depth 
to  bed-rock,  distance  between  canyon  walls  at  the  dam  site,  length  of  spillway 
tunnel,  etc.  The  results  of  detailed  surveys  and  diamond  drill  borings  are 
now  available,  and  it  is  believed  that  definite  information  relating  to  the  Lees 
Ferry  project  will  be  of  interest.  Table  5  gives  the  figures  disclosed  by  the 
survey  in  comparison  with  those  estimated  by  the  writer. 

TABLE  5. — Data  Eelating  to  the  Lees  Ferry  Project. 
(Preliminary  Estimates  and  Data  Disclosed  by  Surveys.) 


Width  of  canyon  at  water  surface,  in  feet 

Width  of  canyon  at  Elevation  7ii0  above  water  surface 
at  dam  sits,  in  feet 

Width  of  canyon  at  top,  in  feet 

Length  of  spillway  at  Elevation  200  above  water  sur- 
face, in  feet 

Storage  capacity  of  reservoir  at  Elevation  700  above 
low-water  level,  in  acre-feei 

Capacity  of  reservoir  between  Elevations  600  and  700 
above  low  water,  in  acre-feet 

Depth  of  bed-rock  in  river  channel  at  dam  site,  in  feet. 


Preliminary  estimate. 


450 


1  000 

1  800 


3  000 
50  000  000 


20  000  000 
100 


Data  disclosed  by 
surveys. 


430 


1  600 
1  900 


2  900 
54  000  000 


21  000  000 
Less  than  100 


The  greatest  error  was  made  in  estimating  the  width  of  the  canyon  at 
Elevation  Y20  above  the  water  surface  at  the  dam  site,  the  writer's  estimate 
being  1  000  ft.,  whereas  the  correct  distance  is  1  600  ft.  The  writer's  estimate 
of  the  'width  of  the  canyon  at  the  top  was  nearly  correct,  which  indicates  that 
the  upper  face  of  the  canyon  walls  is  more  nearly  vertical  than  was  assumed. 
The  volume  of  the  rock-fill  dam  would  be  greater,  but  the  conditions  for  blast- 
ing the  material  from  the  upper  part  of  the  canyon  walls  are  more  favorable 
owing  to  the  fact  that  the  upper  face  of  the  wall  is  nearly  vertical. 

Those  who  have  studied  the  pai)er  have  gained  the  impression  that  the 
writer  was  advocating,  a  700-ft.  dam  at  Lees  Ferry  to  store  50  000  000  acre-ft. 
of  water  as  a  project  feasible  of  construction  at  this  time.  The  primary  pur- 
pose of  the  paper  was  to  bring  out  engineering  opinion  on  the  practicability  of 
constructing  a  dam  such  as  that  described.  The  Lees  Ferry  site  was  selected 
in  order  to  illustrate  the  methods  of  construction  suggested,  because  it  was  well 
known  to  the  writer  and  seemed  to  offer  unusually  favorable  conditions  for  the 
building  of  such  a  dam.  The  writer  was  not  and  is  not  advocating  the  Lees 
Ferry  project  or  any  other  specific  project  on  the  Colorado  River  as  the  proper 
one  to  be  developed  at  this  time.  During  the  past  seven  years,  he  has  frequently 
stated  that  before  any  money  is  spent  on  the  construction  of  a  high  dam  on  the 
Lower  Colorado,  an  investigation  of  all  ix)ssibilities  should  be  made,  and  a  report 
should  be  prepared  by  competent  engineers,  outlining  a  comprehensive  plan 
for  the  development  of  the  Colorado  River  Basin  from  Wyoming  to  the  GuK 
of  California.  He  has  also  explained  that  the  first  large  project  to  be  under- 
taken on  the  lower  river,  should  be  a  unit  of  a  carefully  prepared  compre- 
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hensive  plan  for  the  development  of  the  whole  basin.  In  the  writer's  opinion, 
sufficient  information  is  not  available  to  form  the  basis  for  such  a  compre- 
hensive report,  and  he  will  state  further  that  no  report  based  on  detailed  engi- 
neering data  has  ever  been  prepared  to  show  the  most  economical  plan  for  the 
development  of  the  Colorado  River  below  the  mouth  of  Green  River. 

When  complete  data  are  available,  an  intelligent  conclusion  can  be  reached 
as  to  whether  it  will  prove  most  economical  to  develop  the  first  large  flood- 
control  reservoir  at  Lees  Ferry  or  elsewhere.  It  will  then  be  possible  to 
evaluate  properly  the  advantages  of  creating  a  storage  reservoir  where  it  will 
control  this  great  river  for  comprehensive  power  development  through  a  fall  of 
more  than  2  000  ft.  and  simplify  the  spillway  plans  and  construction  problems 
of  eight  or  ten  dams,  and  where  it  will  afford  adequate  regulation  for  irrigation 
and  the  prevention  of  flood  damage,  and  weigh  them  against  the  advantages  of 
a  reservoir  that  may  control  10%  more  water  at  the  foot  of  the  power  section 
of  the  river  and  only  half  as  far  from  the  principal  area  of  irrigable  and  flood- 
threatened  lands.  The  real  value  of  creating  a  storage  reservoir  at  the  head 
of  the  fall  at  Elevation  3100,  which  would  make  possible  the  development  of 
between  3  000  000  and  4  000  000  h.  p.  between  Lees  Ferry  and  Black  Canyon, 
and  result  in  a  saving  of  millions  of  dollars  in  the  construction  cost  of  all 
dams  built  in  the  river  below,  would  be  disclosed. 

Mr.  Coutlee  has  called  attention  to  a  number  of  rock-fill  dams  in  Canada. 
It  is  interesting  to  note  that  a  rock  slide,  2  miles  long  and  2  miles  wide,  on  Old 
Man  River  did  not  act  as  a  water-tight  barrier,  it  being  stated  that  without 
gathering  much  head  the  small  river  was  able  to  seep  through  the  dam.  Mr. 
Coutlee  appears,  however,  to  hold  the  opinion  that  satisfactory  results  .can  be 
obtained  by  the  construction  of  dams  of  the  rock-fill  type. 

Mr.  Muckleston  calls  attention  to  a  natural  rock  slide  that  occurred  in 
1893  on  the  Birahi-Ganga,  a  small  stream  in  India.  Although  this  natural 
dam  was  900  ft.  high,  11  000  ft.  wide  at  the  base,  and  2  000  ft.  wide  at  the  top, 
Mr.  Muckleston  states:  "Nevertheless,  the  dam  went  out  as  soon  as  it  was 
topped."  He  failed  to  state  that  the  natural  dam  had  no  spillway  and  that 
due  to  this  fact  it  was  known  that  the  dam  would  fail. 

The  writer  believes  that  the  paper  describing  the  failure  of  the  Gohna 
Lake  Dam  contains  information  of  great  value  to  engineers  interested  in 
determining  the  feasibility  of  constructing  high  rock-fill  dams.  The  following 
quotation  was  taken  from  a  paper  entitled  "The  Great  Landslip  at  Gohna,  in 
Garhwal,  and  the  Measures  Adopted  to  Prevent  Serious  Loss  of  Life",*  by  J.  H. 
Glass,  Chief  Engineer  and  Secretary  of  the  Department  of  Public  Works  of 
Bengal : 

"On  the  19th  of  November,  1893,  the  first  intimation  of  the  Gohna  landslip 
reached  the  Government.  *  *  *  The  district  authorities  had  heard  from 
a  native  source  that  early  in  the  previous  September  an  enormous  mass  of 
material  from  the  Maithana  hill  had  subsided  into  the  Bireh  Ganga  river,  com- 
pletely blocking  it,  and  that  a  large  lake  was  under  course  of  formation.  For 
some  time  afterwards  material  continued  to  fall,  huge  blocks  thundering  down 

*  Journal,  Soc.  of  Arts    (Lond.),  March,   1896,  p.  431. 
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the  hill,  and  crashing  into  the  mass  below,  but  there  was  no  further  fall  of 
any  size  till  about  the  end  of  October,  when  a  great  slice  of  the  hill  moved 
forward  into  the  valley,  making  an  effective  barrier  of  enormous  proportions, 
and  completely  obstructing  the  flow  of  the  river.  The  falling  mass  was 
accompanied  by  a  deafening  noise,  and  the  neighborhood  for  miles  around  was 
filled  by  clouds  of  dust,  which  whitened  the  ground  and  tree  branches  like 
snow.  Gohna  is  situated  away  from  any  road  route,  and  is  most  difficult  of 
access,  so  that  it  was  not  possible  to  obtain  readily  any  accurate  account  of 
what  had  really  happened.     *     *     * 

"The  result  of  Colonel  Pulford's  inspection  was  made  known  to  Govern- 
ment in  a  semi-official  letter,  dated  the  21st  December.  He  reported  that  the 
mass  of  earth  and  rock  composing  the  landslip  was  about  900  ft.  in  height, 
2  000  ft.  across  at  top,  11  000  ft.  at  the  base  along  the  valley,  and  3  000  ft.  at 
top  and  600  ft.  at  bottom  across  the  valley.  These  figures  give  an  idea  of  the 
magnitude  of  the  slip.  It  was  largely  composed  of  enormous  masses  of  rock, 
some  of  which,  lying  on  the  surface,  were  calculated  to  be  many  tons  in  weight, 
with  an  admixture  of  detritus  and  a  thick  layer  of  white  impalpable  powder 
over  all.  The  slip  had  taken  place  from  a  precipitous  hill  bordering  the  river 
on  the  right  bank.  The  hill,  which  is  called  Maithana,  has  an  elevation  at  the 
summit  of  about  11  000  ft.  above  sea-level,  and  the  part  from  which  the  fall 
occurred  is  about  4  000  ft.  above  the  bed  of  the  stream.  The  force  of  the 
fall  from  so  great  a  height  as  4  000  ft.  carried  the  rocks  and  debris  right  across 
the  valley  of  the  river,  and  for  some  distance  up  the  steeply  scarped  hill  on 
the  left  bank;  then,  its  energy  expended,  the  mass  slipped  back  into  the  valley, 
forming  a  dam,  with  a  big  slope  up  against  the  hill  on  the  left  bank.  The 
further  great  slip  in  October  filled  up  the  dam  on  the  right  bank  against  the 
hill  on  that  side,  in  such  a  manner  that  the  top  of  the  dam  had  a  large  depres- 
sion some  150  ft.  below  two  sloping  mounds  of  rock  and  dehiis. 

"The  bed  of  the  Bireh  Ganga  river  slopes  at  about  250  ft.  per  mile  at  Gohna, 
and  is  the  bottom  of  a  narrow  gorge,  with  steep,  and  sometimes  precipitous 
sides.  The  gentler  slopes  of  the  hills  are  grass-covered  at  the  base,  and,  higher 
up,  are  clothed  with  evergreen,  oak,  fir,  and  rhododendrons.  Immediately  below 
the  slip,  the  course  of  the  river  turns  nearly  at  right  angles,  and  passes 
through  a  narrow  gorge  with  precipitous  sides  of  rock.  In  the  more  open  parts 
of  the  valley,  the  slopes  are  terraced,  with  great  labour,  for  cultivation ;  but  the 
configuration  of  the  ground  and  the  nature  of  the  soil  are  such  as  to  prohibit 
any  large  amount  of  cultivation.  The  river  basin  at  Gohna,  draining  into  the 
lake  formed  by  the  landslip,  has  an  area  of  about  90  miles,  and  is  bounded  on 
the  north  and  east  by  a  snow-clad  ridge  of  the  Himalayas,  rising  to  an  altitude 
of  21  200  ft.  above  sea-level.  A  large  portion,  therefore,  of  the  water  of  the 
river  is  derived  from  the  melting  of  the  snows,  and  this  supply  is,  of  course, 
at  its  greatest  during  the  hot  season.     *     *     * 

"From  the  information  then  before  him.  Colonel  Pulfcrd  fixed  the  date  on 
which  the  water  would  rise  to  the  top  of  the  dam  as  the  middle  of  May.  Later 
on,  however,  when  data  in  regard  to  the  area  enclosed  by  the  landslip,  and  in 
respect  to  the  rainfall  and  snowfall  during  the  year  over  the  catchment  area 
of  the  river  had  been  collected  by  the  Public  Works  Officer  who  was  sent  to 
Gohna  for  that  purpose.  Colonel  Pulford  reported  that  the  Ifike  would  probably 
overflow  about  the  middle  of  August ;  and  the  15th  of  August  was  accordingly 
adopted  as  the  date  by  which  all  arrangements  for  dealing  with  the  flood  should 
be  in  working  order.     *     *     * 

"Before  the  end  of  July  all  the  arrangements  which  had  been  ordered  for  the 
protection  of  life  and  property  were  completed.  A  good  deal  of  percolation 
was  noticeable  at  the  toe  of  the  dam.  *  *  *  The  area  of  the  lake  when 
the  water  was  level  with  the  top  of  the  dam  was  calculated  from  the  contoured 
map  prepared  by  Lieutenant  Crookshank,  R.  E.,  to  be  about  37  000  000  sq.  ft. 
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in  round  numbers,  or  say  1;^  sq.  miles,  and  the  total  contents  were  roughly 
estimated  at  16  650  000  000  cu.  ft.    *    *     * 

"The  first  symptom  of  the  approaching  collapse  occurred  on  the  10th  August. 
For  some  time  past  the  water  had  been  rising  very  steadily,  owing  to  the  rains 
which  had  commenced  early  in  June  and  the  melting  of  the  snows,  and  on  the 
4th  August  it  had  reached  within  82  ft.  of  the  lowest  part  of  the  dam.  On  the 
9th  August  there  was  a  very  heavy  rain  which  caused  a  serious  slip  in  the 
down-stream  face  of  the  dam,  leaving  an  almost  perpendicular  section  some 
400  ft.  high.  The  section  thus  exposed  disclosed  a  layer  of  stones  at  the  top, 
below  which  only  pulverized  rock  was  visible.  Percolation,  which  was  now 
very  heavy,  was  running  in  a  considerable  stream  over  the  boulders  of  the 
former  river-bed  laid  bare  by  the  slip  referred  to.  This  slip  caused  the  death 
of  a  man  called  the  Gohna  Fakir,  his  wife  and  three  children.  *  *  *  On 
the  11th  August  the  first  warning  was  telegraphed  to  all  concerned,  intimating 
that  the  lake  would  escape  within  fifteen  days'  time;  and  this  was  followed 
by  a  notice  that  the  lake  was  50  ft.  from  the  top  of  the  dam.  In  all  87  warning 
messages  were  despatched  from  Gohna.  Percolation  was  still  steadily  increas- 
ing. On  the  10th  July  it  was  calculated  to  be  50  cu.  ft.  per  sec,  on  the  17th 
July,  150  cu.  ft.,  and  on  the  12th  August,  350  cu.  ft.  per  sec.  On  the  22nd 
August,  Lieut.  Crookshank  issued  the  warning  message  that  the  lake  was 
expected  to  escape  within  48  hours.  By  cutting  a  very  narrow  channel  2  ft. 
6  in.  deep  in  the  crest  of  the  dam  he  expected  to  bring  in  the  flood  early  on  the 
morning  of  the  24th  August,  but  o^ving  to  increased  percolation  and  smaller 
rainfall  than  on  previous  days,  the  lake  rose  so  slowly  that  it  did  not  reach 
the  bottom  of  the  cutting  until  the  afternoon,  and  as  it  was  considered  im- 
portant that  the  flood  should  occur  during  day-light,  the  channel  was  filled 
up  so  that  the  over-topping  might  take  place  on  the  morning  of  the  25th  idem. 
The  lake  water  commenced  to  trickle  over  the  dam  through  the  cutting  at  6.35 
A.  M.  on  the  25th  August.  At  first  the  destructive  action  of  the  water  was  very 
slow,  and  the  volume  escaping  from  the  lake  over  the  dam  did  not  exceed  200 
cu.  ft.  per  sec.  up  to  3.30  p.  M.,  at  which  time  a  thick  mist  descended  and  heavy 
rain  fell  preventing  Lieut.  Crookshank  from  taking  further  observations.  But 
at  2  p.  M.,.  the  percolation  which  had  now  increased  to  an  alarming  extent, 
caused  a  sudden  cutting  back  of  the  dam  on  the  down-stream  side  to  within 
1  000  ft.  of  the  overflow  point.  At  2.30  p.  M.,  a  message  had  been  despatched 
down  the  line  to  the  effect  that  the  dam  was  cutting  back,  and  that  the  lake 
was  expected  to  commence  falling  during  the  night.  The  thick  mist  and  heavy 
rain  still  continued  to  obscure  the  slip,  and  it  was  quite  impossible  to  observe 
the  action  of  the  water  on  the  dam.  At  11.30  p.  M.,  a  loud  crash  was  heard, 
and  in  spite  of  the  mist  and  rain  the  air  was  filled  with  a  fine  dust  which  rose 
from  the  dam.  On  observing  this,  Lieut.  Crookshank  went  with  the  civil 
functionary,  Palwari  Mali  Dasauli,  down  to  the  dam,  and  made  a  final  inspec- 
tion of  its  condition.  It  was  then  midnight.  As  far  as  he  could  ascertain  the 
dam  was  completely  breached,  and  the  lake  water  was  escaping  through  a 
rapidly  increasing  channel.  The  effect  on  the  dam  had  already  been  very 
marked,  and  the  upper  surface  where  Lieut.  Crookshank  and  the  Palwari  were 
standing  suddenly  sank  some  feet.  At  twenty  minutes  after  midnight  another 
warning  message  was  sent  down  the  line  to  the  effect  that  a  very  great  rush  of 
water  was  being  discharged  from  the  lake.  It  was  not  possible  to  gauge  the 
discharge  owing  to  the  thick  mist  which  prevailed  and  the  torrents  of  rain 
which  were  falling,  nor  could  it  be  ascertained  at  what  rate  the  lake  was 
emptying.  At  5  a.  m.,  although  the  valley  was  full  of  mist  and  the  light  very 
scanty,  it  became  evident  that  a  great  fall  had  taken  place  in  the  level  of  the 
lake,  and  the  irrigation  officers  and  civil  authorities  at  Hardwar  were  warned 
to  expect  a  great  flood.  The  sides  of  the  lake,  after  it  had  emptied  below  high- 
water  mark,  were  waste  and  desolate.  They  were  cracked  and  had  slipped  in 
many  places,  and  were  devoid  of  trees  and  vegetation,  and  an  offensive  smell 
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rose  from  the  prround  which  had  been  so  long  submerged.  Below  the  dam,  the 
valley  of  the  Bireh  Ganga  was  filled  up  with  the  huge  blocks  of  rock,  washed 
away  from  the  landslip  by  the  torrent,  and  it  was  found  that  at  the  gorge 
below  Gohna,  the  level  of  the  bed  of  the  stream  had  been  raised  about  234  ft. 
The  discharge  from  the  lake  was  still  going  on,  but  was  confined  to  the  natural 
di'ainage  of  the  river  basin.  In  emptying  itself  of  so  large  a  part  of  its  con- 
tents, the  lake  had  made  a  strong  and  substantial  weir,  com^wsed  of  huge 
blocks  of  rock,  tightly  packed  with  boulders,  and  having  a  long  gentle  slope 
stretching  far  down  the  valley.  The  first  rush  of  the  imjwunded  water  com- 
menced about  11.30  on  the  night  of  25th  August,  and  by  4  o'clock  on  the  fol- 
lowing morning  the  lake  level  had  fallen  390  ft.,  equivalent,  in  round  numbers, 
to  a  discharge  of  about  ten  thousand  millions  of  cubic  feet  in  the  space  of 
four  and  a  half  hours.  At  Chamoli,  a  village  some  13  miles  from  Gohna,  the 
flood  first  began  to  rise  at  11.55  on  the  25th  August,  and  the  maximum  "height 
attained  was  about  160  ft.  above  ordinary  flood  level.  The  abutments  of  the 
permanent  bridge,  a  temple,  the  Dharmsala,  Bazar,  and  Dispensary,  were 
completely  washed  away,  and  the  bed  of  the  river  was  raised  about  50  ft.  with 
the  debris  deposited  by  the  flood.     *     *     * 

"The  large  rocks  and  debris  of  the  landslip  have  been  so  consolidated  and 
packed  by  the  flood  that  they  now  form  a  massive  and  solid  dam,  which  is  not 
likely  ever  to  be  disturbed,  and  a  permanent  lake  has  probably  been  established 
at  Gohna.  The  dimensions  of  this  lake  are  as  follows :  Greatest  length  about 
3  900  yd.,  average  width,  400  yd.,  and  greatest  depth  300  ft.  It  may  be  that  in 
time  Golma  will  become  a  pleasant  resort  for  the  weary  traveller  from  the 
plains,  and  that  boats  will  sail  upon  the  lake.    But  it  will  be  long  before  then !" 

Data  regarding  the  Gohna  Lake  Dam  are  given  in  Fig.  14.  Fig.  15  shows 
the  variation  in  the  seepage  through  the  dam  as  the  head  of  water  on  the  dam 
increased.  In  the  paper  describing  the  Gohna  Lake  landslip,  a  landslip  on  the 
lower  face  of  the  dam  is  mentioned,  which  it  was  stated  was  caused  by  a  heavy 
rain.  When  this  slip  occurred,  the  head  of  water  on  the  dam  was  about  840 
ft.  It  is  the  writer's  opinion  that  the  slip  was  what  is  commonly  called  a  "blow 
out."  No  doubt  the  down-stream  section  of  the  natural  dam  was  too  tight  to 
permit  free  drainage  of  seepage  water.  However,  it  should  be  noted  that 
even  after  the  blow-out  occurred  the  dam  did  not  fail  until  it  was  actually 
overtopped.  This  dam  would  be  standing  to-day  if  there  had  been  adequate 
spillway,  and  conditions  favorable  for  free  drainage  in  the  down-stream  part 
of  the  dam. 

Although  regretting  that  Mr.  Warner,  instead  of  presenting  serious  discus- 
sion based  on  his  many  years  of  experience,  has  limited  himself  largely  to 
facetious  criticism,  the  writer  finds  solace  in  the  apparently  unqualified 
approval  given  to  the  suggested  rock-fill  dam  in  the  following  sentence : 

"The  present  and  future  value  of  property  below  Lees  Ferry  makes  impera- 
tive the  adoption  of  a  dam  of  the  gravity  type  [and  it  must  be  admitted  that 
a  rock-fill  dam  pre-eminently  conforms  to  this  specification],  because  it  is  the 
only  type  which  will  have  the  approval  of  the  farmer,  the  bond-buyer's  engi- 
neer, and  the  Federal  and  State  regulatory  bodies." 

Mr.  ISToetzli  holds  the  opinion  that  if  the  loose  rock-fill  were  overtopped 
during  construction  by  a  flood  of  100  000  sec-ft.,  only  "a  few  of  the  largest 
blocks  of  the  dam  would  stay  within  the  area  of  the  foundation."  To  support 
his  opinion,  he  calls  attention  to  the  fact  that  the  Lower  Otay  rock-fill  dam 
was  swept  away  when  overtopped  by  a  flood  in  1916.     The  Lower  Otay  Dam 
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had  a  steel  core  supported  by  loose  rock  laid  to  a  slope  of  IJ  :  1  on  both  the 
up-stream  and  the  down-stream  face.  If  this  rock-fill  had  been  constructed 
with  its  down-stream  face  on  a  slope  of  14  : 1,  it  seems  probable  that,  after 
the  failure,  some  of  the  material  would  have  been  found  within  the  original 
area  of  the  base  of  the  dam.  At  Elevation  250,  the  proposed  rock-fill  dam  at 
Lees  Feriy  would  have  a  down-stream  slope  of  14  : 1.  However,  precaution 
should  be  taken  to  prevent  a  flood  from  passing  over  the  rock-fill  either  during 
construction  or  after  the  completion  of  the  dam. 

Mr.  Noetzli  apparently  is  not  opposed  to  the  rock-fill  type  of  dam  if  means 
other  than  those  suggested  by  the  writer  are  used  to  make  the  dam  water-tight. 
As  Chairman  of  the  Arizona  Engineering  Commission,  the  writer  visited  the 
site  of  the  Parker  Dam  on  the  Colorado  River  and  believes  that  a  safe  dam 
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of  the  height  proposed  by  Mr.  Noetzli  can  be  built  at  that  point  at  reasonable 
cost.  The  combination  concrete  rock-fill  dam  proposed  by  Mr,  Noetzli  for  the 
Parker  site  may  be  the  proper  solution  of  the  problem. 

The  writer  wishes  to  express  his  appreciation  of  the  discussion  prepared  by 
Mr.  Bryan  giving  the  geological  setting  of  the  Lees  Eeri-y  dam  site.  The  data 
submitted  by  Mr.  Bryan  will  prove  of  value  to  the  engineers  who  are  finally 
called  on  to  determine  the  most  feasible  type  of  dam  to  build  at  that  site. 

In  proposing  to  build  the  dam  to  a  height  of  250  ft.  vnih.  the  first  blast,  the 
writer  was  of  the  opinion  that  the  rock-fill  would  displace  the  fine  sand  and  silt 
and  settle  to  the  layer  of  sand  and  boulders.  It  might  be  safer,  as  a  first  step, 
to  blast  a  smaller  quantity  of  material  into  the  river,  allowing  the  flood  water 
to  wash  out  the  fine  material  which  would  cause  the  rock-fill  to  settle  to  a  firm 
foundation.  This  change  of  plan  would  meet  one  objection  mentioned  by 
Mr.  Davis,  who  suggests  a  concrete  pavement  cemented  to  the  abutment  walls 
to  prevent  leakage  between  the  rock-fill  and  the  canyon  walls.  Owing  to 
vertical  jointing,  the  canyon  walls  at  the  dam  site  are  not  smooth.    If  leakage 
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should  occur  between  the  rock-fill  and  the  abutment  walls,  the  water  must 
travel  a  comparatively  long  distance,  perhaps  1^  miles  near  the  base  of  the 
dam.  It  does  not  seem  reasonable  to  believe  that  such  leakage  would  take 
place  if  the  voids  in  the  loose  rock  can  be  filled  with  a  fine  material. 

Unfortunately,  Mr.  Davis  has  assumed  that  the  writer  holds  the  opinion 
that  a  dam  780  ft.  high  should  be  built  as  a  first  step  in  the  plan  to  control  the 
flood  flow.  A  dam  to  raise  the  water  YOO  ft.  was  chosen,  because  it  is  what 
may  be  considered  the  maximum  development  feasible  at  the  Lees  Ferry  site. 
A  higher  dam  would  affect  the  dam  proposed  below  the  mouth  of  Green  River. 
The  writer's  opinion  on  this  matter  is,  that  no  engineer  is  justified  in  pre- 
senting a  project  for  flood  control  as  being  the  most  feasible,  until  he  has  first 
collected  the  necessary  engineering  data  to  show  the  possibilities  for  develop- 
ment at  each  dam  site  on  the  Colorado  River  below  the  mouth  of  the  Green 
River.  Sufficient  data  are  now  available  to  show  that  the  Lees  Ferry  project 
has  considerable  merit.  A  flood-control  dam  at  Lees  Ferry,  about  400  ft.  high, 
to  store  8  000  000  acre-ft.  of  water,  with  a  power  plant  in  the  Grand  Canyon 
at  the  mouth  of  Diamond  Creek,  may  be  the  proper  plan  for  a  start  toward  the 
development  of  the  4  000  000  h.  p.  available  on  the  lower  river,  A  report  on 
such  a  plan  would  be  of  interest. 

Mr.  Davis  has  called  attention  to  the  great  damage  that  would  result 
through  suddenly  releasing  60  000  000  acre-ft.  of  water.  This  is  obvious,  the 
same  quantity  of  water  suddenly  released  at  Boulder  Canyon  would  be  even 
more  disastrous,  as  this  project  is  nearer  the  property  most  likely  to  be  damaged. 

Mr.  Davis  states  that  the  writer  is  in  error  in  claiming  that  the  floods 
of  the  Colorado  (excepting  the  Gila)  may  be  controlled  by  building  a  dam  at 
Lees  Ferry  and  calls  attention  to  the  50  000  sq.  miles  of  drainage  area  between 
Lees  Ferry  and  the  Gila  River.  We  are  concerned  with  the  drainage  area 
tributary  to  the  Colorado  between  Lees  Feny  and  Boulder  Canyon.  It  is  the 
flood  water  contributed  by  this  drainage  and  not  the  size  of  the  basin  that  is 
important.  Mr.  Davis  has  presented  no  data  to  support  his  contention  that 
dangerous  floods  originate  in  the  basin  between  Lees  Ferry  and  Boulder 
Canyon.  The  Little  Colorado  is  by  far  the  most  important  tributary  to  the 
Colorado  in  this  section.  Intermittent  records  are  available,  showing  the  flow 
of  this  stream  since  1905.  The  largest  flood  recorded  is  20  200  sec-ft.  In 
January,  1916,  when  the  Gila  discharged  a  flood  of  200  000  sec-ft.,  the  flow 
of  the  Little  Colorado  was  16  000  sec-ft.  There  is  a  feasible  site  on  the  Little 
Colorado  where  a  dam  to  raise  the  water  50  ft.  would  make  possible  the  regula- 
tion of  the  flow  of  this  stream  to  600  sec-ft.,  or  less.  Furthermore,  a  power 
dam  on  the  Colorado  at  the  mouth  of  Diamond  Creek  would  smooth  out  any 
flood  that  may  reasonably  be  expected  from  the  Paria,  Little  Colorado,  or 
Kanab  Creek.  There  is  no  record  of  a  flood  from  the  Virgin  River,  that 
would  endanger  property  on  the  Lower  Colorado. 

For  a  given  height  of  dam  at  Lees  Ferry  and  at  Boulder  Canyon,  the 
greater  storage  capacity  may  be  had  at  Lees  Ferry.  In  Table  3,  Mr.  Davis 
gives,  under  the  heading,  "Boulder  Canyon  Reservoir",  a  capacity  table 
which  applies  at  the  dam  site  in  Black  Canyon.     The  dam  site  in  Black 
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Canyon  is  18  miles  below  tlie  site  in  Boulder  Canyon.  The  writer  understands 
that  Mr.  Davis  recommends  the  construction  of  a  dam  at  the  Boulder  Canyon 
site. 

In  regard  to  the  loss  of  water  by  evaporation,  Mr.  Davis  might  have  gone 
one  step  further  in  order  to  show  the  evaporation  that  would  take  place  if 
the  Boulder  Canyon  site  were  to  be  developed.  Evaporation  at  Boulder  Canyon 
would  be  greater  than  at  Lees  Ferry  for  a  given  area  of  water  surface.  With 
equal  storage  capacity  at  Lees  Ferry  and  Boulder  Canyon,  the  loss  due  to 
evaporation  would  be  practically  the  same. 

Mr.  Davis  correctly  states  that  the  underground  conditions  at  the  Lees 
Ferry  dam  site  are  unknown  and  that  these  conditions  at  Boulder  Canyon 
have  been  carefully  investigated.  Moi'e  than  $200  000  has  been  made  available 
for  the  investigation  of  the  Lower  Colorado,  nearly  all  which  has  been  spent 
at  Boulder  and  Black    Canyons. 

As  the  depth  to  bed-rock  at  the  Lees  Ferry  dam  site  is  considerably  less 
than  100  ft.,  the  suggestion  made  by  Messrs.  Stevens  and  Fortier  are  worthy 
of  further  consideration.  With  bed-rock  comparatively  near  the  surface  and 
the  condition  for  unwatering  the  site  favorable,  the  writer  has  changed  his 
opinion  with  reference  to  the  plan  for  making  the  rock-fill  water-tight.  It 
seems  probable  that  a  feasible  plan  for  a  combination  concrete  rock-fill  dam 
can  be  devised. 

Mr.  Fortier  has  submitted  valuable  data  regarding  the  silt  problem  on  the 
Lower  Colorado,  but  the  writer  cannot  accept  his  conclusion  that,  in  order 
to  store  a  greater  quantity  of  silt,  the  first  flood-control  dam  should  be  built  at 
Boulder  Canyon. 

The  constructive  criticism  submitted  by  so  many  engineers  is  greatly 
appreciated  by  the  writer,  and  his  objective  has  been  realized.  However,  he 
wishes  to  admit  that  it  was  a  mistake  to  present  for  discussion  a  proposition 
to  build  a  rock-fill  dam  780  ft.  in  height  above  its  foundation.  The  magnitude 
of  the  project  seemed  to  stagger  the  imagination  of  the  engineers  who  dis- 
cussed the  paper.  A  more  valuable  discussion  would  have  resulted  if  the 
writer  had  designed  a  dam  about  400  ft.  high.  The  principles,  howevei",  would 
be  the  same. 

If  a  thorough  study  of  the  physical  condition  on  the  Lower  Colorado 
should  show  that  the  first  flood-control  dam  should  be  at  Lees  Ferry,  the  time 
will  have  an-ived  for  careful  study  to  determine  the  type  of  dam  most  feasible 
for  this  site. 

No  doubt  a  board  of  competent  engineers  would  give  due  consideration  to 
the  rock-fill  type  of  dam  as  well  as  the  concrete  dam  of  the  gravity,  arch,  and 
multiple-arch  type.  As  the  depth  to  bed-rock  at  the  Lees  Ferry  dam  site  is 
less  than  100  ft.,  some  engineers  believe  that  a  concrete  dam  of  the  multiple- 
arch  type  would  be  safe  and  also  the  most  economical. 
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BOND  STKENGTH  OF  WOOD  PILES  IN  CONCRETE 

By  E.  Ft.  LuxDAHL,*  Assoc.  M.  Am.  Soc.  C.  E. 


Synopsis 
For  convenience,  this  paper  has  been  subdivided,  as  follows : 
First. — The  conditions  are  discussed,  that  necessitated  determining  the  bond 

strength  .of  wood  piles  in  concrete  in  connection  with  the  design  of  the  new 

sewage  disposal  plant  for  Milwaukee,  Wis. 

Second. — A  general  description  of  the  test  si)ecimens  used  in  obtaining  the 

results  contained  in  this  paper,  together  with  their  preparation,  are  given. 

Third. — A  detailed  account,  description,  and  discussion  of  each  of  the  tests 

as  conducted,  are  given. 

Fourth. — The  testing  apparatus  and  the  methods  of  testing  are  explained. 
Fifth. — The  combined  results  are  discussed,  a  table  of  the  results  of  all  the 

tests  is  given  for  ease  in  comparison,   and  conclusions  from  the  results  are 

drawn. 


General 


Mliile  plans  and  si^ecifications  were  being  made  by  the  Sewerage  Commis- 
sion of  the  City  of  Milwaukee  for  the  new  sewage  disposal  plant,  the  question 
of  "the  bond  strength  of  wood  piles  in  concrete"  had  to  be  considered. 

The  new  plant  is  to  be  built  at  the  eastern  edge  of  the  city,  on  what  is  now 
a  peninsula  bounded  on  one  side  by  Lake  Michigan  and  on  the  other  two 
sides  by  the  Ivinnickinnic  and  Milwaukee  Rivers,  respectively.  The  main  part 
of  the  plant  is  to  be  located  on  made  land,  within  a  pile  bulkhead  and  steel 
sheet -piling  coffer-dam,  extending  1 000  ft.  into  Lake  Michigan  along  the 
south  harbor  entrance  pier.  The  coffer-dam  has  been  built,  and  the  area 
*  Asst.  Engr.,   Milwaukee  Sewerage  Comm.,  Milwaukee,  "Wis. 
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within  it  has  been  dredged  to  the  average  elevation  of  the  bottom  of  the  aera- 
tion and  sedimentation  tanks  that  are  to  be  constructed  therein. 

It  will  be  necessary  to  place  the  tanks  on  pile  foundations.  With  a  16-ton 
load  on  each  pile,  the  dead  weight  of  the  tanks  and  the  sewage,  when  the  tanks 
are  full,  requires  an  average  pile  spacing  of  5-ft.  centers.  The  weight  of  the 
tanks,  when  empty,  is  not  sufficient  to  overcome  the  buoyancy ;  therefore,  it  is 
necessary  to  anchor  the  structure  to  the  pile  foundation.  With  a  5-ft.  pile 
spacing,  the  uplift  on  each  pile  averages  6  tons,  and  the  question  arose  as  to 
whether  the  skin  friction  or  bond  strength  of  a  plain  wooden  pile  in  concrete 
was  sufficient  to  withstand  this  uplift.  A  thorough  search  for  information 
on  this  subject  was  made,  but  no  data  applicable  to  the  conditions  were  found. 
The  engineers  of  the  Sewerage  Commission  favored  the  use  of  a  mechanical 
anchorage  of  some  type,  although  other  engineers  believed  that  such  anchorage 
was  unnecessary.  A  majority,  however,  seemed  to  favor  the  deformed  type  of 
mechanical  anchorage,  and  this  brought  up  the  question  of  cost.  The  cheapest 
method  of  deforming  a  pile-head  meant  an  additional  cost  of  at  least  $1  per 
pile.  As  there  are  about  24  000  piles  to  be  driven,  this  would  entail  a  mini- 
mum additional  cost  of  $24  000,  and  more  elaborate  methods  of  deformation 
would  run  as  high  as  $2  or  more  per  pile.  This  additional  expense  was  not 
justified  without  further  investigation,  because  there  was  no  assurance  that 
the  deformed  anchorage  would  serve  the  purpose  any  better  than  the  plain  pile- 
head.  It  was  decided,  therefore,  that  a  series  of  tests  should  be  conducted, 
in  order  to  determine  whether  any  type  of  mechanical  anchorage  was  neces- 
sary, and  the  writer  was  entrusted  with  the  carrying  out  of  these  tests.  Thirteen 
cedar  posts,  ranging  from  6  to  74  in.  in  butt  diameter,  were  selected  for  test 
specimens.  Cedar  was  chosen  because  it  was  available,  and  it  was  thought  that 
if  the  tests  proved  satisfactory  on  a  soft  wood,  harder  woods  could  be  used 
with  a  considerable  factor  of  safety.  The  posts  which  had  been  cut  in  the 
winter  of  1919  and  1920  and  stored  in  the  open,  were  selected  at  random  from 
a  stock  pile,  the  only  requirement  being  that  they  should  be  straight. 

The  posts  were  prepared  for  thirteen  types  of  anchorage,  some  of  which 
differed  only  slightly.  These  types  will  be  explained  as  the  results  of  each 
test  are  given.  The  butts  of  the  jwsts  were  cut  squarely  across,  so  that  a  fresh 
area  of  the  ends  would  be  exposed  to  the  concrete,  thus  giving  a  condition 
similar  to  that  when  a  pile  is  cut  off  at  grade  before  it  is  covered  with  con- 
crete. The  posts  were  embedded  1  ft.  in  a  slab  of  concrete  4  ft.  square  and 
1  ft.  thick,  having  a  sub-slab,  directly  under  the  post,  2  ft.  square  and  1  ft. 
thick,  cast  with  the  larger  slab.  The  object  of  the  sub-slab  was  to  prevent 
uneven  curing  effects  around  the  end  of  the  post  and  to  give  a  condition  simi- 
lar to  that  obtained  in  practice.  A  1:2:4  mixture  of  concrete,  with  washed 
sand  and  crushed  gravel  as  the  aggregate,  was  used.  The  concrete  was  mixed 
in  a  one-bag  mixer,  and  conveyed  in  a  car  to  a  platform,  from  whence  it  was 
shoveled  into  the  forms  by  hand.  The  specimens  were  made  in  the  Casting 
Plant  of  the  Sewerage  Commission,  in  March,  1921.  The  building  was 
heated  so  that  there  was  no  possible  danger  from  freezing.  The  forms  were 
extended  about  6  in.  above  the  slab,  in  order  that  the  concrete  might  be  cured 
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under  water  for  30  days,  thus  giving  a  condition  similar  to  that  to  be  expected 
in  subaqueous  work. 

Test  No.  1. — The  specimen  for  this  test  was  7^  in.  in  diameter  at  the  butt, 
and  7  in.  at  the  concrete  surface.  The  butt  was  immersed  in  water  for  7  days 
before  it  was  concreted.  This,  in  the  writer's  opinion,  was  the  worst  condi- 
tion that  could  obtain.  The  concrete  was  ix)ured  on  March  24,  1921,  and  the 
specimen  was  tested  on  April  27,  five  weeks  later. 

In  order  that  any  movement  of  the  concrete  could  be  noted,  the  loading 
box  was  blocked  up  6  in.  above  the  slab,  as  shown  in  Fig.  1.  Another  box  or 
shield  was  built  around  the  post  so  that  no  frictional  resistance  would  be 
caused  by  the  material  against  it.  The  net  weight  per  vertical  foot  of  load  in 
the  box  was  2  797  lb.,  the  box  weighed  475  lb.,  and  the  concrete  anchorage 
2  960  lb.  The  loading  of  the  specimen  to  the  capacity  of  the  box  was  com- 
pleted about  11 :00  a.  m.,  April  27,  the  total  load  being  14  760  lb.  No  move- 
ment had  been  noted  at  noon,  but  some  time  between  noon  and  2 :  00  P.  M.,  the 
specimen  failed,  and  as  no  one  witnessed  the  failure,  the  time  the  load  had 
been  sustained,  could  not  be  determined. 

The  bond  area  of  this  specimen  was  266  sq.  in.,  and  the  failure  occurred 
under  a  sustained  load,  for  bond,  of  55.5  lb.  per  sq.  in.  The  results  of  the  other 
tests  showed  that,  as  far  as  bond  strength  was  concerned,  this  specimen  was 
tested  under  the  worst  condition  possible. 

Test  No.  2. — Specimen  No.  2  was  similar  to  Specimen  No.  1,  except  that 
it  was  not  immersed  in  water  before  it  was  placed  in  the  concrete.  The 
diameter  at  the  butt  was  6|  in.  and  at  the  concrete  surface,  6i  in.,  and  the 
bond  area  was  252  sq.  in. 

The  loading  was  started  on  May  2,  1921,  the  specimen  having  aiged  5  weeks 
and  5  days.  In  order  to  determine  the  exact  point  of  failure,  the  load  was 
applied  as  shown  in  Table  1. 


TAB 

LE  1. 

Load,  in  pounds. 

Time. 

Date. 

Hours,  load  was 
sustained. 

7200 

9:00  A.M. 

May   2,  1921 

6 

8  300 

3:00  P.M. 

"       2,    '■ 

23 

9  700 

2:00  P.M. 

"       3,    '• 

21 

10  20O 

11:00  A.M. 

4,     " 

5 

11  000 

4:00  P.M. 

"       4,     " 

19 

1 1  500 

11:00  A.M. 

"       5,     " 

o 

12  000 

4:00  P.M. 

"       5,    " 

43 

13  400 

11:00  a.m. 

"       7,     " 

21 

12  500 

8:00  a.m. 

"       8,    •' 

31 

13  700 

3:00  P.M. 

9,     " 

22 

14  100 

1:00  P.M. 

"      10,     " 

23 

14  800 

12.00  Noon 

"      11,     " 

48 

19  500 

12:00  Noon 

"      13,     " 

1^2 

21000 

1:30  P.M. 

"      13,     '■ 

181/2 

At  21  000  lb.,  the  capacity  of  the  crane  had  been  reached,  and  this  load  was 
allowed  to  remain  until  8:00  A.  M.,  May  14,  when  the  si)ecimen  was  lowered 
and  the  load  removed.  A  bond  strength  of  83.3  lb.  per  sq.  in.  had  been 
developed  with  no  sign  of  failure. 
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It  was  decided  to  move  all  the  specimens  to  the  open,  build  a  gallows- 
frame  strong  enough  to  carry  a  much  heavier  loading,  and  use  billet  steel  for 
loading  purposes.  The  concrete  blocks  were  covered  with  about  6  in.  of  wet 
sand  to  prevent  shrinkage  in  the  posts.  In  spite  of  this  precaution,  consider- 
able shrinkage  took  place.  , 

The  test  of  Specimen  No.  2  was  resumed  on  June  1,  1921.  A  10  200-lb.  load 
was  placed  on  the  specimen  by  5 :  00  p.  m.,  and  allowed  to  remain  over  night. 
On  examination  at  8:00  a.  m.,  June  2,  a  slight  cleavage  was  noted.  When 
the  load  was  increased  to  13  000  lb.,  the  post  pulled  from  the  concrete 
about  i  in.  When  the  load  was  increased  to  16  000  lb.,  the  movement  was 
about  i  in.,  but  it  was  so  gradual  that  it  could  not  be  observed  during  the 
loading.  The  load  was  then  increased,  in  360-lb.  increments,  to  19  500  lb., 
at  which  loading  the  post  was  pulled  entirely  from  the  concrete. 

A  21 000-lb.  load  had  been  applied  previously  on  this  specimen  without 
any  sign  of  failure,  and  the  cause  of  failure  at  a  lesser  load  is  attributed  to 
the  shrinkage  of  the  post  during  the  18  days  it  had  been  in  the  open  without 
being  kept  wet,  except  for  the  moisture  in  the  sand  covering.  The  weather 
during  this  period  was  exceptionally  warm  most  of  the  time,  and  the  slight 
rainfall  drained  off  quickly. 

Test  No.  3. — Specimen  No.  3  was  immersed  in  water  for  7  days  before  it 
was  concreted.  The  diameter  at  the  butt  was  7|  in.  and,  at  the  concrete  line, 
7|  in.  The  concrete  had  aged  71  days  when  the  loading  of  the  specimen  was 
started  on  June  2.  The  load  was  placed  in  360-lb.  increments  and  totaled 
17  400  lb.,  at  6 :30  p.  M.  No  failure  could  be  noted,  and  the  load  was  allowed 
to  remain  until  noon  the  following  day,  when  it  was  observed  that  the  post 
had  pulled  J  in.  from  the  slab.  The  failure,  under  a  sustained  load  of  17  400 
lb.,  was  equivalent  to  a  bond  strength  of  60.6  lb.  per  sq.  in.  The  load  was 
increased  to  20  300  lb.,  and  the  post  pulled  gradually  to  i  in.,  which  was  con- 
sidered sufficient  evidence  of  failure,  and  further  operation  was  discontinued. 

To  guard  against  the  conditions  in  Test  No.  2,  the  remaining  test  speci- 
mens were  thoroughly  soaked,  and  the  result  of  Test  No.  3  shows  that  it 
was  helpful. 

Test  No.  Jf. — Specimen  No.  4  was  dry  when  the  concrete  was  poured  and 
had  aged  72  days  when  the  loading  was  started  at  3 :30  p.  m.,  on  June  3.  The 
diameter  of  the  post  at  the  butt  was  7§  in.  and,  at  the  concrete  line,  7i  in. 
A  16  000-lb.  load  had  been  applied  by  8 :30  p.  m.,  with  no  indications  of 
failure.  This  load  was  allowed  to  remain  until  10:00  A.  M.,  June  4,  13i 
hours,  but  no  signs  of  failure  were  noted.  The  load  was  increased  to  19  520 
lb.  and  allowed  to  remain  until  noon,  June  6,  at  which  time  the  bond 
strength  appeared  to  have  failed  slightly,  but  there  was  some  doubt  as  to  this 
fact.  The  load,  therefore,  was  increased  to  23  840  lb.,  at  which  a  slight  move- 
ment was  noted,  and,  at  25  640  lb.,  the  post  had  been  pulled  |  in.  The  speci- 
men was  now  unloaded,  and  it  was  settled  definitely  that  failure  had  occurred 
at  19  520  lb.  which  was  equivalent  to  a  bond  strength  of  69.7  lb.  per  sq.  in. 
Test  No.  5. — Specimen  No.  5  was  7  in.  in  diameter  at  the  butt  and  6li 
in.  at  the  concrete  line.  The  concrete  was  banked  up  about  4  in.  around  the 
post  in  the  form  of  a  cone.     The  idea  was  that  the  area  of  concrete  in  eon- 
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tact  with  the  pile  would  be  increased  at  little  added  .expense.  This  method  was 
considered  to  be  the  next  cheapest,  if  the  results  of  the  tests  on  the  plain 
anchorages  proved  to  be  inadequate. 

This  specimen  had  aged  75  days  when  the  loading  was  started  at  7 :  45  p.  M., 
on  J  une  G.  At  ^  :30  p.  m.,  a  load  of  10  9G0  lb.  had  been  applied,  which  was 
allowed  to  remain  until  noon  on  June  7,  with  no  sign  of  failure.  The  load 
was  then  increased  to  25  640  lb.  by  8  000,  5  000,  and  2  000-lb.  increments, 
respectively,  and  at  7 :  00  p.  M.,  the  first  sign  of  failure  was  noted.  Further 
loading  to  28  160  lb.  resulted  in  the  failure  of  the  cedar  post  in  tension. 

If  the  embedded  depth  of  the  post  is  taken  as  12  in.,  a  bond  strength  of 
100  lb.  per  sq.  in.  was  developed.  If  the  embedded  area  of  the  post  is  used, 
the  bond  strength  was  75.8  lb.  per  sq.  in.  The  cedar  post  failed  in  tension 
under  a  unit  stress  of  about  850  lb.  per  sq.  in. 

'Test  No.  6. — Specimen  No.  6  was  of  the  same  type  as  Specimen  No.  5,  but 
had  a  slightly  larger  butt  diameter.  The  concrete  had  aged  79  days  when  the 
loading  was  started  at  9:00  A.  M.  At  11:00  a.  m.,  a  load  of  16  200  lb.  had  been 
applied  when  the  first  sign  of  failure  was  noted.  A  bond  strength  of  only  60.0 
lb.  per  sq.  in.  had  been  developed. 

The  load  was  increased  to  23  120  lb.,  at  which  the  post  pulled  from  the  con- 
crete. The  post  was  found  to  be  sound,  but  there  had  been  no  bond  to  the  bot- 
tom of  it,  whereas,  in  the  other  tests,  this  was  not  the  case.  The  area  of  the 
bottom  of  the  post  was  about  33  sq.  in.,  and  the  bond  on  this  area  would  have 
had  a  material  affect  on  the  total  load  sustained. 

In  the  foregoing  tests,  the  unit  stresses  have  been  calculated  from  the  areas 
of  the  sides  alone,  but  the  bond  to  the  bottoms  undoubtedly  plays  an  important 
part.    The  exact  relation  could  not  be  determined  except  by  tests. 

When  Specimen  No.  6  was  concreted,  the  post  settled  so  that  it  was  em- 
bedded more  than  12  in.  in  the  concrete.  Accordingly,  it  was  pulled  up  to  the 
12-in.  mark.  In  doing  this,  the  bond  to  the  bottom  of  the  post  must  have  been 
destroyed.  The  results  seem  to  indicate  that  the  bond  to  the  end  fibers  plays  a 
more  important  part  than  that  to  the  sides  of  the  post. 

Test  Specimens  Nos.  1  to  6 

Tests  Nos.  1  to  6  complete  all  those  without  any  type  of  deformed  anchor- 
age. The  conclusions  from  these  tests  are  that  the  enlargement  of  the  pile-head 
has  no  effect  on  tlie  load  sustained  until  the  bond  strength  has  failed.  In  every 
test,  it  was  noted  that,  when  the  bond  failed,  the  concrete  usually  dropped  sud- 
denly about  I  in.,  and  then  continued  to  move  slowly  to  i  in.  Between  the 
4  and  the  |-in.  movement,  the  enlargement  of  the  head  became  effective.  In 
nearly  every  case,  after  this  point  had  been  reached,  the  load  was  applied  with- 
out additional  failure  until  the  post  either  broke  or  pulled  from  the  concrete. 

The  writer  believes  that  as  long  as  the  concrete  adheres  to  the  bottom  of 
the  post,  there  is  no  chance  for  the  fibers  to  compress.  This  is  probably  the 
cause  of  the  sudden  drop  as  soon  as  the  bond  has  failed.  The  load  necessary  to 
overcome  the  bond  was  sufficient  to  compress  the  fibers  enough  to  allow  the 
concrete  to  drop  the  i  in.  After  this,  an  additional  load  was  necessary  to  com- 
press the  fibers  sufficiently  to  allow  the  post  to  be  pulled  even  slightly. 
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A  movement  of  J  in.  might  be  injurious  to  a  structure,  and  where  it  is 
necessary  for  the  piles  to  withstand  any  upward  pressure,  it  is  unsafe,  there- 
fore, to  consider  anything  but  the  bond  strength  of  the  concrete  to  the  wood 
pile.  It  would  seem  safe  to  consider  the  bond  strength  of  the  concrete  to  the 
wood  pile  to  be  50  lb.  per  sq.  in.,  which  value  is  less  than  any  of  the  results 
obtained,  but  the  entire  static  head  should  be  used  in  designing,  in  order  to 
obtain  an  additional  factor  of  safety. 

Whether  a  pile  of  larger  diameter  than  those  used  would  develop  a  similar 
bond  strength  can  be  determined  only  by  tests.  The  Sewerage  Commission 
intends  to  conduct  a  series  of  such  tests,  in  order  to  secure  this  information. 

Tests  on  the  Deformed  Specimens 

Test  No.  7. — Specimen  No.  7  had  an  average  butt  diameter  of  6|  in.  and  no 
enlargement.  Four  3-in.  track  spikes  were  driven,  90°  apart,  into  the  butt, 
the  heads  extending  about  1  in.  for  anchorage.  The  concrete  in  this  specimen 
had  aged  80  days,  and  the  test  was  started  at  S  :30  a.  m.,  June  10, 1921.  At  11 :00 
A.  M.,  after  a  load  of  16  640  lb.  had  been  applied,  the  first  sign  of  failure  was 
noted,  the  post  having  pulled  about  i  in.  The  load  was  increased  to  17  360  lb., 
and  as  the  post  continued  to  pull  from  the  concrete,  the  test  was  stopped.  The 
bond  area  on  the  sides  was  257  sq.  in.,  and  the  bond  stress  developed  was  64.7 
lb.  per  sq.  in. 

Test  No.  8. — This  specimen  had  a  diameter  of  7ife  in.  and  an  enlargement 
of  ^&  in.  A  1-in.  pin,  30  in.  long,  was  passed  through  a  1-in.  hole  drilled 
through  the  post  6  in.  from  the  bottom.  About  1  ft.  of  the  pin  extended 
from  each  side  of  the  post.  The  concrete  had  aged  81  days  when  the  loading 
was  stated  at  1:45  p.  m.,  June  10.  At  4:00  p.  m.,  a  load  of  18  080  lb.  had  been 
applied  and  no  signs  of  failure  had  been  noted.  This  load  was  allowed  to  re- 
main until  8  A.  M.,  June  11,  when  it  was  increased  to  22  040  lb.,  under  which, 
at  8 :50  a.  m.,  the  first  sign  of  failure  was  observed.  The  load  was  increased  to 
22  400  lb.  and  the  post  pulled  about  \  in.,  which  load  is  equivalent  to  84.4  lb. 
per  sq.  in.  on  the  bond  area. 

The  test  was  stopi^ed,  as  it  had  already  failed  beyond  the  point  of  safety. 
No  doubt,  the  pin  through  the  post  increased  the  load  that  could  be  sustained 
by  this  specimen.  After  the  failure  of  the  bond,  which  probably  occurred  before 
the  line  of  fracture  was  noted,  the  specimen  held  until  the  fibers  in  contact 
with  the  pin  had  compressed.  When  this  occurred,  the  post  pulled  from  the 
concrete,  and  the  line  of  failure  was  noted. 

Test  No.  9. — Specimen  No.  9  had  an  average  butt  diameter  of  7^  in.,  and 
1  ft.  from  the  butt,  it  was  sawed  on  two  opposite  sides  to  a  depth  of  1  in.  The 
wedges  thus  formed,  tapering  to  1  in.  at  the  concrete  line,  were  then  chopped 
out,  thus  making  the  post  7i  in.  in  diameter  at  the  butt,  and,  at  the  concrete 
line,  a  flattened  ellipse,  5  by  7  in. 

The  concrete  had  aged  81  days  when  the  loading  was  started  at  11 :30  a.  m., 
and  by  2 :00  p.  m.,  a  load  of  16  280  lb.  had  been  applied  when  the  first  sign  of 
failure  was  noted.  The  bond  strength  developed  was  61.2  lb.  per  sq.  in.  The 
load  was  increased  as  follows:    17  360  lb.,  ^-in.  movement;   18  080  lb.,  |-in. 
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movement;  and  18  520  lb.,  1-in.  movement.  At  22  400  lb.,  the  post  pulled 
from  the  concrete.  Examination  disclosed  that  there  had  been  no  shearing 
action ;  the  fibers  had  been  compressed  and  pulled  through  the  5-in.  hole  in 
the  concrete. 

The  preparation  of  piles  in  this  manner  would  be  expensive,  and  the 
results  of  the  test  show  that  this  added  expense  would  be  unwarranted. 

Test  No.  10. — This  specimen  was  6|  in.  in  diameter  and  had  been  expanded 
by  driving  a  1  by  12  by  6i-in.,  hard-wood  wedge  flush  with  the  butt,  thus 
making  the  bottom  of  the  post  elliptical  in  shape,  61  by  1%  in.  Before  the 
wedge  was  driven,  a  band  was  placed  around  the  post  at  the  concrete  surface, 
which  band  was  not  removed  during  the  test.  This  specimen  was  83  days  old. 
The  load  was  started  at  8 :45  a.  m.,  and  by  11 :15  a.  m.,  the  first  sign  of  failure 
was  noted  with  a  load  of  15  920  lb.,  which  is  equivalent  to  a  bond  strength  of 
63.7  lb.  per  sq.  in.  Under  a  load  of  18  800  lb.,  the  post  had  pulled  \  in.,  and 
I  in.  with  20  240  lb.  It  was  seen  that  this  method  did  not  increase  the  bond 
strength,  and  the  loading  was  not  continued. 

Test  No.  11. — Specimen  No.  11  was  trimmed  to  a  wedge  shape  on  four 
sides,  instead  of  two  sides,  as  was  done  with  Specimen  No.  9.  The  average 
diameter  of  the  butt  was  6^  in.  and,  at  the  concrete  line,  the  post  was  about 
4^  in.  square. 

The  concrete  in  this  specimen  had  aged  84  days  and  the  first  sign  of  failure 
was  noted  with  a  load  of  13  760  lb.  With  a  bond  area  of  about  244  sq.  in.,  this 
load  was  equivalent  to  56.4  lb.  per  sq.  in.  From  this  result,  it  is  obvious  that 
the  trimming  of  a  pile-head  to  this  shape  would  not  be  justified.  When  the 
load  was  increased  to  18  080  lb.,  the  post  pulled  from  the  concrete  about  \  in., 
and  at  22  400  lb.,  it  pulled  \  in.  After  remaining  for  2  hours  without  further 
movement,  the  load  was  increased  to  23  840  lb.,  at  which  the  post  parted  at  the 
concrete  line,  under  a  load  of  1 180  lb.  per  sq.  in. 

Test  No.  12. — Specimen  No.  12  was  prepared  by  driving  two  wedges  in  the 
butt  at  right  angles  to  each  other.  An  iron  band  was  placed  around  the  post, 
1  ft.  from  the  butt,  before  the  wedges  were  driven.  The  band  was  used  to  give 
the  same  results  as  would  be  obtained  from  the  soil  aroxind  the  pile-head  if  the 
wedges  were  driven  in  the  field,  after  the  piles  were  in  place.  On  this  speci- 
men, the  band  was  removed  before  the  test  was  started. 

This  test  was  begun  on  June  14,  at  3:00  p.  m.,  and  was  continued,  with 
360-lb.  increments,  until  noon,  on  June  15,  when  the  first  sign  of  failure  was 
noted  with  a  load  of  15  200  lb.  The  average  diameter  at  the  butt  was  6|  in.,  and 
the  bond  area,  disregarding  the  increase  in  size  due  to  the  wedges,  was  240 
sq.  in.,  thus  giving  a  unit  bond  strength  of  63.3  lb.  per  sq.  in. 

In  Test  No.  10,  with  one  wedge,  the  unit  bond  strength  was  63.7  lb.  These 
results  would  indicate  that  there  would  be  no  reason  for  using  more  than  one 
wedge.  This  method  of  deformation  would  be  considerably  cheaper  than 
trimming  the  post  to  a  wedge  shape,  and  also  gives  a  higher  unit  strength,  but 
there  is  no  indication  that  the  bond  strength  would  be  any  greater  than  that 
in  an  anchorage  without  any  deformation. 

The  driving  of  wedges  in  the  pile-heads  would  not  injure  the  original  sur- 
face fibers,  as  would  be  the  case  if  the  method?  in  Tests  |^qs,  9  and  11  were 
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followed;  but  there  would  always  be  some  "give"  between  the  post  and  the 
wedges,  and,  as  the  load  was  applied,  this  "give"  would  cause  the  bond  to  break 
sooner  than  in  a  solid  post. 

Test  No.  IS. — In  Specimen  No.  13,  two  1-in.  pins  at  right  angles  to  each 
other  had  been  driven  through  holes  in  the  post,  6  in.  from* the  butt.  The  pins 
extended  l.ft.  into  the  concrete,  on  four  sides. 

The  post  had  a  slight  butt  enlargement,  an  average  diameter  of  6^  in.,  and 
a  bond  area  of  240  sq.  in.,  after  deducting  for  the  ar^a  of  the  pins.  The 
loading  was  started  on  June  16  at  8  :00  A.  M.,  and  by  11 :00  A.  M.,  a  load  of 
15  920  lb.  had  been  applied,  when  failure  was  noted.  This  load  was  allowed 
to  remain,  but  no  further  failure  occurred.  A  bond  strength  of  66.3  lb.  per 
sq.  in.  had  been  developed,  but  the  failure  had  been  so  slight  that  the  movement 
would  not  have  been  injurious  to  any  structure.  In  fact,  there  was  a  question 
as  to  whether  the  slight  fracture  noted  was  really  a  failure  due  to  the  pulling 
out  of  the  post,  or  whether  it  was  due  to  the  elongation  of  the  wood  fibers  at 
the  concrete  line.  The  latter  cause  would  seem  to  be  the  more  plausible, 
because,  under  continued  loading,  no  further  movement  was  noted. 

Under  a  load  of  20  600  lb.,  the  post  parted,  and  the  movement  at  the  con- 
crete line  was  found  to  be  small.  A  bond  strength  of  about  86  lb.  per  sq.  in. 
had  been  developed  without  an  injurious  amount  of  movement. 

The  pin  types  of  deformation  are  by  far  the  cheapest  that  were  tried,  and 
the  results  indicate  that  only  one  pin  would  be  necessary,  if  it  was  decided 
that  a  deformed  anchorage  was  needed. 

Description  of  Testing  Apparatus  and  the  Method  of  Testing 
Fig.  2  shows  the  testing  apparatus.     The  gallows-frame  was  designed  to 
carry  a  load  of  40  tons. 

The  method  of  testing  was  as  follows:  A  locomotive  crane  would  swing 
the  specimen  under  the  frame  so  that  the  pin  could  be  inserted  through  the 
sling  and  the  shackle-plates,  the  sling  being  of  such  length  that  the  specimen 
was  clear  of  the  ground  when  it  was  released  by  the  crane.  The  steel  billets, 
each  of  which  weighed  360  lb.,  were  handled  by  a  block  and  tackle  running 
on  a  trolley.  They  were  lowered  with  the  least  possible  jar  to  the  specimen 
and  were  racked  so  that  a  clear  space  was  left  around  the  post  for  observation 
and  as  a  guard  against  friction  of  the  load  on  the  post.  The  post  and  the 
concrete  adjacent  to  it  were  thoroughly  chalked  before  loading  was  started, 
in  order  that  any  movement  could  be  better  detected.  The  increments  of  load 
were  applied  slowly,  and  as  the  point  of  failure  was  reached,  the  specimen  was 
closely  watched  for  any  sign  of  such  failure.  As  soon  as  the  slightest  line 
appeared,  the  loading  was  stopped  for  a  time,  in  order  to  allow  the  post  to  pull 
as  much  as  possible  under  that  load.  The  points  of  failure  were  determined 
.closely  from  the  results  of  the  test  on  Specimen  ISTo.  2  which  was  loaded  in 
small  increments  and  allowed  to  stand  for  several  hours  before  additional  load 
was  applied. 

Conclusions 
Table  2  gives  the  results  of  the  tests  and  affords  an  opportunity  for  com- 
paring the  different  types  of  anchorage  tested,  for  drawing  conclusions  as  to 


278 


BOND  STRENGTH  OF  AVOOD  PILES  IN   CONCRETE 


1-5 


D 

L^ 

*s 

,0 

■0 

i<j 

1 

3 

•0    £ 

03              o-c      : 

-1 

0 

0                           Obi! 

z    «■ 

g    g 

<N 

7r          Si 

1 

J!               C 

J3 

<>> 

£    ^ 

oncreti 

280  1b. 

00  lb. 
t  very 

5    - 

0 

«     t3 

S       as 

• 

e«      ce 

■*       0 

•-          a 

i 

a 

0 

.5    % 

■6    .9 

t>     in     =0.0 

-      ~,     §1 

0       TT       ^  0, 

u 

3        .= 

0 

1     d 

<d 

"^    .      f 

ti 

*j 

^    ~ 

«    ^00 

_      es      c  tic 

s 

T3-5       « 

*j 

0 

*j    ^ 

_0       of- 

S-      0      73=        ' 

4J 

oake 
Crete 

aked 

c3 

a 

,0 

.a 

3       (C 

iioke  at  t( 

ulled  out, 

roke  at  loa 
t  at  breaki 

i 

utt  s 

itt  so 
ry. 

■0 

0 

■a     a> 

£ 

0 

=  0 

3       E 

x>a    3^ 

a. 

0 

to  C 

0.   _ 

•"3'  p.    x>  a 

*i        .tJ        4^  4J 

y  ^  X       cc  3 

oj'S    (u:^ 

w 

.Q 

5"* 

^    2 

r 

:•"     zi  s 

0 

0 

O'-'  0 

0     0 

oo*  0      0  ^ 

Hi         CUW 

PM 

Z 

H     H 

a,    H 

CL      CL      Pu 

■qoni  ajBubs  aad 

5J       CXOi 

to      0 

«        C5 

Tt      c:      0 

spnnod  ai  'luojioq  pne 

00         _•  -^  Oi 

06 

to       -1" 

CO      in 

01     in     t>- 

sapis  'qjSuajis  paog 

u 

CO 

in      t- 

in     10 

■*     in     in 

•qoai 
gj^ubs  J9d  spnnod  ui 

in      eocc  t- 

00 

0 

t-          Tf 

<M        t> 

TT        CO        CO 

>o      ai  0  05 

in      ootom 

in 

in 

to      00 

—        CO 

to      CO 

CO      co'     to 

in     CO      CD 

'(sapis;  q;auaais  pnog 

i 

•saqoui  ajBnbs  ai 

OS       00t~;!O 

«n 

UJ 

rt     0 

C5      in 

in     0=      in 

'^^nq  JO  Beav 

05      map  in 
CO      eoTh  TT 

00 

CO 

S;   gi 

OS      -^ 

CO        CO 

CO        53        CO 

00 

CO 

•puoq  ni  sapis  40 

!0         Wl^O 

0         10  0000 

t- 

10       CD 

CO       0 

CD     in 

Tfi     0     in 

saqoui  9j«nbsa! 'Baa V 

(M        (MS!(M 

00 

^1 

OJ 

«       0* 

0*     (N 

S     S     S 

8     §2§ 

i-       C  .(TO 

^ 

^ 

0       0 

0     0 

000 

•spnnod  ni 

s 

cS 

to      0 

oj      0: 

S     S     § 

•paniB^sns  pBOj  Jbiox 

S    5;$:2 

0» 

a; 

s   ^ 

CO     in 

?r      in      in 

■saqouf  ni 

^ 

S    ;?;J!^°5 

;c 

nSO 

-X       vr- 

■v»o      0 

'iayinaSJBiba 

;^ 

0!f- 

■-.-^       itf~ 

w-     0 
Z 

z 

•saq.im  ai  'anq 

{£5  1- t- 

0 

vPO 

V*       -^-H* 

i-       CO 

v(]0        s^QO        N.QO 

ajajoaoo  4B  aajaoiBicj 

C' 

to 

J> 

CO       CO 

KT-      etf-      etf- 

CD         CO        CO 

saqDni  ai 

0       vc^vQO^X 

v!M 

0 

^¥      -..« 

vX       nJB       ^00 

'Wnq  jB  aajauiBiQ 

I-       0  0  i- 

t- 

t- 

CO        p. 

l-        CO 

t-^       W-       Iff- 
to        to        CD 

o.£v.ai.*i.aj.j).a).oQ.*3. 

:p-"-o:-^-t>D-bc-bD->,-^.:         1 

..M     .  ^     .T3     .13     .73     .  to     .  MS 

.•5  .*  .4)  r  0.  .  <u  .  fe  .-rs 

C 

•a3BaoqoaB  jo  adAx 

C 

£ 

a 

■c 

DCrete      bai 
bout  4  in.., 
n Crete      bai 
bout  4  in... 
Lir  small  tra 

riven 

1.    pin    thro 

ne  way 

mmed    to 
hape  on  two 
panded  1  in. 
riven  into  b 
tt  trimmed 
hape,  four  s 
tt  expanded 
ly  two  wedg 
0  1-in.  pins 
ngles  throu 

c 

0«0*0'°-!3<-''fc 

w  X-OS  *  3*  &  «           1 

^ 

0      0       fe       ^       ^ 

W    a 

CQ     H             j 

•on  jsax 

<M 

« 

■«■ 

w 

«C 

t- 

oc 

0: 

c 

- 

0 

a 

BOND  STRENGTH  OF  WOOD  PILES  IN   CONCEETE  279 

the  best  types,  and  for  determining  a  safe  average  bond  strength  to  be  used 
in  designs  where  the  factor  of  bond  strength  is  necessary. 

The  average  bond  strength  of  nine  of  the  tests,  not  including  those 
immersed  in  water  and  those  with  the  pins,  is  66.3  lb.  per  sq.  in.,  when  the 
side  area  only  is  considered.  Using  the  combined  area  of  the  side  and  bottom, 
the  average  is  58.9  lb.  per  sq.  in.  For  the  piles  without  deformed  anchorage, 
that  is,  the  first  seven,  not  including  the  specimens  that  had  been  immersed, 
which  are  obviously  low,  but  including  the  test  with  the  spikes,  the  average 
strength  is  70.5  lb.  per  sq.  in.,  whereas  the  average  of  the  deformed  anchorages 
is  only  65.9  lb.  per  sq.  in.  These  results  indicate  that  deformation  of  the  pile- 
heads  has  a  tendency  to  decrease  the  bond  strength. 

The  average  strength  of  the  two  plain  anchorages.  Tests  Nos.  2  and  4,  is 
76.5  lb.  per  sq.  in.,  whereas  the  average  of  the  two  highest  tests  of  deformed 
heads,  the  two  with  pins,  is  75.3  lb.  per  sq.  in.  Therefore,  the  results  shown  by 
the  two  best  deformed  types  are  not  as  good  as  those  found  with  the  two  plain 
anchorages. 

In  conclusion,  it  may  be  stated  that  only  the  bond  strength  of  the  wood 
to  the  concrete  should  be  considered.  The  deformation  of  the  pile-heads  does 
not  warrant  the  added  expenditure  it  will  entail.  If  the  substance  to  be 
anchored  is  of  metal,  a  deformed  anchorage  will  be  beneficial. 

The  writer  believes  that  the  Sewerage  Commission  will  not  consider  the 
use  of  deformed  pile-heads,  but  will  rely  on  the  bond  of  the  concrete  to  the  pile. 
The  piles  to  be  driven  will  have  an  average  butt  diameter  of  at  least  12  in.  and 
are  to  be  embedded  to  a  depth  of  10  in.  in  the  concrete.  The  side  area,  in  bond, 
is  377  sq.  in.,  and  with  12  000  lb.  of  uplift  per  pile,  a  bond  strength  of  31.9  lb. 
per  sq.  in.  is  necessary.  This  is  less  than  the  lowest  result  obtained  in  any  of 
the  tests. 

The  work  that  brought  about  the  foregoing  tests  is  being  done  for  the 
Sewerage  Commission  of  the  City  of  Milwaukee  under  the  direction  of 
T.  Chalkley  Hatton,  M.  Am.  Soc.  C.  E.,  as  Chief  Engineer,  with  James  L. 
Eerebee,  M.  Am.  Soc.  C.  E.,  as  Principal  Assistant  Engineer. 
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Synopsis 


This  paper  presents  the  results  of  experiments  made  with  models  to  de- 
termine the  carrying  capacity  of  a  projected  spillway  channel  and  a  satisfactory 
section  of  a  stepped,  overfall  dam.  There  is  also  a  discussion  of  the  applica- 
tion of  the  principles  of  homology  to  the  models  in  question. 


General 


The  Gilboa  Dam,  in  Gilboa,  Schoharie  County,  N.  Y.,  forms  the  Schoharie 
Eeservoir  which  is  being  constructed  by  the  Board  of  Water  Supply  of 
New  York  City  as  a  part  of  the  Catskill  System.  A  masonry  section, 
approximately  1  324  ft.  long,  and  an  earth  dike,  about  1  000  ft.  long,  constitute 
the  dam.  The  down-stream  side  of  the  masonry  sections  is  to  be  formed  of 
large  steps,  generally  about  20  ft.  high.  The  masonry  part  of  the  dam  has  a 
maximum  height  of  160  ft.,  and  it  ia  believed  that  this  is  the  highest  overfall 
dam  of  this  section  ever  constructed.  This  part  of  the  dam  will  be  built  of 
Cyclopean  masonry,  faced  with  native  gray  sandstone. 

*  Presented  at  the  meeting  of  October  4,   1922. 

t  Div.    Engr.,    New   York   City  Board   of   Water    Supply,   Allaben,    N.    Y.      Now    M.    Am. 
Soc.   C.   E. 

t  Asst.  Engr.,  Board  of  Water  Supply,  New  Y'ork  City,  Cold  Spring,  N.  Y. 
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Outline 
This  paper  has  been  divided  into  three  general  headings : 
1. — A  brief  history  of  the  work  done  and  the  results  obtained. 
2. — A  description  of  the  experiments  in  the  channel  and  on  the  section  of 
the  dam. 

3. — A  study  of  the  diilerences  in  the  results  obtained  with  models  of 
various  scales. 

History 

The  first  model  of  the  Gilboa  Dam  and  Spillway  was  built  to  determine 
whether  the  channel,  as  designed  and  shown  on  the  contract  drawings  under 
which  the  work  is  being  done,  was  ample  to  carry  an  assumed  maximum  flow. 
The  model,  built  on  a  scale  of  1:50,  indicated  that  the  design  was  adequate, 
but  it  also  showed  that  the  steps  in  the  overfall  section  did  not  break  up  the 
falling  water  as  had  been  intended.  Various  modifications  of  the  section 
were  made,  until  one  was  found  (Section  16),  that  seemed  to  meet  all  re- 
quirements. 

Before  accepting  this  section,  it  was  thought  advisable  to  experiment  on 
a  model  of  larger  scale,  as  minute  discrepancies  made  a  considerable  difference 
in  the  flow.  The  new  model  which  consisted  of  only  a  part  of  the  overfall 
section,  was  built  on  a  scale  of  1:20.  Observation  and  careful  measurement 
showed  a  dissimilarity  in  behavior  in  these  two  models,  and,  therefore,  a 
larger  model,  on  a  scale  of  1 :8,  was  constructed  and  tested.  The  results  of 
these  tests  proved  that,  as  far  as  this  section  was  concerned,  the  behavior  of 
equivalent  heads  over  models  of  different  scale  was  not  identical.  This  con- 
clusion was  checked  further  by  conducting  a  series  of  experiments  over  flat- 
crested  weirs  built  on  three  different  scales.  However,  as  all  the  results  bore 
a  certain  degree  of  similarity,  it  was  decided  to  continue  the  search  for  a 
suitable  section,  but  on  a  model  built  on  a  scale  of  1 :20. 

Blocks  which  later  were  modified  to  vanes,  were  placed  on  the  upper  steps 
to  reduce  the  velocity,  and  many  changes  were  made  in  the  section,  until  a 
form  was  obtained  that  met  all  requirements.  This  was  then  reproduced  on 
scales  of  1 :50  and  1 :8.  Measurements  made  over  these  three  models  still 
showed  considerable  discrepancy,  but  not  as  much  as  had  been  found  in  the 
models  without  vanes..  This  section,  shown  on  Fig.  6,  has  been  adopted  for  the 
Gilboa  Dam  to  Elevation  1020. 

Experiments 

Fig.  1  shows  the  location  of  the  models,  the  details  of  the  dam,  and  the 
controlling  features.  Various  types  of  gauges  were  used  to  measure  the  head. 
Those  used  for  all  the  later  experiments  may  be  seen  in  Eig.  2,  which  also 
shows  models  of  Section  100  on  scales  of  1 :50,  1 :20,  and  1 :8,  respectively,  all 
under  a  proportionate  head  of  3  ft. 

The  device  used  to  locate  the  outer  and,  in  some  cases,  the  inner  edge  of 
the  jet  has  been  called  a  "rectometer".  It  consists  essentially  of  two  scales 
running  in  guides  that  are  normal  to  each  other.  To  determine  the  vacuum 
in  various  parts  of  the  flow,  a  gauge  was  made,  consisting  of  a  U-tube  of  glass 
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with  one  end  open  and  the  other  end  connected  by  a  rubber  tube  to  a  piece  of 
brass  tubing  of  small  diameter,  which  was  inserted  in  the  water.  This  gauge 
was  graduated  to  read  directly  to  0.01  lb. 

Flood  Discharge  and  Head. — To  determine  reasonable  heads  under  which 
to  conduct  these  experiments,  the  probable  maximum  flow  of  Schoharie  Creek 
at  Gilboa  must  be  estimated.    These  data  are  given  in  Table  1. 

TABLE  1. 


River. 

Location. 

Conditions. 

Area  of 

water-shed, 

in  square 

miles. 

Flow, 
in  cubic 
feet  per 
second. 

Flow,  in 

cubic 
feet  per 
second 

per 
square 
mile. 

Author- 
ity.* 

Gilboa,  N.  Y 

Occasional  flood. 

Rare  flood 

Flood  of  1903.... 

"  "  1889;;!! 
Occasional  flood. 

Rare  flood 

Flood  of  1911 

"      "  1905 

314 

314 

235 
62 
48.6 
48.6 
48.6 

395 

143 

350 

314 

34  850 
60  730 
28  000 
6  000 
10  450 
10  790 
15  115 
69  520 
185  900 
53  170 
44  100 

Ill 
193 
119 

90.8 
215 
222 
311 
176 
1300 
151.9 
140 

(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 

Pequannocli 

Conemaugh 

Prattsville,  N.  Y 

Mecopin  Intake,  N.  J.. 
Johnstown,  Pa 

California 

(9) 

Westfleld,  Mass 

(10) 
(11) 

Gilboa,  N.  Y 

Flood  of  1869 

*  (1),  (2),  (6),  and  (7),  computed  from  formula  of  the  late  Emil  Kuichling,  M.  Am. 
Sec.  C.  E.,  found  on  p.  844,  Report  of  the  State  Engineer  on  the  Barge  Canal,  1901. 

(3),   Water  Supply  and  Irrigation   Paper  97,   1903. 

(4),  Supplement  to  Report  of  the  Northern  New  Jersey  Flood  Commission,  March 
4,  1904. 

(5),  Transactions,  Am.   Soc.  C.  E.,  Vol.  XXIV   (1891),  p.  431. 

(8)  and  (9),  Report  of  Arthur  E.  Morgan,  M.  Am.  Soc.  C.  E.,  Chief  Engineer.  Miami 
Conservancy   District,    Vol.    I,   p.    77. 

(10),    "American   Civil   Engineers'    Pocketbook",    Second   Edition,   p.    905. 

(11),  Based  on  flood  of  1903  and  gauge  height  and  resulting  cross-section  of  the  stream 
for  the  flood  of  1869. 

A  study  of  Table  1  made  it  evident  that  a  flood  of  160  cu.  ft.  per  sec.  per 


sq.  mile  might  occur.  Table  2,  computed  from  the  formula,*  Q  =  C  L  (-H)  ^  , 
iu  which  C  =  2.64  and  L  =  l  324  ft.,  gives  the  head  for  various  flows  over 
the  dam. 

TABLE  2. 


Head,  in  feet. 

Discharge,  in  cubic  feet 

Discharge,  in  cubic  feet  per 

per  second. 

second  per  square  mile. 

1 

3  495 

11 

2 

9  884 

31 

3 

18  160 

57 

4 

27  960 

90 

5 

39  074 

130 

6 

51381 

163 

7 

64  727 

206 

8 

79  070 

251 

9 

94  365 

301 

10 

110  512 

352 

It  was  thought  best  to  conduct  experiments  with  heads  up  to  10  ft.,  as  the 
maximum  flood  flow  is  indeterminate  and  as  the  vanes  near  the  crest  may 
cause  a  retardation  of  velocity. 


*  Water  Supply  Paper  No. 


U.   S.   Geological   Survey. 
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Spillway  Channel. — A  concrete  model  of  the  entire  dam  and  spillway,  on 
a  scale  of  1:50,  was  built  and  tested  vmder  a  head  equivalent  to  6  ft.  over 
the  full-scale  dam.  Assuming:  a  similarity  in  action  between  the  model  and  its 
full-scale  prototype  and  that  the  head  selected  would  represent  a  maximum 
flood  flow,  it  seemed  to  be  evident  that  the  channel  was  not  only  ample,  but 
that  its  width  and  depth  might  be  reduced. 

After  obtaining  a  satisfactory  overfall  section  on  this  small  scale,  another 
model  of  the  spillway  and  dam,  in  which  the  width  of  the  channel  was  modified, 
was  constructed  and  tested.  Fig.  3  shows  a  head  of  5  ft.  over  this  model  (Sec- 
tion 16),  under  an  equivalent  head  of  5  ft.  and  flow  of  40  000  sec-ft.  Fig.  4 
shows  the  depths  of  flow  in  the  channel  due  to  a  head  of  6  ft.  The  contours 
represent  depths  which  were  approximately  constant.  In  general,  the  high  and 
the  low  places  along  the  wall  and  in  the  channel,  are  approximately  in  the  same 
place  for  both  a  3-ft.  and  a  6-ft.  head.  This  may  be  due  to  the  contraction  in 
the  channel  opposite  the  beginning  of  each  step.  The  water  is  the  same  gen- 
eral depth  throughout  the  channel  for  the  same  head.  Thus,  on  the  6-ft.  head, 
the  high  water  at  the  upper  end  of  the  channel  ia  13  ft.  deep  and,  at  the  lower 
end,  14  ft.,  which  is  the  greatest  depth  for  this  head.  With  a  3-ft.  head,  the 
maximum  depth  at  the  upper  end  is  5.7  ft.  and  at  the  lower  end,  5.9  ft.,  and 
6.7  ft.  is  the  greatest  depth. 

As  much  of  this  work  was  done  during  freezing  weather,  the  spray  would 
congeal  above  the  water  line  and  leave  a  definite  profile  of  the  maximum  flow. 
This  profile  is  indicated  by  the  full  lines  on  both  the  retaining  wall  and  the 
north  wing-wall  and  checks  closely  with  that  obtained  by  measurement. 
Although  the  channel  has  never  been  tried  with  the  accepted  section  of  the 
dam,  it  is  believed  that  the  results  will  be  better,  as  the  falling  jet  will  be 
closer  to  the  dam,  thus  increasing  the  available  capacity  of  the  channel. 

One  might  conclude  from  these  experiments  that  the  width  of  the  channel 
could  be  reduced  50  ft.  and  that  the  retaining  wall  could  be  reduced  from  its 
present  height  of  from  19  to  24  ft.  to  a  height  of  17  ft.  However,  no  changes  in 
the  dimensions  shown  on  the  contract  drawing  are  contemplated,  largely 
because  the  maximum  possible  flow  is  indeterminate  and  because  the  action 
on  the  model  will  not  be  identical  with  that  on  its  full-scale  prototype. 

Overfall  Section. — The  purpose  of  the  experiments  with  the  overfall  section 
was  to  develop  a  profile  in  which  a  fairly  equal  proportion  of  the  jet  will 
impinge  on  the  tread  of  each  step,  thus  causing  the  jet  to  be  broken  up  and 
its  velocity  reduced.  At  first,  it  was  thought  that  this  might  be  done  by 
changing  the  location,  width,  and  height  of  the  steps.  A  considerable  number 
of  the  combinations  possible  were  built,  on  which  experiments  were  made. 
Those  experiments  that  gave  fair  results  and  some  that  gave  poor  results 
were  measured. 

In  making  these  modifications,  it  was  found  that  reasoning  was  compara- 
tively useless,  as  the  problem  was  too  complicated.  Minor  changes  in  the 
section  greatly  influenced  the  path  of  the  jet  and  often  in  the  most  unexpected 
manner,  so  that  it  became  largely  a  matter  of  trying  anything  that  did  not 
seem  to  be  too  absurd. 


E*[G.  2. — Models  of  Section  100,  Gilboa  Dam,  on  Scales  of  1 :  50, 
1 :  20,   AND   1 :  8,   Respectively. 


Fig.  3. — Model  of  Section  16,  Gilboa  Dam,  Showing  Equivalent  Head  of  5  Ft. 
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In  corroboration,  the  following  is  quoted  from  a  discussion  by  the  late 
George  W.  Kaf  ter,  M.  Am.  So'c.  C.  E  * : 

"On  this  point  the  writer  again  calls  attention  to  what  seems  to  him  ought 
to  be  understood  by  everybody,  namely,  that  very  slight  change  in  the  form  of 
the  weir  often  produces  relatively  important  changes  in  the  form  of  the  co- 
efficient curve.  Reasoning  from  one  coefficient  curve  to  another  is,  therefore, 
without  the  slightest  significance." 

Generally  speaking,  the  results  with  the  better  of  all  these  sections  showed 
that  for  low  heads  the  break-up  of  the  jet  would  be  fairly  good,  but  from 
3  or  4  ft.  up,  too  much  water  would  impinge  on  one  step,  thus  allowing  the 
jet  to  accumulate  and  leap  one,  two,  or  three  steps. 

In  nearly  all  the  experimental  sections,  the  tread  slopes  downward  or 
drains.  Many  who  examined  the  model,  suggested  that  this  step  be  sloped 
upward  or,  at  least,  made  level.  Models  of  both  these  types  were  constructed, 
and  in  that  with  the  step  sloping  upward,  the  jet  rose  above  the  level  of 
the  step  and  then  curved  downward,  missing  from  three  to  four  steps.  A 
similar  effect  was  produced  with  the  level  step,  except  that  the  jet  was  not 
projected  so  far. 

Section  16  and,  to  a  slightly  less  degree.  Section  7  gave  good  results  on 
the  1 :50  model,  but  were  unsatisfactory  when  tested  on  the  larger  scales. 
After  many  trials,  it  was  concluded  that  the  desired  results  could  not  be 
obtained  with  a  simple  stepped  section,  but  that  some  other  means  must  be 
used  to  reduce  the  velocity  and  break  up  the  falling  sheet  of  water. 

The  early  experiments  along  this  line  consisted  in  placing  obstructions 
in  the  form  of  rectangular  blocks,  6.0  ft.  long,  3.0  ft.  wide,  and  4.0  ft.  high,  at 
various  intervals  along  the  tread  of  the  first  step,  the  long  side  being  parallel 
with  the  edge  of  the  step.  This  showed  a  slight  improvement  over  sections 
without  blocks. 

Blocks  were  then  designed,  the  long  edge 
of  which  was  at  an  angle  of  30°  with  the 
edge  of  the  step.  The  edges  of  these  blocks 
were  cut,  so  that  a  part  was  normal  and  the 
remainder  parallel  to  the  edge  of  the  step. 
These  blocks  were  tried  in  many  arrange- 
ments. In  one  of  these  arrangements,  the 
block  was  placed  on  the  down-stream  edge 
of  the  crest,  and  particularly  good  results 
were  obtained.  This  arrangement,  how- 
ever, would  raise  the  flow  line  of  the  reservoir  higher  than  had  been  planned 
and,  in  addition,  the  blocks  would  be  a  constant  target  for  floating  debris, 
ice,  etc.,  and  a  combination  of  circumstances  might  readily  be  imagined,  in 
which  the  openings  between  the  blocks  would  become  clogged,  thus  making 
them  valueless  for  retarding  velocity.  An  isolated  block  or  series  of  blocks 
would  be  difficult  to  hold  in  place. 

To  overcome  some  of  these  troubles,  the  block  was  again  placed  on  the 
first  step,  but  was  extended  back  to  the  riser,  thus  forming  a  series  of  vanes. 

*  Transactions,  Am.   Soc.  C.   E-,  Vol.   XLIV    (1900),  p.   391. 
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The  first  experiments  with  these  vanes  were  discouraging,  but  after  many 
trials,  a  vane,  shown  in  Fig.  5,  was  found,  that  gave  better  results  than  the 
blocks. 

It  was  decided  to  accept  the  crest,  first  step,  and  vanes,  and  to  adjust  the 
remainder  of  the  section  to  them.  The  model  at  this  time  consisted  of  a 
wooden  top.  down  to  the  third  step,  and  concrete  steps  below.  By  using 
boards  of  various  widths  and  thicknesses,  many  modifications  were  made, 
until  one  was  foimd  that  seemed  to  give  better  results  than  all  the  others. 
With  this  section  as  a  basis,  a  new  model  was  constructed,  in  which  the  risers 
and  treads  were  adjustable,  and  experiments  were  conducted  by  starting  first 
with  the  basic  and  then  with  a  maximum  and  minimum  section  and  deter- 
mining the  three  most  satisfactory  sections.  Experiments  with  the  three 
sections  thus  obtained  were  then  re-run  and  compared,  and  the  best  one  was 
accepted.  This  was  modified  later  and  improved  by  lowering  the  second  step 
6  in.,  and  this  section  was  adopted  to  Elevation  1020. 

In  order  that  a  careful  analysis  might  be  made  of  the  varying  flows  over 
these  sections,  a  tabular  form  was  prepared  on  which  zero  was  used  to  indicate 
that  no  change  has  been  made  in  the  section ;  —  1  that  the  tread  has  been 
dropped  1  ft.,  or  the  riser  has  been  placed  1  ft.  farther  in  than  in  the  normal 
section ;  and  -|~  1>  that  the  tread  has  been  raised  1  ft.,  or  the  riser  placed 
1  ft.  farther  out.  An  analysis  was  also  made  of  the  effect  of  varying  heads 
over  the  adjusted  section,  by  the  use  of  symbols  to  represent  whether  the 
inner  edge  of  the  flow  hit  heavily  or  lightly  on  the  steps.  This  tabulation 
made  it  simpler  to  compare  the  flows  over  the  varying  heads  and  to  analyze 
their  differences. 

The  foregoing  tests  were  conducted  on  a  1 :20  model.  As  a  verification,  a 
model  was  constructed  of  the  full  height  of  the  dam  on  a  scale  of  1:50,  and 
another  model,  on  a  scale  of  1 :8,  down  to  the  fourth  step.  A  detailed  descrip- 
tion of  the  action  over  these  models  will  be  given  subsequently,  but  it  may 
be  noted  here,  that,  although  it  was  not  identical,  the  discrepancy  was  not 
excessive. 

In  extending  this  section  for  the  full  length  of  the  dam,  with  all  the  vanes 
pointing  in  one  direction,  water  will  be  piled  up  against  one  end.  It  is  thought 
that,  with  the  higher  flows,  there  will  be  a  tendency  for  the  water  to  pile  up 
on  Step  2,  unless  some  means  is  provided  for  admitting  air  behind  the  jet 
at  intervals.  This  might  be  accomplished  by  changing  the  direction  of  the 
vanes  at  intervals,  as  shown  on  Fig.  6.  Other  considerations  have  led  to 
the  decision  to  make  only  one  change  in  the  direction  of  the  vanes.  This 
change  will  be  made  at  the  west  end  of  the  dam  opposite  the  gorge.  One 
hundred  and  eighty-six  different  experiments  were  recorded.  This  includes 
flows  over  one  hundred  different  sections. 

Miscellaneous. — ^As  experiments  were  conducted,  tests  were  made  to  de- 
termine whether  a  partial  vacuum  was  present  in  any  of  the  flows.  The  only 
place  it  was  found  was  in  the  whirl  below  the  blocks  or  between  the  vanes. 
On  the  1 :8  model,  a  series  of  ten  readings  was  taken  on  each  of  five  different 
heads,  the  results  of  which  are  given  in  Table  3. 
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Head,  in  feet. 

Negative  Pressures,  is  Pounds  per  Square  Inch. 

Maximum. 

Minimum 

Average  of  ten  readings. 

3       , 
4 
5 
6 

8.7 

0.11 
0.15 
0.23 
0.23 
0.20 

0.03 
0.02 
0.11 
0.13 

o.or 

0.07 
0.06 
0.18 
0.19 
0.14 

It  seemed  to  be  the  general  impression  that,  on  the  models  without  vanes, 
a  negative  pressure  might  be  found  under  the  jet  from  the  crest  to  the  first 
step  where  the  water  back  of  the  jet  was  at  a  noticeably  higher  elevation 
than  that  in  front  of  it.  Numerous  tests,  kowever,  showed  that  the  entrained 
air  was  at  atmospheric  pressure.  It  is  thought  that  the  following  explanation 
may  account  for  this.  Wlien  the  water  first  passes  over  the  crest,  it  follows 
down  the  riser.  As  the  head  is  increased,  the  water  leaves  the  riser  and  forms 
a  jet,  the  section  of  which  is  a  parabola.  As  the  head  is  further  increased, 
the  curve  is  extended.  Now,  if  both  ends  of  the  jet  are  sealed,  an  air-tight 
compartment  is  left  back  of  the  jet.  As  this  compartment  is  enlarged  by 
increases  of  head,  there  is  a  tendency  for  a  partial  vacuum  to  form  back  of 
the  jet,  but  this  is  counterbalanced  by  the  atmospheric  pressure  outside, 
forcing  the  water  up  in  the  compartment.  Thus,  as  the  compartment  is 
enlarged,  the  water  level  behind  the  jet  is  raised,  but  the  atmospheric  pressure 
is  not  reduced. 

Dissimilarity  in  Action  of  Proportionate  Flows  Over  Models 
OF  Different  Scales 

Field  Oiservaiions. — The  dissimilarity,  referred  to  previously,  will  now  be 
discussed  in  detail.  Fig.  7  shows  the  relativity  of  the  outer  and  inner  edges 
of  jets  for  models  of  Section  16,  built  on  three  different  scales  and  tested 
under  heads  of  3,  5,  and  6  ft.    It  may  be  noted  that : 

1. — A  similar  divergence  of  the  outer  edge  of  the  jet,  due  to  the  scale  of 
the  model,  is  found  for  all  three  heads. 

2. — On  the  crest,  the  depth  of  the  water  is  less  for  the  1 :50  model  than  for 
the  1:20  model,  and  greatest  for  the  1:8  model. 

3. — On  Step  2,  the  depth  is  greatest  for  the  1:50  model. 

4.— Between  Steps  3  and  5,  the  outer  edge  of  the  jet,  for  the  1:20 
model,  is  midway  between  the  outer  edges  of  the  jets  for  the  1:8  and  1:50 
models ;  this  is  particularly  true  for  the  6-ft.  head. 

5. — The  location  of  the  jet,  as  defined  by  its  inner  edge,  varies  with  the 
scale  of  the  model. 

At  first,  the  discrepancy  in  the  behavior  of  the  1 :50  and  1 :20  models  was 
thought  to  be  due  to  the  location  of  the  baffle,  but  nearly  identical  results  were 
obtained  after  moving  the  baffle,  as  shown  by  Fig.  1.    Fig.  8  gives  definite  proof 
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Fig.    9. 


of  the  consistency  of  the  jet  under  similar  conditions  and  of  the  accuracy  of 

the  measurements. 

Fig.   9   shows   the  measurements  taken   on 

jets  over  the  1 :50,  1 :20,  and  1 :8  models  of  the 

accepted    section,    with    a   proportionate   head 

of  5  ft.    On  the  1 :20  and  1 :50  models,  the  outer 

edge  of  the  jet  shown  was  determined  by  hold- 
ing a  straight-edge  level  in  such  a  position  that 

the  outer  part  of  the  outside  face  of  the  jet  just 

touched  the  straight  edge.    This  point  was  then 

projected  on  the  board  forming  the  end  of  the 

model.     The  circles  in  Fig.  9  represent  these 

points.      On   the   1 :8   model,   the   points   were 

located   in   a   similar   manner,   except  that   it 

was  found  more  practical  to  locate  the  point 

by  eye  than  by  the  use  of  a  straight-edge.     A 

part  of  the  jet  hit  the  tread  of  each  step  on 

all  models. 

It  was  found  by  measurements  in  the  field  that  the  outer  edge  of  the  jet  of 
the  1 :20  model  is  about  midway  between  the  jets  on  the  1 :50  and  1 :8  models. 
From  this,  by  interpolation,  it  was  assumed  that  the  outer  edge  of  the  jet  may 
be  approximately  located  for  the  full-scale  dam.  This  assumption  is  checked 
theoretically  by  the  fact  that  the  force  of  the  falling  water,  which  projects 
the  spray,  increases  as  the  cube  of  the  scale  ratio.  Other  forces,  however,  may 
materially  change  the  location  of  this  line.  A  comparison  of  Fig.  9  with 
Fig.  7  will  show,  that  the  introduction  of  vanes  in  the  upper  part  of  the 
section,  by  diminishing  the  velocity,  has  considerably  reduced  the  dissimilarity 
due  to  scale.  Figs.  10,  11,  and  12  give  further  proof  of  this  dissimilarity,  by 
showing  the  effect  of  a  proportionate  head  of  3  ft.  over  the  crest  of  the  accepted 
section  on  models  of  all  three  scales,  the  photographs  being  enlarged  to  show 
the  models  the  same  size. 

The  water  passes  over  the  vanes  of  the  1 :50  model  (Fig.  12)  with  no  per- 
ceptible break-up.  The  surface  of  the  jet  is  so  smooth  that  the  grain  of  the 
wood  in  the  vanes  can  be  readily  seen  through  it.  There  is  some  break-up 
of  the  jet  with  the  1:20  model  (Fig.  10),  and  a  certain  quantity  of  spray 
is  cast  out,  as  the  water  falls  over  the  blocks.  With  the  1:8  model  (Fig.  11), 
a  large  proportion  of  the  jet  is  broken  up  into  spray. 

In  order  to  test  further  for  this  dissimilarity,  three  flat-crested  weirs, 
with  a  free  overfall,  were  built  on  scales  of  1 :8,  1 :20,  and  1 :50,  with  a  pro- 
portionate length  of  30  ft.  Sections  of  these  weirs  are  shown  on  Fig.  1, 
and  the  outer  and  inner  surfaces  of  the  jet,  at  the  center  of  the  weir,  under 
heads  of  3,  5,  and  6  ft.  as  measured  with  the  rectometer,  and  plotted  on  a 
proportionate  scale,  are  shown  on  Fig.  13.  These  three  jets,  although  follow- 
ing the  same  general  line,  are  consistently  dissimilar.  It  will  be  noted  in 
comparing  the  jets  over  the  models  of  different  scales  for  any  head,  that 
there  is  a  consistent  divergence  in  their  traces.  This  is  due  to  the  propor- 
tionately different  effects  of  viscosity,  skin  friction,  and  surface  tension,  owing 


Fig.  10. — GiLBOA  Dam,  Scale  1  :  20,  Proportionate  Head,  3  Ft. 


Fig.  11. — GiLEOA  Dam,  Scale  1 :  8,  Proportionate  Head,  3  Ft. 


Fig.  12.— Gilboa  Dam,  Scale  1 :  50,  Proportionate  Head,  3  Ft. 
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to  the  scale  of  the  model.  It  will  also  be  seen  that  this  divergence  is  greatest 
for  the  3-ft.  head  and  least  for  the  6-ft.  head,  because  the  prop«rtionately  dif- 
ferent effects  of  viscosity,  etc.,  are  greater  at  low  heads.  A 

Theory  of  Models. — In  the  Century  Dictionary,  the  word,  model,  is 
defined  as: 

"A  detailed  pattern  of  a  thing  to  be  made;  a  representation,  generally  in 
miniature  of  the  parts,  proportions,  and  other  details  to  be  copied  in  a  complete 
production. 

"A  mechanical  imitation  or  copy  of  an  object  generally  on  a  miniature 
scale,  designed  to  show  its  formation;  hence,  an  exact  reproduction;  a  fac- 
simile." 

In  the  following  discussion,  a  model  will  be  considered  to  be  in  exact 
geometrical  similarity  to  its  prototype,  with  all  linear  dimensions  in  the  same 
scale  ratio. 

The  late  William  M.  Torrance.  M.  Am.  Soc.  C.  E.*  took  up  the  design  of 
static  structures  from  models,  and  pointed  out  that  a  model  water  tank  on  a 
scale  of  1 :30  was  proportionately  thirty  times  stronger  than  its  full-scale  proto- 
type. Fig.  14  shows  similar  computations  for  a  water  tower,  a  beam,  and  a 
gravity  dam,  the  principle  being  the  same  in  all  cases,  namely,  that  the  unit 
strength  varies  inversely  with  the  scale  ratio.  In  dynamic  models,  the  principal 
causes  of  dissimilarity  in  action  are:  Force,  velocity,  viscosity,  and  atmos- 
pheric pressure. 

B.  F.  Groat,  M.  Am.  Soc.  C.  £.,+  presents  the  following  formula  for 
extraneous  force  ratio:  For  the  proportionality  of  force  ratio  between  the 
model  and  its  prototype,  when  the  tests  are  conducted  on  the  same  place 
on  the  earth's  surface,  the  ratio  of  the  densities  of  the  two  substances  equals 
the  ratio  of  the  cube  of  the  linear  dimensions.  If  the  same  substance  is  used 
for  both  model  and  prototype,  the  extraneous  forces  are  proportional  to  the 
cube  of  the  scale  ratio. 

This  may  be  illustrated  by  the  following  numerical  example:  Visualize 
a  4-ft.,  solid,  wooden  cube,  weighing  66  lb.  per  cu.  ft.,  and  a  model  of 
the  same  material  on  a  scale  of  1 :2.  The  large  block  will  weigh  3  584  lb. 
and  the  small  block,  448  lb.  If  the  larger  block  falls  20  ft.,  its  velocity 
will  be  35.87  ft.  per  sec,  and  the  time  required  will  be  1.12  sec.     The  force, 

velocity  X  massj 

. =   115  820  ±   ft-lb.  per  sec.     Lsmg  the  same  linear  scale 

time 

ratio,  the  smaller  block  will  fall  10  ft.,  and  its  velocity  will  be  25.36  ft. 
per  sec,  the  time,  0.Y89  sec,  and  the  force,  14  400  ±t  ft-lb.  per  sec.  Thus,  the 
ratio  for  the  model  and  its  prototype  will  be  1 :8,  or  as  the  cube  of  the 
scale  ratio. 

If  the  smaller  block  is  made  of  cast  iron  weighing  448  lb.  per  cu.  ft., 
and  the  scale  ratio  remains  the  same,  the  weights  will  vary  as  1 :8,  or  as  the 
cube  of  the  scale  ratio,  and  both  cubes  will  weigh  the  same.  If  the  smaller 
block  falls  10  ft.,  its  force  will  be  the  same  as  the  larger  block  falling  20 

*  "Use  of  Models  In  Engineering  Design",  Engineering  News,  December  18,   1913. 
i  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXII    (1918).  pp.  1181  and  1190. 
t  "Civil  Engineers'  Pocket  Book",  John  C.  Trautwine,  1904,  p.  337. 
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ft.  Thus,  if  materials  of  diiferent  densities  are  used,  to  obtain  an  equal 
force,  the  scale  ratio  for  the  model  and  its  prototype  will  be  the  cube  root 
of  the  densities. 


j-k 


mm/} 

Water  Tank 


-Inside  dimensions 

of  tank 

=  10'xl0'x5' 

Lumber  for 

tank  0.5'thick 

on  all  sides 

^Posts  12  "x  12" 

Weight  of  Water 

62.5  1b. 

WU^  Weight  of  Lumber 

50  1b. 


Water  Tank 

(1)  Compute  stress  in  lb.  per  sq.  in.  on  lower 
end  of  post  where  it  enters  the  ground 
Weight  of  water  =  10  x  10  x  5  x  62.5  = 31  250 


Results 
Weight  varies  as  the  cube  of  the  scale  ratio 

Area  "       •■    '•  square 

Strength    ••        inversly  as        •• 

i.e.  the  unit  strength  of  the  model  is  ten 

times  that  of  its  prototype. 


tank  =  0.5[(5x4  x  10.5)  +  ll2  ]x50=_  8  275     lb. 

"  posts  =  15xlxlx4x  50 3  000     lb. 

Total  Weight 42  525     lb. 

Weight  per  post 10  631.2  lb. 

Weight  per  sq.  in 73.8  lb. 

(2)  Compute  same  data  foramodel  built  on 
a  scale  of  1:10 

Weight  of  water   1x1x0.5x62,5 31.25    lb. 

••  tank  =  0.05 [(0.5  x  4  x  1.05)  +  l.l2]  x  50  =  _8.275  lb. 

■  posts  =  1.5x  0.1  xO.l  x4  X  50= 3.00    lb. 

Total  Weight 42.525  lb. 

10.631  lb. 

7.38    lb. 


Weight  per  post  — 
Weight  per  sq.  in. 


1000  lb. 


h-'''—4 


r~  WnnHpn  Beam  10  X  10 
Weight  50  lb. par  cu.ft. 


Results 
Weight  varies  as  the  cube  of  the  scale  ratio 

Area  ■■       ■■     "  square 

Strength    ••        inversly  as        


Simple  Beam 

Let  W=  weight  of  load  and  beam  =  1344  lb. 

L  -  length  of  span  =  120  in, 

6  =  width  of  beam  =  10  in.  d-  depth  of  beam  =  10  in, 

s  =  stress  in  lb.  per  sq.  in. 

_^=  »M2  s  =  121  lb. 

For  model  scale  1  to  10    W=  1.34  lb.    Z,  =  12  in.        6  =  1  in. 

WL  _  >hd^  d  =  1  in.  s=  12.1  lb. 


Dam   (Stability) 

Full  Scale  Model 

P=  a;iw=  6  250  000  lb.  P  =  ahw=    6  250     lb. 

Weight  of  dam  -- 11  687  500  lb.  Weight  of  dam  =  11  687.5  lb. 

Therefore  stability  against  overturning  is  the  same  in  the 
model  and  prototype 

Dam   (Pressure  on  Base) 

P+Weightof  dam 


h — 75--^ 

Length  20' 

Weight  of  Masonry 
125  lb.  per  cu.ft. 


Unit  Press 


=        11  958  lb.  for  full  scale  and 


Area  of  base 

1  195.8  lb.  for  1:10  model,  thus  the  unit  pressure 
is  inversly  proportional  to  the  scale  ratio 
Fig.   14. 


Mr.   Groat*  gives  a  theoretical  discussion   on  the  proportionality   of  the 
velocity  in  a  model  and  its  prototype.     Briefly,  it  is  as  follows : 

By  the  Chezy  formula  for  the  flow  in  channels  or  rivers,  c  =  c  v?-  s  ;  let 

this  equation  stand  for  the   flow   in  the  model,  and  let  V  =  (J  s/  R  S  be  the 

V            c  \/  r  s 
equation  for  flow  in  the  full-size  prototype.   Then, —    ^ will    show 

the  relation  between  the  two  flows.     If  both  the  model  and  its  surfaces  are 


*  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXII   (1918),  p.  1173. 
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c  s 

geometrically  similar  to  the  prototype,  then  —  =  1  and-—  —  1.    Squaring  and 

v^  r  V  V    T 

eliminating,  —^  =  -— - ;  therefore,  -—  =  — - — ■,  showing   that    the    "velocities 

should  be  proportional  to  the  square  roots  of  the  hydraulic  radii,  and,  therefore, 

to  the  square  roots  of  any  homologous  linear  dimension  ",  or  to  the  square  root 

of  the  scale  ratio.     It  can  be  shown  that  this  will  apply  equally  well  to  a  weir. 

Thus,  if  a  model  of  a  weir  or  channel  is  geometrically  and  mechanically  similar 

to  its  prototype,  the  velocity  will  varj"  as  the  square  root  of  the  scale  ratio. 

Generally  speaking,  it  will  be  found  difficult  in  the  construction  of  practical 

weirs  to  make  the  ratio  of  the  two  coefficients  of  roughness  equal  unity  and, 

c 
consequently,  —  will  not  exactly  equal  unity. 
G 

The  velocity  of  the  wind  will  vary  in  the  same  manner  as  other  velocities, 
that  is,  as  the  square  root  of  the  scale  ratio.  A  5-mile  breeze  on  the  model, 
on  a  scale  of  1 :50,  will  be  equivalent  to  a  35-miIe  wind  on  the  full-scale 
prototype. 

Mr.  Groat*  states :  "This  shows  that  cases  of  pure  stream-line  flow  cannot 
be  reproduced  in  models  unless  the  sizes  of  the  models  are  properly  determined 

A  -       — J- 

by  Equation  (19)".     This  equation  is,  L=^  =  N  (G)    ^,  in   which   L    equals 

the  scale  ratio,  N  the  ratio  of  the  kinematical  coefficients  of  viscosity  cor- 
responding to  the  coefficients  of  viscosity  of  different  fluids  used  in  the  model 
and  the  prototype,  and  G  equals  the  gravity  ratio. 

"As  examples  of  the  uses  of  Equation  (19),  when  G  =  l,  it  may  be  shown: 
(a)  that  a  model  air  proi)eller  in  mercury  at  20°  cent,  should  be  one-twenty- 
fifth  full  size  for  the  prototype  in  air  at  15°  cent.;  (6)  that  the  scale  ratio  of 
a  model  water-wheel  tested  in  mercury  at  20°  cent.,  should  be  about  0.22  for 
the  prototype  in  water  at  15°  cent.     *    *    *" 

a*  *  *_  With  G  =  1,  Equation  (19)  shows  that  the  model  requires 
a  different  fluid  from  that  for  the  prototype  when  both  observations  are  made 
at  the  same  place." 

Thus,  to  give  the  same  results  as  its  prototype,  an  overfall  dam  should 
have  its  model  tested  with  some  liquid  other  than  water. 

Under  ordinary  conditions  of  testing,  the  atmospheric  pressure  is  the  same 
for  both  the  model  and  its  prototype;  thus,  in  the  prototype  the  atmosphere 
will  support  a  column  of  water  33.9  ft.  high.  As  the  atmospheric  pressure 
remains  practically  a  constant,  it  will  support  the  same  height  of  water  in 
a  model  regardless  of  the  scale.  Thus,  in  a  model  on  a  scale  of  1:50,  the 
atmosphere  would  apparently  support  a  column  of  water  1  695  ft.  high.  Unless 
some  means  are  taken  to  reduce  this  pressure,  proportionately  to  the  scale 
of  the  model,  in  hydraulic  flows  in  which  there  is  a  partial  vacuum,  or 
negative  pressure,  the  action  of  the  model  will  differ  from  that  of  its  prototype. 

Application  of  the  Theory  of  Models  to  the  Models  of  the  Gilhoa  Dam. — 
Probably  the  principal  cause  for  the  dissimilarity  below  the  crest  in  models 
*  Transactwns,  Am.  Soc.  C.  E.,  Vol.  LXXXII   (1918),  pp.  1186-1187. 
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of  various  scales,  is  the  variation  in  force  due  to  the  scale  of  the  model. 
It  has  already  been  shown  that  this  varies  as  the  cube  of  the  scale  ratio.  Thus, 
the  force  exerted  by  any  part  of  the  jet  falling  on  the  1:8  scale  model  is 
2.5^,  or  15.6  times  greater  than  the  force  exerted  by  the  homologous  part  of 
the  jet  falling  on  the  1 :20  model,  or  6.25^  =  244.1  times  greater  than  on  the 
1 :50  model.  This  force  is  largely  expended  in  breaking  up  the  jet  and  in 
causing  the  particles  of  the  jet  to  be  projected  farther. 

It  is  believed  that  this  explains  the  difference  in  the  action  over  the  vanes, 
as  shown  in  Figs.  10,  11,  and  12.  A  study  of  these  photographs  will  show 
that,  in  the  1:50  model  (Fig.  12),  the  surface  of  the  jet  passing  over  the 
vane  and  first  step  is  nearly  smooth.  The  impact  is  so  slight,  as  the  water 
passes  over  the  edge  of  the  vane  and  falls  on  the  tread  of  the  first  step,  that 
there  is  scarcely  any  noticeable  break-up. 

On  the  1:20  scale  (Fig.  10),  where  the  fall  of  the  water  exerts  a  force 
15.6  times  greater  than  on  the  1:50  model,  a  considerable  break-up  is  noticeable 
where  the  water  falls  over  the  vanes  and  crest  and  impinges  on  the  first  step. 

On  the  1:8  scale  (Fig.  11),  the  force  exerted  by  the  falling  water  is  15.6 
times  greater  than  in  the  1:20  model,  and  244.1  times  greater  than  in  the 
1:50  model.  In  this  case,  there  is  a  marked  break-up  in  the  jet  as  it  flows 
over  the  first  step.  In  no  place  is  the  smoothness  so  noticeable  as  in  the  1 :50 
model,  or  even  in  the  1 :20  model. 

Some  idea  of  the  break-up  which  will  occur  in  the  full-scale  prototype, 
may  be  obtained  by  first  comparing  the  1:50  and  1:8  models,  in  which  the 
force  ratio  is  1:244.1,  and  then  attempting  to  visualize  the  full-scale  model 
in  which  the  force  will  be  512  times  the  1:8,  or  125  000  times  the  1:50,  model. 

The  dissimilarity  in  models  below  Step  1  is  probably  best  shown  on  Fig.  9. 
On  this  diagram,  the  outer  edge  of  the  jet  has  been  plotted  for  a  pro- 
portionate head  of  5  ft.  It  will  be  noted  that,  generally  speaking,  the  dif- 
ference in  force  has  had  the  effect  of  placing  the  outer  edge  of  the  jet  a 
little  farther  away  from  the  weir  as  the  scale  increases.  The  experiments 
seem  to  show,  however,  that,  in  this  model,  the  center  of  the  jet  remains 
in  approximately  the  same  location  for  all  heads  and  that  the  break-up  simply 
increased  the  area  of  the  jet.  In  this  connection,  it  will  be  noted  that  the 
area  of  the  jet  flowing  over  Step  1  is  larger  in  the  1 :8  scale  than  in  the  1 :20 
scale.     (See  Fig.  9.) 

It  must  be  noted,  however,  that  below  Step  4  this  is  only  conjecture,  as 
the  1 :8  model  did  not  extend  below  that  point.  It  is  thought  that  the  outer 
edge  of  the  jet  on  the  full-scale  model  will  be  proportionately  farther  out, 
or,  in  other  words,  it  may  be  exterpolated  from  the  location  of  the  jets  on 
the  three  models.  This  is  assumed  by  noting  that  the  general  location  of 
the  outer  edge  of  the  jet  of  the  1 :20  model  is  midway  between  the  1 :8  and 
1:50  models. 

As  a  further  check  on  the  theory  that  the  dissimilarity  in  models  of 
stepped  overfall  dams  is  caused  partly  by  variation  in  foi'ce  exercised  by 
the  falling  water,  due  to  the  scale  of  the  model,  referenpe  jg  made  to  the 
studies  of  the  flow  over   Section   16. 


303 


EXPERIMENTS  WITH  MODELS  OF  GILBOA  DAM 


Between  Steps  3  and  5,  the  location  of  the  outer  edge  of  the  jet  varies 
with  the  scale  of  the  model,  its  distance  from  the  dam  being  greatest  for 
the  1 :8  scale.  Probably  the  principal  cause  for  this  is  that  the  energy  of 
the  jet,  as  it  impinges  on  Step  2,  is  greatest  for  the  1:8  model,  thus  causing 
the  jet  below  that  point  to  be  projected  farther  than  in  the  other  models. 

From  measurements  on  flows  over  the  flat-crested  weirs,  taken  in  the  field, 
it  was  possible  to  determine  with  considerable  accuracy  the  area  of  the  jet 
on  the  down-stream  edge  of  the  crest,  and  with  this  area  and  the  computed 
quantity,  the  velocity  was  calculated.  Table  4  shows  the  computed  velocities, 
in  comparison  with  the  theoretically  proportionate  velocities.  The  theoretically 
proportionate  velocities  were  determined  by  assuming  the  velocity  for  one 
scale  as  standard,  and  computing  the  other  by  multiplying  or  dividing  by 
the  square  root  of  the  scale  ratio. 

TABLE  4. 


Model. 

Computed  velocity, 

JD  feei  per  second, 

assumed  as 

actual  velocity. 

Assuming 

1:8  model 

as  standard. 

Assuming 

1:20  model 

as  standard. 

Asfiuming 

1:50  model 

as  standard. 

1:8 

1:20 

1:50 

4.99 
3. IS 
2.045 

2.00 

5.02 

'gioi* 

5.11 
3.23 

It  will  be  noted,  that  the  proportionate  velocities  shown  in  Table  4,  do 
not  differ  greatly  from  the  velocity  assumed  as  correct,  but  they  do  differ 
sufficiently  to  change  the  curve  of  the  jet  so  that  it  will  not  check  the  curve 
measured  in  the  field. 

As  already  stated,  therefore,  the  writers  conclude  that  flows  over  models 
of  broad-crested  weirs,  although  giving  results  that  approximate  closely  those 
over  the  prototype,  do  not  show  an  identical  similarity,  owing  to  the  fact 
that  the  coefficient  of  flow  over  a  broad-crested  weir  is  not  always  proportional 
to  the  ratio  of  head  and  width  of  crest,  due  largely  to  the  disproportionate 
effect  of  skin  friction  and  viscosity. 

By  computation,  it  can  be  shown  that  by  changing  the  geometrical  similarity 
to  a  slight  degree,  that  is,  by  using  a  corrected  head,  flows  may  be  obtained 
which  are  identically  similar  for  all  models.  Thus,  if  instead  of  a  6-ft.  pro- 
portionate head  (0.75-ft.  head  (actual  scale),  on  the  1:8  model),  a  head  of 
0.69  ft.,  actual  scale,  is  substituted,  a  quantity  is  obtained  that  corresponds 
with  the  quantity  computed  for  the  full-scale  model.  For  the  1:20  scale, 
the  head  will  be  0.255  ft.  instead  of  0.30  ft.  (both  actual  scales),  and  for 
the  1:50  scale;  0.10  ft.  instead  of  0.12  ft.  These  results  have  never  been 
checked  in  the  field,  but  are  thought  to  be  fairly  accurate  as  the  retardation 
of  velocity,  due  to  a  broad  crest,  increases  with  the  scale  of  the  model. 

Owing  largely  to  the  effect  of  skin  friction  and  viscosity,  the  jets  over 
model  flat-crested  weirs  do  not  exactly  check  each  other.  A  description  of 
these  weirs  and  the  tests  on  them  has  already  been  given.  It  remains  to 
prove  theoretically  why  these  jets  do  not  follow  the  same  line  when  plotted 
on  a  proportionate  scale  (Fig.  13).    If  these  jets  followed  the  same  line,  the 
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velocities  would  be  in  proportion  to  the  square  root  of  the  scale  ratio,  and  the 

c 
coefficient,  —^^  would  equal  unity.     (See  page  297.) 

The  following  paragraph  is  quoted  from  a  paper  by  Richard  R.  Lyman, 
Assoc.  M.  Am.  Soc.  C.  E.,  entitled,  "Measurement  of  the  Flow  of  Streams 
by  Approved  Forms  of  Weirs  with  New  Formulas  and  Diagrams,"*  in  which 
a  graph  is  shown  giving  heads  and  corresponding  discharges  over  broad- 
crested  weirs : 

"It  should  be  noted  that,  for  comparatively  low  heads,  all  these  broad- 
crested  weirs  give  practically  the  same  result  for  the  same  head.  At  a  partic- 
ular head  or  point,  however,  for  each  width  of  crest,  the  quantity  of  discharge 
begins  suddenly  to  increase  much  faster,  in  proportion  to  the  head,  than  it 
has  done  before,  and  the  line  representing  its  discharge  breaks  away  from  AA 
and  extends  across  the  diagram  [Plate  XXIVJ  in  a  slanting  direction  to  the 
line,  BB,  which  represents  the  discharge  over  weirs  with  sharp  crests." 

A  study  of  this  statement  and  the  graph  will  lead  one  to  believe  that  the 
models  of  broad-crested  weirs,  on  different  scales,  will  not  check.  If  they 
were  identically  similar,  the  lines  representing  width  of  crest  would  be  straight 
and  not  broken.  If  the  action  of  a  model  is  precisely  similar  to  its  prototype, 
then,  in  the  formula  for  discharge  over  broad-crested  weirs, 

Q  ^  C3.33i  (i/)% 

C,  which  depends  on  width  and  head,  should  be  a  constant  for  the  model  and 
its  prototype,  regardless  of  the  scale  of  the  model,  as  in  the  model  the  ratio 
of  width  and  head  would  be  the  same  as  in  the  prototype.  A  tablet  compiled  by 
Gardner  S.  Williams,  M.  Am.  Soc.  C.  E.,  from  the  Cornell  experiments 
on  flow  of  water  over  weirs,  will  prove  that  this  is  not  true.  As  an  example: 
With  the  head  of  2  ft.,  and  a  width  of  crest  of  1.65  ft.,  the  coefficient  is  0.925. 
Multiplying  both  head  and  width  of  crest  by  2,  the  coefficient  is  0.807. 

As  a  further  check,  the  flow  over  a  weir  30  ft.  long,  6  ft.  wide  on  the 
crest,  with  a  head  of  6  ft.,  with  end  contractions,  was  computed,  using  the 
formula, 

Q  =  2.64  (L  —  0.2  II)  H' ;  t 
for  the  models,  the  following  formula  was  used, 

Q  =  3.33  (L  — 0.2  II)  H% 

with  the  exception  that  for  the  1:8  model  a  correction  was  applied  for  broad 
crest.  These  computed  flows  were  then  compared  with  proportionate  flows 
obtained  by  the  formula, 

Q  A\/  2  GH 


?  a  \/  2  g  h 

The  results  of  these  computations  are  shown  in  Table  5, 

•  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXVII   (1914),  p.  1199,  and  Plate  XXIV,  p.   1205 
t  "Waterworks  Handbook",  by  Messrs.  Plinn,  Weston,  and  Bogert,  Table  196,  p.  601. 
t  Merriman's  "Hydraulics",  p.   161. 
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TABLE  5. 


Model. 

Computed  flow, 
in  second-feet. 

Comparison  with 

full  scale, 

second-feet. 

Comparison  with 

1 :8  scale, 

second -feet. 

Comparison  with 

1 :20  scale, 

second-feet. 

Full  scale 

1117.7 

7.018 

0.7864 

0.081 

0.625 
0.059 

o.Ym 

0.064 

1:8 

1 :20 

1:50 

0.073 

This  proves  that,  in  models  of  broad-crested  weirs,  as  -—  does  not  equal 

unity,  mechanical  and  geometrical  similarity  cannot  be  obtained  simulta- 
neously, owing,  in  all  probability,  to  the  proportionately  different  effect  of  skin 
friction  and  viscosity.  In  determining  the  proper  quantity  for  this  tabulation, 
it  seems  best  to  use  that  quantity,  the  computed  jet  of  which  plotted  nearest  to 
the  actual  jet  as  measured  in  the  field. 

For  each  flow,  the  quantities  were  computed  by  each  of  the  following 
formulas :  Bazin,  Fteley  and  Stearns,  Francis,  and  U.  S.  Geological  Survey. 
Using  the  velocity  derived  from  these  formulas,  paths  of  the  jet  were  plotted 
by  applying  the  jet  formula, 

and  compared  with  the  curves  that  had  been  determined  in  the  field  by  locating 
the  inner  edge  of  the  jet.  The  accepted  quantity  for  each  flow  was  that  one 
the  jet  of  which  was  nearest  to  the  jet  located  in  the  field.  Similar  computa- 
tion sheets  were  made  for  the  1:20  and  1:50  models. 

For  comparison,  the  theoretical  parabola,  derived  from  the  formular: 


2 


=  ^s/-2ghf,   ,  =  - 


was  plotted.  This  line  was  considerably  under  the  inner  edge  of  the  jet  as 
measured,  and,  therefore,  does  not  represent  as  great  a  velocity. 

The  main  causes,  therefore,  for  the  dissimilarity  in  action  over  these 
models  are:  Difference  in  force;  difference  in  coefficients  of  flow  over  a 
broad-crested  weir,  due  to  skin  friction  and  viscosity;  and  difference  due  to 
atmospheric  pressure,  when  parts  of  the  flow  are  not  open  to  free  circulation 
of  air. 

Effect  of  Dissimilarity  of  Models  on  Experiments  with  Flow  in  Channel. — 
In  the  final  experiments  with  the  flow  in  the  channel.  Section  16  of  the  dam, 
on  the  1 :50  scale,  was  used.  No  experiments  were  made  with  models  of 
any  other  scale,  nor  have  experiments  been  made  using  the  accepted  section 
(Section  100)  of  the  dam.  It  is  thought  that  the  revised  section  will  tend  to 
bring  the  water  to  the  floor  of  the  channel  with  a  lower  velocity  than  Section 
16.  However,  the  force  exerted  by  the  falling  sheet  of  water  will  be  125  000 
times  greater  than  that  in  a  model  on  the  scale  of  1:50.  With  the  present 
limited  knowledge,  it  would  be  inadvisable  to  predict  just  what  the  action 
in  the  channel  will  be. 

*  Encyclopedia  Britannica,  Vol.   14,   p.   51. 
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General  Conclusions 

From  observations,  measurements  made  in  the  field,  careful  study  of  photo- 
graphs, and  a  study  of  the  theory  of  models,  the  writers  conclude : 

1. — That  the  flow  over  a  large  scale  dam  will  be  similar  to  a  certain  degree, 
but  not  identical,  with  the  flow  over  its  models. 

2. — That,  as  Mr.  Groat  has  pointed  out,  it  may  be  possible  to  build  a 
diminutive  structure,  not  necessarily  a  model  in  the  true  sense  of  the  word, 
which  "must  reproduce,  even  in  detail,  the  performances  of  their  prototypes", 
but  that,  in  many  cases,  the  practical  difficulties  encountered  may  make  the 
construction  and  test  of  these  models  impractical.  For  instance,  in  order  to 
obtain  a  proportionate  test  for  the  force  of  the  falling  water  on  the  steps  of 
the  Gilboa  Dam,  it  would  be  necessary  to  build  a  model  on  a  scale  of  1:2.38 
and  test  with  mercury  at  60°  Fahr. 

3. — That,  with  a  full  recognition  of  the  fact  that  there  is  dissimilarity,  the 
model,  if  built  on  a  large  enough  scale,  still  remains  the  most  efficient  method 
of  determining  the  most  satisfactory  section  for  an  overfall  dam. 


I 


306  DISCUSSION  ON  EXPERIMENTS   WITH  MODELS  OF  GILBOA  DAM 

DISCUSSION 


George  G.  Honness,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  authors  briefly 
state  that  186  different  experiments  were  recorded,  which  include  flows  over 
100  different  sections.  These  experiments  were  started  in  the  early  summer 
of  1919,  and  were  continued  until  weather  conditions  in  the  early  winter 
caused  the  work  to  be  stopped  before  conclusions  could  be  reached.  A  complete 
reconstruction  of  the  control  works  and  parts  of  the  model  was  required  in 
the  spring  of  1920  before  experiments  could  be  resumed,  and  then  the  experi- 
ments were  continued  until  the  early  fall  of  1920.  This  brief  statement  is  not, 
therefore,  a  fair  measure  of  the  faithful,  painstaking,  and  ingenious  work 
done  by  the  authors,  for  which  they  are  to  be  commended. 

As  stated  in  the  paper,  the  original  purpose  of  the  construction  of  the 
model  was  to  determine  the  sufficiency  of  the  spillway  channel,  as  it  was 
thought  by  some  that  it  was  more  than  ample,  and  that  a  considerable  saying 
would  result  by  a  reduction  in  size. 

The  behavior  of  the  model  on  a  scale  of  1  :  50,  with  a  maximum  flow 
equivalent  to  a  6-ft.  head  over  the  full-scale  dam,  indicated  that  a  reduction 
of  both  width  and  depth  was  permissible.  Experiments  were  then  made  with 
a  width  of  channel  reduced  by  50  ft.,  with  a  head  equivalent  to  6  ft.  on  the 
full-scale  dam,  and  the  results  are  shown  in  Eig.  4.  This  shows  that  the 
reduced  channel,  with  assumed  flood  flows,  would  probably  be  ample. 

The  flood  flow  of  Schoharie  Creek,  at  Gilboa,  in  1869,  was  the  highest  in 
the  memory  of  the  then  oldest  inhabitant.  It  seems  fair,  therefore,  to  assume 
that  the  flood  of  1869  was  the  highest  in  more  than  100  years.  A  fair  deter- 
mination of  the  quantity  of  that  flood  at  Gilboa  was  44  100  cu.  ft.  per  sec,  or 
140  cu.  ft.  per  sec.  per  sq.  mile,  from  314  sq.  miles.  As  stated,  the  channel 
of  reduced  size  was  shown  to  be  ample  for  a  flood  of  51  381  cu.  ft.  per  sec, 
or  163  cu.  ft.  per  sec.  per  sq.  mile.  Notwithstanding,  the  channel  is  to  be  con- 
structed as  originally  planned,  for  the  reasons  stated  by  the  authors. 

A  more  important  fact  than  the  capacity  of  the  channel  was  determined 
by  the  initial  experiments.  With  a  section  as  originally  designed,  having 
steps  of  unusual  height  and  width  of  tread  for  an  overfall  section,  the  flow 
passed  over  the  crest,  down  the  first  riser,  over  the  tread,  and  then  the  sheet 
of  water  missed  the  next  three  or  four  steps,  falling  as  much  as  80  ft.  Hence, 
the  necessity  of  continued  experiments  until  an  overfall  section  could  be 
selected,  which  would  lead  to  the  falling  sheet  impinging  on  each  successive 
step  and  thus  dissipate  the  energy  of  the  falling  water.  This  was  finally 
accomplished  by  placing  deflecting  vanes  on  the  tread  of  the  upper  step  and 
modifying  the  height  and  width  of  the  other  steps. 

The  writer  concurs  in  the  authors'  conclusion,  that  notwithstanding  the 
fact  that  the  behavior  of  models  will  not  be  exactly  similar  to  their  prototypes, 
the  model  remains  the  best  means  of  determining  the  design  of  many  hydraulic 
structures.      This  conclusion  is  based  on   experience  with  models   used  to 

*  Dept.    Engr.,   Board   of   Water   Supply,   New   York   City,   Grand   Gorge,   N.   Y. 
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determine    the   probable   behavior   of   full-scale    structures    in    the   following 
instances. 

Boonton  Dam,  Boonton,  N.  J. — The  overfall  section  of  this  dam  was  located 
on  the  northerly  side  of  the  valley,  so  that  the  maximum  height  was  not  in 
excess  of  70  ft.  This  required  the  spillway  channel  to  make  an  acute  angle 
with  the  axis  of  the  dam,  in  order  to  lead  the  waste  water  to  the  old  stream 
bed.  The  overflow  from  the  northerly  one-third  of  the  waste  weir  is  caught 
on  a  steep,  sloped  channel  the  maximum  grade  of  which  is  parallel  to  the  axis 
of  the  dam.  The  water,  flowing  over  the  steep  slope,  has  its  velocity  accel- 
erated, and  this  deflects  the  water  passing  through  the  southerly  two-thirds 
so  that  it  follows  the  axis  of  the  spillway  channel.  A  model  was  constructed 
to  scale,  and  the  plans  were  perfected  after  studying  the  action  of  the  water 
passing  over  the  model.  As  constructed,  the  channel  has  served  its  purpose, 
and  the  result  is  substantially  the  same  as  that  obtained  with  the  model. 

During  construction,  the  channel  was  advanced  so  that  it  could  be  used 
during  the  winter  season  to  care  for  water  passing  over  the  overflow  section 
which,  as  the  end  of  the  working  season  approached,  was  in  such  a  condition 
that  a  concentrated  flow  over  a  small  section  of  its  length  would  pass  into  the 
channel.  A  model  was  constructed  to  comply  with  conditions  as  they  existed, 
and  flows  over  it  showed  that  the  side  of  the  channel  would  be  overtopped  and 
serious  damage  likely  to  result.  A  modification  which  increased  the  length  of 
the  temporary  overflow  section  several  times  was  tried,  and  the  contractor  was 
required  to  advance  the  work  sufficiently  to  bring  about  the  conditions  desired. 
Overflows  during  the  winter  and  the  following  spring  did  no  damage. 

Cross  River  Dam,  Katonah,  N.  Y. — Slight  modifications  of  the  waste  weir 
,  and  spillway  channel  of  this  dam  were  determined  from  experiments  with  a 
model  section. 

Ashohan  Reservoir  Waste  Weir,  AshoJcan,  N.  Y. — The  spillway  channel 
changes  the  direction  of  flow  so  that  it  makes  a  right  angle  with  the  line  of 
the  waste  weir.  The  north  retaining  wall  contained  a  re-entrant  angle  which 
deflected  a  part  of  the  flow,  so  that  it  impeded  the  flow  of  that  part  of  the 
water  moving  parallel  to  the  waste  weir  section.  A  discharge  due  to  a  head  of 
slightly  more  than  1  ft.  on  the  crest  of  the  weir,  made  it  apparent  that 
modifications  were  necessary  to  meet  conditions  of  larger  flows  which  were  to 
be  anticipated.  A  model  on  a  scale  of  1  :  50  was  constructed,  and  from  its 
operation  it  was  decided  to  remove  the  re-entrant  angle  and  construct  a  guide- 
wall  in  the  center  of  the  channel  at  the  right-angle  bend  in  its  alignment. 
No  overflow  has  occurred  since  this  work  has  been  done,  but  it  is  predicted 
that  the  channel  will  perform  its  purpose  more  efficiently  than  as  originally 
designed. 

B.  F.  Groat,*  M.  Am.  Soc.  C.  E.  (by  letter). — In  reading  the  authors' 
instructive  paper,  the  writer  has  noted  that  the  overfall  did  not  correspond 
exactly  with  their  expectations.  The  question  may  well  be  asked — should  it? 
Even  if  model  theory  was  developed  sufficiently  to  be  closely  applicable,  no  one 
need  expect  such  close  agreement  that  errors  will  not  become  apparent.  This 
•  Cons.  Engr.,   Philadelphia,  Pa, 
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is  true  of  all  theories  as  regards  exact  application.  In  particular,  the  writer  is 
of  the  opinion  that  an  overfall  is  very  sensitive  to  small  errors,  such  as  might 
occur  in  the  measurement  of  the  head  on  the  crest  of  a  model  weir. 

One  element  of  correct  hydraulic  model  construction  which  is  difficult  to 
create  when  the  prototype  does  not  exist,  is  a  correct  introduction  of  water 
to  the  model  with  corresponding  correct  configuration  of  discharge.  If  these 
two  conditions  are  not  established,  an  exact  reproduction  of  performance  need 
not  be  expected.  In  the  case  of  the  writer's  model  of  a  reach  of  the  St. 
LawTcnce  River,  the  prototype  actually  existed,  yet,  owing  to  the  roughness  of 
the  field  methods  used,  errors  of  some  magnitude  were  observed,  not  only  in 
the  flow  within  the  model,  but  also  in  the  attempted  reproductions  of  entrance 
and  exit  conditions.  Had  these  conditions  been  minutely  adjusted,  there  is 
little  doubt  that  a  more  precise  homology  would  have  been  presented. 

To  be  even  partly  true,  the  statement  that  the  strength  of  model  struc- 
tures "varies  inversely  as  the  scale  ratio",  must  be  qualified  by  the  word, 
"geometrical".  When  the  extended  meaning  of  the  word,  "model",  is  used, 
referring  now  to  combined  geometrical  and  mechanical  similarity,  no  such 
restricted  statement  can  be  applied.  In  short,  the  moment  the  conditions 
of  mechanical  similarity  are  superposed  on  the  conditions  of  geometrical 
similarity,  the  theorem  of  the  statement  becomes  a  "cull".  The  word,  "model", 
must  have  an  extended  meaning  or  progress  in  research  is  at  an  end  as  regards 
models. 

In  the  application  of  rigorous  theory,  the  construction  and  testing  of  a 
model  becomes  a  large  problem.  Is  a  valuable  method  of  solution,  however,  to 
be  dropped  because  it  is  large  and  troublesome  ?  The  chances  will  be  that  it  is 
not  as  large  and  troublesome  as  the  problem  to  be  solved.  The  expenditure  of 
time  and  trouble  will  be  justified  by  the  exactness  of  the  results  obtained.  To 
make  a  model  structure,  for  example,  one  may  increase  gravity  effects  by  addi- 
tional density,  by  loading,  by  the  use  of  materials  of  correspondingly  varied 
elastic  properties  and  strength,  by  centrifugal  forces  produced  by  the  rotation 
of  the  model  as  a  whole,  by  measuring  internal  stresses  in  a  model  member 
instead  of  testing  to  destruction,  etc.  Some  genius  will  arise  to  synthesize 
materials  and  fluids  capable  of  being  handled  with  facility  in  the  construc- 
tion and  testing  of  models.    A  special  study  of  this  kind  should  be  made. 

Egbert  Fletcher,*  M.  Am.  Soc.  C.  E.  (by  letter) .—This  pai>er  supplies 
in  great  detail  the  actual  results  looked  for  by  B.  F.  Groat,  M.  Am.  Soc.  C.  E., 
in  his  paper  on  "Ice  Diversion,  Hydraulic  Models  and  Hydraulic  Similarity",! 
which  the  writer  discussed.:): 

All  readers  familiar  with  the  principles  involved  must  be  impressed  by  the 
great  value  of  these  remarkable  demonstrations  of  what  may  be  learned  by  the 
intelligent  use  of  models.  In  the  discussion  referred  to,  the  writer  objected  to 
what  seemed  to  be  too  positive  and  all-inclusive  claims  for  the  validity  of 
model  studies,  and  probably  over-emphasized  the  objections  \vithout  expressing 
due  recognition  of  the  value  of  such  studies  when  results  are  rightly  interpreted. 

*  Director  Emeritus,  Thayer  School  of  Civ.   Eng.,   Dartmouth  CoH.,  Hanover,   N.   H. 
t  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXII   (1918),  p.   1168. 
i  Loc.  cit.,  pp.   1156-1162. 
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The  thanks  of  the  Profession  are  due  to  Mr.  Groat  for  his  very  complete 
exposition  of  the  theory  of  hydraulic  models.  It  removes  some  points  of 
haziness,  which  the  writer  confesses  existed  in  his  own  mind.  The  interesting 
experiments  with  models  of  the  Gilboa  Dam  show  how  much  may  be  learned 
practically  by  the  cut-and-try  method. 

The  writer  thinks,  however,  that  the  main  point  and  intent  of  his  criticism 
is  justified,  in  all  ordinary  cases  where  experimenters  have  only  limited  means 
at  their  command  and  are  likely  to  place  too  much  confidence  in  results  which 
are  not  conclusive.  The  final  conclusions  of  the  authors  from  the  application 
of  the  formulas  to  the  latest  experiments  are : 

First. — A  similarity  to  a  certain  degree,  but  not  identity,  in  flow  over  the 
actual  dam  and  the  model. 

Second. — It  may  be  possible  to  build  a  model  not  necessarily  a  model  in  the 
true  sense  of  the  word,  which  "must  reproduce,  even  in  detail,  the  performances 
of  their  prototypes;"  but,  for  the  Gilboa  Dam,  the  scale  would  have  to  be  as 
1:  2.38,  and  the  liquid  must  be  mercury  at  60°  Fahr. 

Third. — With  due  recognition  of  the  points  of  dissimilarity,  the  model,  on 
a  sufficient  scale,  is  the  most  efficient  means  of  preliminary  study  of  such  a 
case  as  that  of  the  Gilboa  Dam. 

No  one  would  presume  to  dissent  from  the  last  conclusion  in  view  of  the 
practical  demonstrations  made  by  Mr.  Groat  and  the  authors.  The  second  con- 
clusion, however,  is  an  admission  of  practical  impossibility. 

If  the  reason  for  the  difficulties  in  adjusting  the  theoretical  demonstration 
to  practical  conditions  is  considered,  it  is  noted  that  it  involves  inclusion  of 
mass  ratio,  force  ratio,  centrifugal  reactions  (in  hydraulics),  proportionality  of 
heads  and  depths,  skin  frictions,  wind  friction,  movement  and  transportation 
of  detritus  in  river  hydraulics,  viscosity,  duration  of  time  observations,  and 
factors  of  safety.  Although  all  these  influences  are  given  mathematical  expres- 
sion in  the  formulas,  there  are  certain  coefficients  of  uncertain  value  involved, 
which  forbid  confidence  when  an  attempt  is  made  to  predict  what  may  happen 
when  an  extraordinary  flood  is  pouring  over  a  dam,  or  provision  is  to  be  made 
for  a  jam  of  ice  or  logs,  or  excessive  wave  action  is  to  be  resisted  by  a  sea- 
wall, or  the  impact  due  to  reaction  from  back-water  is  to  be  resisted  at  the  toe 
of  a  dam,  or  in  other  cases  where  the  forces  of  Nature  are  likely  to  get  beyond 
control.    As  Mark  Twain  said,  "we  are  harassed  by  doubts". 

The  elaborate  German  experiments,  quoted  from  the  work  on  river  hydrau- 
lics* by  J.  L.  Van  Ornum,  M.  Am.  Soc.  C.  E.,  in  the  writer's  discussion 
previously  mentioned,  resulted  in  great  uncertainties  and  lack  of  very  definite 
conclusions,  although  useful  in  some  respects.  The  artifice  of  using  bags  of 
shot  and  pieces  of  slate  for  groins  and  bank  protection  in  the  models  surely 
did  not  realize  conformity  in  mass  to  materials  available  for  actual  construc- 
tions on  the  river. 

To  be  consistent,  one  must  believe  that  it  would  be  possible  to  make  a  model 
of  Niagara  Falls,  which  would  reproduce  on  a  reduced  scale  proportional 
effects  to  the  erosion  and  destruction  wrought  by  the  mighty  cataract,  or  that 

*  "The  Regulation  of  Rivers,"  pp.  163-172. 
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officers  of  the  U.  S.  Ordnance  Department  could  make  a  model  of  a  16-in.  gun 
and  invent  an  explosive  of  detonating  effect  proportional  in  the  scale  ratio  to 
the  effect  of  the  actual  high  explosive  used  in  warfare,  and  thus  predict  the 
safety  of  the  large  gun. 

In  discussing  the  application  of  the  formulas  expressing  "the  inexorable 
laws  of  mechanics"  to  the  model  of  the  Meigs  elevated  railway,  Mr.  Groat  shows, 
perhaps  conclusively,  that,  after  a  certain  number  of  "ifs"  had  been  duly 
satisfied,  "the  factors  of  safety  in  model  and  prototype  would  have  been  equal", 
and  then  adds :  "It  is  not  doubted  that  it  would  be  something  of  an  undertaking 
to  construct  and  test  such  a  model,  but  the  fact  which  we  have  proved  is  that 
it  can  be  done."  Again,  the  verdict  is,  not  really  practicable  because  of 
inherent  limitations. 

Acknowledging  the  great  value  of  all  the  experiments  described,  which  have 
specific  ends  in  view,  the  writer  would  disclaim  any  intention,  both  now  and 
heretofore,  to  under-estimate  the  value  of  the  judicious  use  of  models. 
The  caution  is  against  the  misuse  of  them,  especially  by  inexperienced 
experimenters. 

I.  GuTMANN,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — In  1919,  the  writer 
was  instructed  by  G.  A.  M.  Elliott,  M.  Am.  Soc.  C.  E.,  Chief  Engineer  of  the 
Spring  Valley  Water  Company,  of  San  Francisco,  Calif.,  to  prepare  a  tentative 
design  for  a  spillway  for  the  Calaveras  Dam.  The  spillway  was  to  take  care 
of  a  drop  of  about  200  ft. 

An  extensive  preliminary  study,  covering  more  than  seventy  reservoir  spill- 
ways in  all  parts  of  the  world,  was  made  in  connection  with  this  design.  Spe- 
cial attention  was  given  to  stepped  spillways  or  cascades,  that  is,  the  type  used 
on  the  Gilboa  Dam. 

Stepped  spillways  and  wasteways  have  been  used  in  Euroi)eant  and  Amer- 
ican:}: practice  for  many  years,  yet  the  principles  for  their  design  have  not  been 
formulated,  and  the  writer  had  to  state  that  there  was  no  reliable  formula 
for  the  flow  of  water  over  cascades.  The  absence  of  water-cushions  and  the 
consequent  progressive  increase  in  velocity  of  approach  preclude  a  satisfactory 
analysis.  At  low  heads,  each  step  may  be  treated  as  a  drop,  with  no  raised 
crest,  and  the  formula,  Q  =  4.75  L  H-,  may  be  used.  German  engineers  prefer 
the  Kutter  formula.  At  high  heads,  with  the  water  being  projected  farther 
horizontally  and  not  all  the  nappe  striking  the  next  step,  the  problem  will 
become  more  complex  and  the  formulas  preposterous. 

The  writer  has  been  especially  interested  in  this  valuable  paper  which  pre- 
sents the  results  of  the  authors'  experiments  to  determine  the  conditions  of 
flow  over  the  stepped  overfall  dam  at  Gilboa,  N.  Y.,  by  means  of  a  set  of 
models. 

Experiments  with  models  could  not  be  expected  to  furnish  very  accurate 
results  in  this  particular  case  which  is  essentially  dynamic  and  involves  so 

*  Care,  Elec.  Bond  &  Share  Co.,  New  York  City. 

t  Crosswood  and  Roseberry  Reservoirs  in  Scotland  :  also,  at  Sengbach,  Urft,  Bystricka. 
Krauserbauden,  Mohne,  etc.,  in  Germany  and  former  Austria-Hungary;  and  at  Rochebut  and 
others  in  France. 

t  Titicus,  New  Croton,  and  others  of  New  York  Water  Supply;  also,  the  Lahontan  Reser- 
voir of  the  Truckee-Carson  Irrigation  Project. 
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complex  a  phenomenon  as  the  successive  iii^pingements  of  a  sheet  of  water  of 
varying  head  on  masonry  steps  of  varying  width  and  height.  Considering  the 
1  :  8  model  (Fig.  7),  as  a  prototype,  and  the  1  :  20  and  1  :  50  models  as  its 
1 :  2J  and  1 :  6^  reductions,  one  will  conclude  that  it  will  require  unusual 
intuition  to  exterpolate  the  curve  of  flow  over  the  prototype  from  observations 
on  the  models,  especially  in  the  case  of  ordinary  heads,  namely,  less  than  4  ft. 
or  more. 

More  consistent  and,  therefore,  more  serviceable  results  were  obtained  with 
the  models  of  the  "approved  Section  100"  (Fig.  9).  It  may  be  said,  perhaps, 
that  Section  100  was  approved  because  the  models  of  it  gave  more  consistent 
results,  these  results  being  due  probably  to  the  greater  uniformity  of  its  profile. 
The  rises  of  the  steps  in  Section  100  are  consistently  greater  than  their  treads, 
whereas,  in  the  experimental  sections,  the  rises  are  smaller  than  their  treads, 
in  the  uppermost  three  steps  and  greater  in  the  steps  below  the  third,  there- 
fore, in  Step  2,  the  ratio  of  rise  to  tread  is  1 : 1  J,  and  in  Steps  5  and  6,  the 
ratio  is  2:1. 

Most  of  the  "discrepancy"  or  "dissimilarity"  with  the  experimental  models 
probably  originated  on  Step  2,  the  tread  of  which  was  long  enough  to  deflect 
and  to  project  the  falling  nappe  in  a  horizontal  direction,  whereas  the  profile 
of  the  model,  near  that  point,  takes  a  vertical  deflection  downward  with  refer- 
ence to  its  original  trend.  The  flow  curve  diverges  from  the  profile,  and  the 
dissimilarity  between  the  models,  which  becomes  prominent  below  this  point, 
is  probably  due  chiefly  to  the  mass  effect  of  their  respective  volumes  of  water 
which  had  impinged  on  and  were  deflected  by  the  tread  of  Step  2. 

In  the  "approved  Section  100",  the  horizontal  deflection  of  the  nappe  tak- 
ing place  on  Step  2  of  the  experimental  sections,  was  suppressed  by  shortening 
the  tread  of  Step  2  and  by  a  general  steepening  of  the  upper  part  of  the 
profile  of  the  dam.  This  made  the  profile  more  uniform  in  respect  to  rise  and 
tread  proportions,  the  structure  becoming  geometrically  simpler  and  the  results 
more  consistent. 

Better  results  were  obtained  by  the  authors  in  their  tests  of  models  of 
broad-crested  weirs,  the  obvious  reason  being  the  greater  simplicity  of  the 
structures  and  the  absence  of  the  complex  impingement  factor.  In  connection 
with  these  tests,  the  authors  made  the  interesting  observation  that  kinetic 
dissimilarity  may  be  eliminated  "by  changing  the  geometrical  similarity  to  a 
slight  degree,  that  is,  by  using  a  corrected  head,  flows  may  be  obtained  which 
are  identically  similar  for  all  models",  irrespective  of  their  scale.  The  cor- 
rections computed  by  them  for  the  three  models  used  seem  to  be  consistent 
when  properly  plotted  against  the  scales  of  the  three  models.  Curves  based  on 
such  observations  might  supply  a  very  useful  link  for  the  correlation  of  ob- 
servations on  models  with  what  may  be  expected  to  occur  on  full-scale 
structures. 

In  general,  the  study  tends  to  show  that  the  method  of  models,  if  rationally 
and  cautiously  used,  can  be  reasonably  depended  on  even  in  quantitative 
studies  of  proposed  broad-crested  weirs  and  other  hydraulic  structures  not 
unduly  complicated. 
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The  authors  deserve  great  credit  for  their  thorough  investigation  and  their 
valuable  contribution  to  hydraulic  literature, 

Egbert  F.  Ewald,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — There  is  much 
to  commend  and  little  to  criticize  with  respect  to  the  methods  used  in  and 
the  conclusions  obtained  from  the  admirable  series  of  experiments  made  on 
models  of  the  stepped  profile  type  of  dam.  The  general  type  of  dam  to  be 
used  apparently  had  been  decided  on  before  the  experiments  were  under- 
taken, and  as  no  mention  is  made  in  the  paper  of  tests  on  smooth-faced  ogee 
spillway  dams,  it  appears  that  such  a  dam  was  not  seriously  considered  owing, 
no  doubt,  to  the  apparent  difficulty  of  properly  absorbing  the  high  velocities 
of  the  water  at  the  toes  of  dams  of  that  type.  In  the  light  of  knowledge 
gained  during  the  past  ten  years,  the  apparent  difficulty  has  disappeared,  and 
as  there  are  certain  inherent  serious  disadvantages  in  the  stepped  type  of 
overfall  dam,  there  are  strong  reasons  for  believing  that  a  series  of  experi- 
ments as  ably  conducted  should  have  been  carried  out  to  determine  physically 
the  feasibility  of  a  smooth-faced  ogee  dam  before  the  stepped  profile  was 
adopted. 

The  writer  has  never  been  enthusiastic  over  the  stepped  type  of  spiUway 
dam,  notwithstanding  its  occasional  use  in  the  northeastern  part  of  the 
United  States.  It  is  not  easy  for  him  to  get  away  from  the  idea  that  the 
absorption  of  hundreds  of  thousands  and  possibly  millions  of  horse-power 
of  energy  by  "pounding  it  out"  on  the  dam  itself  cannot  be  done  without 
immediate  serious  destructive  action  on  the  dam  and  vdthin  areas  where  such 
action  is  least  desirable  and  most  dangerous. 

Cyclopean  and  coursed  masonry  and  even  concrete  deteriorate  consider- 
ably in  time  in  so  far  as  freedom  from  cracks  is  concerned.  Wide  variations 
in  temperatures  and  to  some  degree  in  stresses,  due  to  loads,  ultimately  de- 
velop cracks,  possibly  very  minute  but,  nevertheless,  present  and  extending 
to  considerable  depths.  This  tendency  to  crack  is  considerably  facilitated  by 
the  greater  exposure  and  angles  introduced  by  the  stepped  construction  and 
by  the  entrance  of  water  under  direct  impact,  which  takes  place  on  every  step. 
It  can  be  only  a  relatively  short  time  before  the  comers  of  the  steps  are 
broken  away,  due  to  weathering  and  impact.  After  this  has  happened,  it  is 
highly  probable  that  the  exceptional  flood  will  come  and  the  steps,  now  no 
longer  of  sufficient  width  to  function  properly,  will  then  become  a  source  of 
positive  danger.  In  the  same  manner  as  discussed  in  the  experiments,  where 
the  steps  were  not  made  sufficiently  wide,  some  of  the  water  with  its  velocity 
unbroken  will  reach  the  lower  parts  of  the  face  of  the  dam  with  sufficient 
energy  to  develop  erosive  action  which  the  lower  steps  cannot  withstand  for 
any  appreciable  length  of  time.  The  result  will  be  rapid  destruction  of  the 
steps  and  serious  attrition  of  the  main  body  of  the  dam  near  its  base  where 
the  stresses  are  greatest  and  where  adequate  repair  wiU  be  most  difficult  if 
not  impossible. 

The  great  rapidity  with  which  raveling  action  proceeds  where  water  is 
flowing  at  high  velocities  over  or  directed  against  checked  and  cracked  s\ir- 

*  Asst.  Engr.,  Aluminum  Co.  of  America,  Pittsburgh,  Pa. 
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faces,  especially  where  these  surfaces  are  irregular,  is  familiar  to  many  engi- 
neers. The  writer  has  in  mind  as  a  particular  case  the  tremendously  de- 
structive action  of  water  flowing  at  a  velocity  of  about  45  ft.  per  sec.  in  a 
spillway  channel  newly  excavated  in  a  very  hard  rhyolite  formation.  The 
surface  as  left  by  the  contractor  was  rough  and  broken,  but  as  blasting  had 
been  very  light  in  order  to  prevent  as  far  as  practicable  the  breaking  of 
the  rock  left  in  place,  it  is  difficult  to  believe  that  fracture  at  depths  greater 
than  10  ft,  could  have  been  more  than  what  one  would  term  "hair  cracks", 
yet  in  the  course  of  a  few  days  during  the  first  big  flood  discharging  through 
the  channel,  holes  15  ft.  or  more  in  depth  were  scooped  out  of  the  ledges  in 
place  and  blocks  of  rock  many  tons  in  weight  carried  down  the  channel.  The 
average  slope  of  the  channel  was  about  30  ft.  vertical  in  100  ft.  horizontal, 
and  the  maximum  depth  of  water  in  the  channel  at  the  beginning  of  the 
flood  was  about  7  ft. 

Water  may  be  allowed  to  flow  over  smooth  concrete  at  very  high  velocities 
for  a  long  time  without  appreciable  wear,  but  where  slight  irregularities  de- 
velop, erosive  action  appears  and  increases  with  great  rapidity.  The  initial 
irregularities  need  be  very  slight  to  start  the  trouble.  The  writer  has  recently 
inspected  some  photographs  of  the  down-stream  toe  of  an  ogee  spillway  dam, 
over  which  water  has  been  flowing  with  velocities  of  more  than  100  ft.  per  sec, 
in  which  there  is  evidence  that  wear  is  beginning  at  the  horizontal  joints 
marking  different  pourings  of  concrete,  and  it  is  safe  to  say  that  the 
erosion  at  these  points  will  develop  rapidly.  These  bonding  joints  were 
made  with  the  greatest  care  and  the  lines  of  division  must  have  been 
microscopic,  nevertheless,  they  appear  to  be  sufficient  to  give  the  water  its 
initial  "grip".  On  the  adjacent  areas,  originally  smooth  and  unbroken,  the 
wear  is  very  slight. 

The  statement  no  doubt  will  be  made  that  the  steps  can  be  repaired  and 
renewed  from  time  to  time,  but  this  involves  a  heavy  maintenance  charge 
and  if  not  done  may  ultimately  result  in  trouble,  as  it  is  not  certain  that 
those  in  charge  of  the  dam  in  the  future  will  appreciate  the  necessity  of  keep- 
ing these  steps  in  perfect  repair.  It  is  doubtful  whether  the  repaired  sections 
would  have  the  length  of  life  of  the  originals,  as  it  is  extremely  difficult  to 
bond  new  and  old  concrete  or  masonry  in  such  a  manner  that  water  flowing 
at  high  velocity  will  not  soon  begin  to  erode  the  joints.  Furthermore,  the 
filling  of  holes  with  concrete  so  that  microscopic  joints  can  be  avoided  is 
practically  an  impossibility,  owing  to  the  tendency  of  the  filling  concrete 
to  shrink  away  from  the  hole  in  which  it  is  cast. 

As  previously  stated,  during  the  last  few  years  much  knowledge  has  been 
acquired  regarding  the  conditions  under  which  high"  velocities  can  be  absorbed 
successfully  or  controlled  by  water-cushions  and  the  burden  of  acting  as  a 
buffer  shifted  from  the  dam  to  areas  more  remote  from  the  vulnerable  parts 
of  the  structure  and  to  construction  more  readily  and  satisfactorily  repaired 
when  the  inevitable  wear  makes  such  action  necessary. 

Early  in  1914,  the  writer  performed  a  fairly  elaborate  series  of  experi- 
ments on  models  of  an  overflow  dam  to  be  constructed  on  the  Little  Tennessee 
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River,  about  forty-five  miles  south  of  Knoxville,  Tenn.  The  prototype  was 
to  be  195  ft.  high  and  the  models  were  on  a  scale  of  1 :  48.  The  conclusions 
drawn  from  the  experiments  were  summarized  in  a  report  made  to  the  Knox- 
ville Power  Company,  in  June,  1914,  the  more  essential  paragraphs  of  the 
conclusions  being  as  follows: 

"Practically  all  of  the  kinetic  energy  of  water  flowing  at  high  velocities 
in  open  channels  may  be  internally  absorbed  by  directing  the  water  into 
pools  of  water  exceeding  a  certain  minimum  depth  and  a  certain  minimum 
length. 

"The  theoretical  minimum  depth  of  the  pool  is  given  by  the  equation: 

d.2  =  \\^ — ~i  ^^  which  fZj  is  the  depth  of  the  water  before  entering  the  pool 

and  Tj  is  the  velocity  of  the  water  at  the  same  point.  This  equation  gives 
the  required  depth  of  the  pool,  d^,  above  the  same  horizontal  datum  above 
which  d^  is  measured. 

"The  required  length  of  the  pool  is  at  least  approximately  equal  to  the 
net  velocity  head  absorbed  by  expansion  divided  by  1.35.  This  gives  the  dis- 
tance in  which  the  bottom  velocity  is  completely  absorbed.  About  20  per  cent, 
should  be  added  to  allow  for  complete  absorption  of  velocities  above  the  bottom. 

"In  high  dams,  subject  to  high  velocities  at  the  toe,  complete  absorption  of 
the  high  velocities  within  the  shortest  distance  possible  is  desirable  to  prevent 
channel  erosion  and  turbulent  conditions  in  tail-races,  as  much  as  possible. 

"An  efficient  method  of  absorption  is  by  directing  the  water  into  pools 
having  the  minimum  depth  given  in  preceding  paragraphs. 

"The  height  of  the  lip  of.  the  bucket  above  the  bottom  of  the  pool  has 
little  effect  on  the  general  efficiency  of  the  absorption  if  the  lip  is  kept  within 
the  lower  half  of  the  pool's  depth.  The  bucket  with  the  lowest  possible  lip 
will  allow  the  least  wear  on  the  concrete,  but  as  this  is  negligible  on  a  well 
designed  and  constructed  dam,  the  advantages  of  the  highest  possible  bucket 
in  decreasing  the  height  through  which  the  water  falls  and  also  allowing  the 
use  of  longer  buckets  along  the  axis  of  the  dam  with  less  excavation  and  less 
concrete  may  be  considered  paramount.  The  highest  possible  position  of  the 
lip  with  present  knowledge  is  perhaps  about  half  the  depth  of  the  pool. 

"The  required  depth  of  pool  varies  in  the  same  sense  as  the  depth  of  water 
on  the  crest  of  the  dam,  hence  the  longer  the  crest  the  shallower  the  required 
depth  of  the  pool.    The  bucket  must  of  course  also  be  made  longer. 

"For  the  same  head  on  the  crest,  arched  dams,  by  increasing  the  value  of  d^ 
for  the  same  discharge,  require  greater  depths  of  cushion  pools  than  straight 
dams. 

"Where  pools  of  sufficient  depth  are  not  provided,  it  is  probable  that  the 
entire  kinetic  energy  of  the  water  will  be  expended  upon  the  channel  and 
erosion  will  continue  at  a  rapid  rate  until  a  pool  of  sufficient  depth  is  excavated 
by  the  water." 

During  1916,  and,  subsequently,  the  Miami  Conservancy  District  made 
elaborate  experiments  that  clearly  demonstrated  the  efficiency  of  the  hydraulic 
jump  as  a  means  of  absorbing  high  velocities.  The  data  and  conclusions  were 
published  as  Part  III  of  Technical  Reports,  under  the  title,  "Theory  of  the 
Hydraulic  Jump  and  Backwater  Curves  and  the  Hydraulic  Jump  as  a  Means 
of  Dissipating  Energy".  Mr.  R.  D.  Johnson,  in  his  discussion*  of  the  paper, 
by  Karl  R.  Kennison,  M.  Am.  Soc.  C.  E.,  entitled  "The  Hydraulic  Jump,  in 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXX  (1916),  p.   378. 
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Open-Channel  Flow  at  High  Velocity",  and  in  a  paper*  on  "The  Correlation 
of  Momentum  and  Energy  Changes  in  Steady  Flow  with  Varying  Velocity 
and  the  Application  of  the  Former  to  Problems  of  Unsteady  Flow  on  Surges 
in  Open  Channels",  presents  in  an  excellent  manner  the  mathematical  and 
physical  conceptions  involved  in  the  hydraulic  jump  and  the  related  hydraulic 
feature,  the  standing  wave,  and  casts  aside  the  shroud  of  mystery  with  which 
the  every-day  engineering  world  seems  to  have  covered  this  really  common 
and  natural  occurrence.  It  is  probable  that  the  theory  of  the  hydraulic  jump 
and  its  practical  application  are  now  fairly  well  understood  and  that  few  dams 
of  any  magnitude  are  constructed  without  consideration  of  its  development 
and  whether  or  not  artificial  means  of  insuring  the  jump  will  be  required  now 
or  in  the  future. 

The  writer  considers  the  ideal  spillway  dam  to  consist  of  a  perfectly  smooth- 
faced ogee  dam,  straight  in  plan,  with  the  crest  unbroken  and  designed  to 
conform  to  the  lower  nappe  of  the  falling  water  for  the  highest  possible  flood ; 
the  down-stream  face  of  the  dam  to  be  joined  to  the  floor  of  the  channel  by  an 
easy  curve;  the  channel  down  stream  to  be  the  same  width  as  the  crest  of  the 
dam  for  a  distance  sufiicient  to  permit  the  full  development  of  the  normal 
jump  (farther  down  stream  the  channel  may  be  varied  to  suit  conditions 
stated  subsequently) ;  the  floor  of  the  channel  near  the  dam  to  be  nearly  level 
throughout,  and  as  its  position  vertically  is  defined  by  the  low  point  in  the 
natural  channel,  this  requirement  also  agrees  with  the  one  that  the  water 
should  be  taken  through  the  entire  fall  in  a  single  drop  along  the  entire  crest. 
Finally,  the  hydraulic  functions  of  the  channel  down  stream  from  the  dam 
should  be  such  as  to  hold  the  jump  at  the  toe  of  the  dam.  Natural  conditions 
may  suffice;  if  not,  secondary  dams  may  be  used,  or  the  channel  may  be 
deepened  artificially  or  be  permitted  to  deepen  naturally,  as  it  will  if  sufficient 
depth  is  not  provided  originally. 

To  develop  the  ideal  spillway  economically,  the  dam  would  have  to  be 
built  in  a  U-shaped  valley.  This  is  rarely  possible,  especially  where  very 
high  dams  are  involved,  the  valley  usually  being  V-shaped  with  respect  to  the 
dam.  To  meet  as  nearly  as  possible  the  ideal  requirements,  economical  con- 
struction then  suggests  widening  a  certain  part  of  the  bottom  of  the  V  to 
permit  the  dropping  of  as  much  as  possible  of  the  water  for  the  full  height 
to  provide  for  frequent  floods  and  placing  gates  on  the  crest  of  the  dam  to 
hold  the  flow  as  much  as  possible  within  the  length  of  crest  discharging  its 
waters  directly  into  the  cushion  pool.  The  remainder  of  the  crest  is  to  be 
opened  to  flow  only  as  required.  The  stepped  profile  may  be  used  in  these 
sections,  or  if  the  foundation  rock  is  of  such  quality  as  to  resist  erosion  well, 
the  water  from  an  ogee  spillway  may  be  turned  over  it.  In  either  case,  how- 
ever, repair  work  from  time  to  time  will  be  necessary. 

If  gates  are  not  permissible  on  the  crest,  a  rather  difficult  problem  is  pre- 
sented. If  water  is  spilled  for  a  considerable  part  of  each  year,  the  best  solu- 
tion seems  to  be  in  smoothing  the  rock  surface  and  armoring  it  with  concrete, 
the  lower  end  of  the  slope  to  be  treated  the  same  as  an  extension  of  the  dam 

*  Engineers  mid  Engineermg,  July,   1922. 
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and  the  water  guided  horizontally  into  cushion  pools  by  easy  vertical  curves. 
In  any  case,  the  direct  impact  of  water  at  velocities  in  excess  of,  say,  10  ft.  per 
sec,  is  to  be  avoided  and  all  the  water  guided  by  surfaces  made  as  smooth  as 
possible  into  ample  cushion  pools. 

In  the  cushion  pool  itself,  very  little  armoring  is  required,  as  the  energy  is 
absorbed  entirely  by  the  water.  Mr.  Johnson  has  raised  the  interesting  point 
that  under  ideal  conditions  in  the  hydraulic  jump  there  probably  is  a  certain 
quantity  of  water  "humped  up"  at  the  bottom  of  the  jump  to  form  a  natural 
weir.  The  inference  is  then  that  this  water  is  practically  "dead".  If  this  is 
true,  then  high  velocities  are  absent  immediately  above  the  channel  floor  and, 
therefore,  erosion  on  surfaces  on  which  the  jump  actually  takes  place  is  prac- 
tically absent.  This  means  that  if  the  initial  point  of  the  jump  is  held  on  the 
concrete  at  the  toe  of  the  dam,  erosion  down  stream  from  this  point  need  not 
be  feared,  as  long  as  the  surface  of  the  bucket  and  the  floor  of  the  channel 
are  at  the  same  elevation  and  the  jump  is  actually  formed.  The  writer  is 
inclined  to  agree  with  this  proposition.  His  own  experiments  were  not  suffi- 
ciently detailed  to  give  any  information  on  this  subject.  A  few  experiments 
recorded  by  the  Miami  Conservancy  District,  shown  on  page  79  of  the  pub- 
lished report,  seems  to  confirm  Mr.  Johnson's  theory.  Several  of  the  writer's 
experiments  were  made  on  models  on  which  the  horizontal  edge  of  the  bucket 
was  about  2  in.  above  the  floor  of  the  channel.  A  favorite  test  was  to  fill  the 
channel  with  sand  level  with  the  edge  of  the  bucket  and  then  start  the  water 
over  the  model  after  making  sure  that  the  jump  would  be  developed.  Under 
uniform  flow  conditions,  the  sand  for  several  inches  down  stream  from  the 
bucket  would  not  be  moved,  although  velocities  of  14  ft.  per  sec.  prevailed 
within  1  in.  of  the  edge  of  the  bucket.  Eddies,  however,  could  be  produced  by 
slight  manipulations  that  would  sweep  out  all  the  sand  and,  therefore,  the 
experiments  were  not  conclusive. 

With  regard  to  the  Gilboa  Dam,  it  would  be  admittedly  somewhat  difficult 
to  utilize  readily  the  hydraulic  jump  throughout  the  entire  length  of  struc- 
ture, but  it  appears  from  such  data  as  are  available  that  at  least  two-thirds  of 
the  dam  could  have  been  built  as  a  smooth-faced  ogee  spillway  without  difficulty 
and  the  water  from  this  part  of  the  crest  directed  into  a  cushion  pool.  It  is 
reasonably  certain  that  a  far  more  efficient  method  of  absorbing  the  high 
overfall  velocities  would  have  been  utilized  and  the  chances  of  future  trouble 
greatly  minimized.  With  a  carefully  designed  crest,  using  the  same  free-board 
specified  for  the  dam  actually  being  "built,  the  crest  length  for  a  maximum 
discharge  of  110  000  sec-ft.  could  have  been  reduced  to  900  ft.,  assuming  a 
weir  coefficient  of  3.90  which  is  reasonable.  At  the  maximum  section,  the 
discharge  would  be  121.5  sec-ft.  per  foot  of  crest,  the  velocity  of  the  water  at 
the  toe  of  the  dam  about  98  ft.  per  sec.  and  the  depth,  at  the  section  at  which 
this  velocity  exists,  1.24  ft.  According  to  TJnwin's  formula  for  the  jump, 
the  required  depth  of  water  to  develop  the  jump  for  these  conditions  would 
be  24.8  ft.  per  sec,  and  the  writer  is  inclined  to  believe  that  the  natural  flow 
conditions  down  stream  from  the  dam  would  easily  maintain  this  depth.  If 
not,  a  low  dam  not  less  than  140  ft.  from  the  main  dam  would  be  required. 
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Owing  to  the  much  higher  elevation  of  the  natural  ground  at  the  base  of 
the  dam  toward  its  ends,  not  more  than  600  ft.  of  the  shortened  crest  could 
be  protected  economically  by  the  main  cushion  pool.  The  discharge  for  the 
remaining  300  ft.  of  crest  would  have  to  pass  into  cushion  pools  set  step- 
fashion  at  higher  levels  and  of  much  more  expensive  construction,  or  down 
smoothed  and  armored  slopes  into  the  main  pool,  or  the  velocity  of  the  water 
destroyed  by  use  of  a  stepped  profile  for  the  dam,  the  actual  method  to  be 
used  to  be  developed  by  comparative  studies. 

The  writer  hopes  to  publish  data  on  the  conditions  at  the  toes  of  two 
overfall  dams  200  ft.  high,  completed  in  1917  and  1919,  respectively,  which 
have  been  subjected  to  several  floods  since  their  completion.  In  certain  parts 
and  at  certain  times,  natural  water  depths  have  not  permitted  the  jump  to 
develop,  and  high  velocities  have  occurred  resulting  in  considerable  erosion. 
In  time,  natural  cushion  pools  will  be  formed  below  these  dams,  and  reasonable 
protection  will  then  be  obtained  against  continued  erosive  action  without  sec- 
ondary dams.  In  any  case,  he  hopes  more  information  will  be  derived  on  the 
interesting  problem  of  endowing  high  overfall  dams  with  the  longest  possible 
life. 

Thaddeus  Merriman,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  has 
long  been  convinced  that  the  use  of  accurate  scale  models  in  the  solution  of 
hydraulic  problems  involving  dynamic  efFects  will  give  better  results  than  can 
possibly  be  secured  by  abstract  theoretical  considerations.  During  the  greater 
part  of  the  work  so  well  described  by  the  authors,  he  was  in  close  touch  with 
the  experiments  conducted  by  them  and  will  refer  briefly  to  the  cause  which 
he  believes  to  be  responsible  for  the  dissimilarity  referred  to  in  the  paper  as 
having  been  observed  in  the  behavior  of  models  of  different  scales. 

Water  on  approaching  a  weir  crest  has  one  free  surface;  but  immediately 
after  passing  the  crest,  it  has  two  such  surfaces.  For  the  same  length  of 
weir,  irrespective  of  its  crest  width  and  of  the  depth  of  flow,  the  increase  of 
free  surface  will  be  the  same.  As  surface  tension  as  between  water  and  air 
is  a  constant  for  each  imit  of  area,  it  follows  that,  when  the  surface  is  sud- 
denly doubled,  energy  must  be  expended.  The  amount  of  energy  expended  in 
the  formation  of  the  under  side  of  the  nappe  is  proportional  to  its  surface 
area  and  as  this  area,  in  turn,  is  proportional  only  to  the  weir  length,  it  appears 
that  the  energy  required  for  the  formation  of  the  under  side  of  the  nappe  is 
not  proportional  to  the  scale  of  the  model.  It  follows  as  a  necessary  conse- 
quence that  models  of  different  scales  will  not  exhibit  the  same  characteristics 
for  all  depths  of  flow  over  them.  The  thinner  the  sheet  the  greater  will  be  the 
divergence  from  true  similarity  of  behavior.  This  difference  is  clearly  shown 
in  Fig.  13,  where  the  divergence  for  the  proportionate  depth  of  3  ft.  is 
materially  greater  than  that  for  the  proportionate  depth  of  6  ft. 

The  differences  observed  are  due  to  the  fact  that  the  energy  required  to 
form  the  under  side  of  the  sheet  is  a  constant  for  each  unit  of  crest  length. 
The  thinner  the  sheet  the  greater  will  be  the  ratio  between  the  energy  required 
for  its  formation  and  the  total  energy  in  the  vertical  plane  of  the  weir  crest; 

*  Chf.   Engr.,  Board  of  Water  Supply,  City  of  New  York,   New  York  City. 
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that  is,  the  energy  remaining  per  unit  volume  of  the  sheet,  after  the  nappe  has 
been  formed  will  be  least  for  the  thinnest  sheet,  and,  in  consequence,  the  thinner 
the  sheet,  the  less  far  it  will  be  projected.  Approaching  the  limit  of  zero  thick- 
ness the  nappe,  instead  of  being  projected  beyond  the  crest,  would  either 
fall  straight  downward  or  be  pulled  inside  the  vertical.  This  is  a  phenomenon 
which  the  writer  has  often  observed,  but  which  is  much  complicated  by  the 
surface  tension  as  between  the  material  of  the  weir  crest  and  the  water  which 
usually  has  a  different  value  from  that  between  the  water  and  the  air. 

This  factor  of  surface  tension  is  noticeable  only  at  shallow  depths  of  flow, 
and  it  is  only  at  such  depths  that  marked  dissimilarity  is  observed.  The  dif- 
ferences which  were  noted  at  greater  depths  are  those  naturally  incident  to 
errors  of  observation,  which  include  not  only  the  personal  equation  of  the 
observer,  but  also  differences  due  to  changes  in  the  direction  and  intensity  of 
the  wind  as  well  as  to  errors  in  the  setting  of  the  measuring  apparatus  which 
for  any  one  series  are  generally  constant. 

It  is  of  interest  to  note  that  the  value  of  the  surface  tension  as  quoted  by 
Besant*  is  7.83  mg.  per  mm.  of  length.  This  tension,  if  multiplied  by  the 
rate  at  which  the  nappe  is  being  formed,  will  represent  the  energy  required  for 
the  formation  of  the  sheet  per  millimeter  of  its  length.  This  energy  is  a  small 
proportion  of  the  total  energy  of  the  system  and  for  any  appreciable  thick- 
ness of  the  nappe  is  entirely  negligible.  At  low  heads,  however,  its  effect 
becomes  noticeable. 

E.  W.  GAusMANN,t  M.  Ail.  See.  C.  E.,  and  C.  M.  Madden,:}:  Assoc.  M.  Am. 
See.  C.  E.  (by  letter). — The  writers  are  pleased  to  note  the  valuable  discussion 
on  this  paper.  It  seems  that  all  the  discussors  agree  that  models  in  whatever 
sense  the  word  is  interpreted,  if  properly  used,  may  give  valuable  information 
for  the  preparation  of  designs  of  engineering  work  and,  more  particularly, 
for  hydraulic  structures. 

In  the  early  stages  of  the  experiment,  some  doubt  was  expressed  as  to  the 
usefulness  of  these  models,  and  this  doubt  was  intensified  when  it  was  found 
that  models  of  different  scales  did  not  give  identical  results.  It  was  only  after 
many  experiments  with  models  of  different  scales  that  the  writers  felt  safe  in 
predicting  that  the  behavior  of  the  full-scale  prototype  would  approximate  the 
behavior  of  a  small  model. 

The  reference  made  by  Mr.  Honness,  to  the  exjDcrimental  models  of  the 
Boonton  Dam,  Cross  River  Dam,  and  Ashokan  Reservoir  Waste  Weir  are  very 
interesting,  as  they  show,  particularly  in  the  first  two  instances,  that  models 
have  been  used  successfully  in  the  development  of  hydraulic  structures. 

Mr.  Ewald  has  discussed  certain  points  that  were  not  brought  out  in  the 
paper.  Experience  has  led  the  writers  to  believe  that  in  this  climate  there  is  a 
tendency  for  exposed  surfaces  of  concrete  to  disintegrate.  All  masonry  sur- 
faces, therefore,  are  to  be  faced  with  stone  indigenous  to  this  region,  which  is 
not  susceptible  to  weathering.  The  floor  of  the  spillway  channels  also  is  to  be 
paved  with  sandstone  and  grouted. 

•  "Elementary  Hydrostatics",  Cambridge,  1892. 
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On  the  dam,  the  edges  of  the  steps  are  formed  with  stone  from  6  to  36  in. 
in  thickness,  set  on  edge.  These  stones  are  3  ft.  deep  (vertical)  and  from  3 
to  5  ft.  long  (horizontal).  As  an  added  precaution,  anchors  not  less  than  5 
ft.  apart  secure  these  edge  stones  to  the  cyclopean  core.  The  treads  are  paved 
with  stones  from  3  to  36  in.  and  more  in  thickness  (horizontal),  an  average 
depth  of  2J  in.  (no  stone  is  less  than  18  in.),  and  varying  lengths  which  must 
not  exceed  five  times  the  thickness.  The  risers  are  faced  with  similar  stones, 
except  that  the  average  width  (horizontal)  is  17  in.  All  the  joints  are  carefully 
grouted  and,  later,  will  be  pointed.  An  excellent  quarry  has  been  opened  near 
the  Gilboa  Dam  from  which  large  blocks  of  blue:gray  sandstone  are  readily 
obtainable.  The  minimum  thickness  of  the  stone  placed  to  date  is  seldom 
less  than  12  in.  It  is  thought  that  this  surface  will  be  less  subject  to  erosion 
and  disintegration  than  concrete. 

It  will  be  noted  from  Fig.  4  that  the  grade  of  the  channel  is  not  excessive. 
The  grade  of  the  upper  third  is  approximately  12.5%  ;  the  middle,  6.1%,  and  the 
lower  third,  4.6  per  cent.  This  diagram  also  shows  that  there  is  a  considerable 
depth  of  water.  In  the  part  of  the  channel  in  the  old  stream  bed,  which  is  at 
the  foot  of  the  highest  part  of  the  dam,  there  is  a  depth  of  about  30  ft.,  due 
to  a  head  of  6  ft.  (163  cu.  ft.  per  sec.  per  sq.  mile).  This  depth  due,  in 
part,  to  the  reconstruction  of  an  old  power  dam,  should  provide  an  efficient 
water-cushion. 

It  is  hoped  that  the  theory  of  models  may  be  developed  more  fully.  At 
present,  it  seems  as  if  practical  difficulties  would  be  encountered  in  making 
diminutive  structures  which  would  represent  in  detail  the  performances  of 
their  large-scale  prototypes,  but  it  is  possible  that  careful  study  might  eliminate 
these  difficulties  and  that  it  would  be  possible  to  reproduce  in  miniature,  the 
destructive  effect  of  Niagara  Falls  or  the  effects  of  the  propelling  charge  of  a 
16-in.  gun. 

In  conclusion,  the  writers  wish  to  express  their  thanks  to  those  who  so  care- 
fully discussed  this  paper  and  also  their  appreciation  for  the  assistance  and 
encouragement  given  by  those  who  either  directed  or  assisted  in  this  work, 
more  particularly  to  J.  Waldo  Smith,  M.  Am.  Soc.  C.  E.,  Chief  Engineer 
until  July,  1922,  Mr.  Merriman,  the  present  Chief  Engineer,  Mr.  Honness, 
Department  Engineer,  and  James  A.  Guttridge,  M.  Am.  Soc.  C.  E.,  Division 
Engineer,  all  of  the  New  York  Board  of  Water  Supply. 


AMERICAN  SOCIETY  OF  CIVIL  ENOmEERS 

INSTITUTED    1852 


TRANSACTIONS 


This  Society  is  not  responsible  for  any  statement   made  or  opinion   expressed 
in   its  publications. 


Paper  No.  1515 

THE  DESIGN  OF  STRUCTURAL  SUPPORTS  FOR 
TURBO-GENERATORS* 

By  Edward  H.  Cameron,!  Assoc.  M.  Am.  Soc.  C.  E. 


With  Discussion  by  Messrs.  W.  E.  Belcher,  Austin  H.  Eeeves,  F.  A.  Eric- 
son,  James  H.  Richardson,  F.  M.  Beer,  George  A.  Orrok,  R.  von  Fabrice, 
D.  A.  Allee  and  Edward  H.  Cameron. 


Synopsis 

The  modern  turbo-generator  is  a  highly  complicated  machine,  subject,  at 
times,  to  intricate  vibrations  and  to  forces  which  may  attain  great  magnitude, 
owing  to  the  high  operating  speed.  Its  structural  pedestal,  of  concrete  or  steel, 
must  provide  a  substantial  support,  both  during  normal  operation  and  at 
times  of  disturbance  of  normal  conditions. 

The  design  of  such  a  pedestal  presents  many  interesting  problems  to  the 
civil  engineer.  The  restraint  of  vibrations  and  the  restriction  of  deflections 
to  very,  small  amounts  are  the  controlling  factors  throughout  the  design. 

In  this  paper,  the  relative  merits  of  the  three  common  types  of  pedestals, 
reinforced  concrete,  structural  steel,  and  composite,  are  discussed.  A  brief 
outline  is  given  of  the  nature  of  the  vibrations,  and  the  suggestion  is  made 
that,  in  addition  to  the  vertical  impact  allowance  now  generally  used,  a  defi- 
nite horizontal  impact  allowance  should  be  adopted. 

In  conclusion,  it  is  suggested  that  utility  or  fitness,  rather  than  relative 
cost,  should  be  made  the  sole  basis  of  comparison  in  deciding  on  the  type  of 
pedestal  to  adopt  for  a  turbo-generator  installation. 


When  a  reciprocating  engine  and  generator  is  replaced  by  a  modem  turbo- 
generator, the  operating  engineer  is  always  impressed  with  the  marked  economy 

*  Presented  at  the  meeting  of  December  20,  1922. 
t  Civ.  Engr.,  Jackson  &  Moreland,  Boston,  Mass. 
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of  space  and  weight  attained.  The  civil  engineer  who  is  called  on  to  design  a 
structural  support  for  the  new  unit,  is  equally  impressed  with  the  saving  in 
weight  and  sj^ace,  when  he  compares  the  new  foundation  with  that  which 
previously  served.  In  many  instances,  it  is  found  practicable  to  utilize  the  sub- 
foundations  of  old  engines  for  the  support  of  modern  units  of  many  times  the 
power  of  the  machine  replaced. 

The  introduction  of  the  turbine-driven  electric  generator  has  caused  the 
evolution  of  a  distinct  type  of  foundation.  Where  previously  the  support  for 
the  engine  and  generator  consisted  of  a  large  sub-foundation  and  a  massive 
superstructure,  it  is  found  possible,  with  the  turbo-generator,  to  mount  the 
unit  on  a  comparatively  light  and  open  pedestal,  with  space  in  the  basement 
below  the  machine  for  the  condenser,  circulating  pump,  and  other  auxili- 
aries. The  absence  of  the  unbalanced  thrusts  on  the  foundation,  which  occur 
with  the  reciprocating  engine,  has  rendered  this  type  of  construction  possible. 

The  fact  that  turbo-generators  have  only  a  fraction  of  the  weight  of  re- 
ciprocating units  of  equal  power,  together  with  the  freedom  from  the  great 
impacts  of  the  latter  type,  resulted,  at  first,  in  a  tendency  to  slight  the  subject 
of  turbine  foundations.  This  is  noticeable  in  some  of  the  older  reference 
books  on  power-plant  design.  It  is  now  generally  recognized  that  special 
problems  occur  in  the  design  of  such  foundations,  and  that  great  care  is 
necessary  if  an  adequate  and  efficient  support  is  to  be  obtained. 

The  generator  with  its  prime  mover  is,  perhaps,  the  most  important  ele- 
ment in  the  whole  power  plant,  and  principles  of  false  economy  should  not 
be  allowed  to  result  in  an  inadequate  supporting  structure  for  it.  The  design 
should  be  made  by  an  experienced  engineer  who  realizes  that  it  is  much 
more  than  a  problem  of  sustaining  static  loads  and  who  is  familiar  with  the 
dynamic  effects  of  the  revolving  machine  during  normal  operation  and  at  times 
of  accident.  This  supporting  structure  may  be  considered  as  consisting  of 
two  elements,  namely,  the  sub-foundation  below  the  basement  floor  or  con- 
denser-pit level,  which  may  be  called  the  "mat"  or  "footing",  and  the  steel 
or  concrete  structure  extending  from  this  level  to  the  base  of  the  machine, 
which  is  often  referred  to  as  the  "pedestal." 

The  type  of  condenser  selected  for  the  unit  is  a  controlling  element  in 
deciding  on  the  type  and  proportions  of  the  pedestal.  The  value  of  a  high 
vacuum  was  early  recognized  in  the  development  of  the  steam  turbine,  and 
much  study  has  been  given  to  the  construction  of  condensers  to  attain 
this  end.  At  the  same  time,  the  ill  effect  of  long  piping  and  bends  in  the  line 
between  the  condenser  and  the  turbine  exhaust  has  been  emphasized,  and  a 
type  of  installation  has  been  developed  in  which  the  condenser  is  mounted 
directly  beneath  the  turbine  with  a  resulting  increase  in  efficiency.  When 
financial  and  operating  considerations  result  in  the  selection  of  a  jet  condenser 
for  the  unit,  the  problem  of  the  design  of  the  pedestal  is  much  simplified,  as 
there  is  usually  ample  space  for  the  pedestal  beams,  columns,  brackets,  and 
bracing.  The  selection  of  a  surface  condenser,  however,  often  makes  necessary 
considerable  ingenuity  on  the  part  of  the  structural  designer  to  obtain  a 
proper  pedestal  without  interference  of  these  members  with  the  condensing 
unit. 
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Three  types  of  pedestals  have  been  evolved,  as  follows:  (a)  the  all  rein- 
forced concrete  type;  (6)  the  structural  steel  type;  and,  (c)  the  combination 
structural  steel  and  concrete,  or  composite,  type. 

The  reinforced  concrete  pedestal  is  probably  the  most  common  type  of  turbo- 
generator support.  The  main  advantage  of  this  type  lies  in  the  relatively  great 
volume  of  concrete  in  the  beams  and  piers  which  have  sufficient  mass  to  absorb 
any  vibrations  that  may  develop  in  the  machine,  and,  with  reasonable  care  in 
design  and  construction,  satisfactory  operating  conditions,  as  far  as  vibration 
in  the  pedestal  is  concerned,  are  practically  assured.  This  pedestal  has,  how- 
ever, several  distinct  disadvantages.  The  massive  concrete  members  which 
are  necessary  to  carry  the  loads,  often  seriously  restrict  the  space  required 
for  the  condenser,  the  ventilating  air-ducts,  and  the  piping.  It  is  often  quite 
difficult  to  secure  as  compact  an  arrangement  for  the  condensing  and  auxil- 
iary equipment  as  is  desirable  and,  in  general,  the  space  below  the  unit  for 
operation  and  dismantling  will  be  more  limited  than  with  a  steel  pedestal. 
The  weight  of  a  concrete  pedestal  is  several  times  as  great  as  that  of  a  steel 
pedestal.  This  results  in  a  more  expensive  sub-foundation  or  mat,  and  may 
present  a  serious  problem  where  subsoil  conditions  are  poor. 

These  disadvantages  have  resulted  in  the  development  of  the  structural 
steel  pedestal  and  the  combination  steel  and  concrete  type,  often  called  the 
composite  pedestal.  No  sharp  line  of  demarcation  exists  between  steel  and 
composite  pedestals.  The  latter  type,  as  generally  understood,  has  its  main 
members  of  structural  steel  with  concrete  filling  between  girders,  a  concrete 
deck,  and,  in  some  cases,  concrete  encasement  of  all  steel  members.  The  dis- 
advantages noted  for  the  concrete  pedestal  are  largely  overcome  if  a  steel  or 
composite  design  is  adopted,  and,  it  is  much  easier  to  provide  members  of 
adequate  strength,  at  points  where  clearances  are  most  restricted. 

It  is  often  necessary  to  defer  the  completion  of  the  erection  of  the  pedestal 
until  the  condenser  has  been  placed,  due  to  the  space  needed  for  erecting  the 
latter.  In  such  cases,  the  construction  schedule  for  the  plant  and  equip- 
ment depends  on  the  date  of  the  erection  of  the  condenser.  Once  the  con- 
denser is  placed  in  position,  it  becomes  desirable  to  complete  the  erection 
of  the  pedestal  as  soon  as  possible,  in  order  to  be  ready  for  the  generator.  In 
such  cases,  the  fact  that  less  time  is  necessary  to  construct  a  steel  pedestal 
than  one  of  concrete,  is  an  argument  in  favor  of  adopting  the  former  type. 

The  relative  space  occupied  by  concrete  and  structural  steel  pedestals  is 
illustrated  in  Fig.  1,  which  shows  a  typical  concrete  design  suggested  by  one 
manufacturer  and  a  steel  design  for  a  unit  of  the  same  capacity  recommended 
by  another  manufacturer.     The  roominess  of  the  steel  pedestal  is  apparent. 

The  tendency  of  the  steel  pedestal  to  vibrate  with  the  machine  constitutes 
its  one  disadvantage  when  compared  with  one  of  concrete,  and  the  design 
of  a  steel  pedestal  proportioned  so  as  to  avoid  this  vibration  is  a  difficult  prob- 
lem. The  tendency  to  vibrate  exists  in  all  turbo-generators.  The  unit  is  a 
complex  machine  operating  at  high  speed,  and  vibratory  forces  and  moments 
may  exist,  due  to  many  causes.  Normally,  the  vibrations  are  restrained  to 
negligible  amplitudes  by  care  in  the  manufacture  of  the  unit  and  by  proper 
precautions  on  the  part  of  the  operator. 
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Vibrations  may  be  due  to  excessive  bearing  clearances,  deflection  of  the 
spindle,  disturbance  of  clearances  at  various  points  producing  rubbing,  lack 
of  alignment,  or  to  unbalance  in  the  rotor  caused  by  erosion  of  blades,  incrus- 
tations on  blades,  breaking  of  buckets,  etc.  Extreme  care  is  taken  by  manu- 
facturers to  correct  all  unbalance  in  the  machine,  and  ordinarily  it  leaves  the 
shop  in  practically  perfect  balance.  Assuming  that  it  is  properly  installed, 
the  principal  factors  which  will  tend  to  produce  vibrations  are  those  which 
may  develop  in  the  course  of  its  continued  operation  in  the  form  of  one  or 
another  of  the  causes  stated. 
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SECTION  A-A  SIDE   ELEVATION 

TYPICAL  STRUCTUAL  STEEL  SUPPORT  FOR  TURBO  -  GENERATOR 
Fig.  1. 

Unbalance  of  the  rotor  may  occur  in  either  or  both  of  two  forms.  Static 
unbalance  will  exist  when  the  center  of  gravity  of  the  revolving  parts  does 
not  lie  in  the  geometric  center  of  the  shaft.  Dynamic  unbalance  will  occur 
if  an  unbalanced  couple  exists  in  any  plane  containing  the  shaft  axis.  Thus, 
■  a  machine  may  be  in  static  balance,  but  be  unbalanced  dynamically.  The  high 
speed  of  the  turbine  renders  unbalance  very  serious  as  an  unbalanced  mass 
of  1  oz.  will  generate  a  centrifugal  force  of  thousands  of  pounds. 
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Vibrations  in  the  turbo-generator,  from  whatever  cause,  will  be  transmitted 
to  a  greater  or  less  extent  to  the  pedestal.  If  the  latter  is  of  a  light,  non- 
rigid  construction,  the  vibrations  will  be  amplified,  resulting  in  serious  damage 
to  the  unit.  The  pedestal  must  have  mass  enough  to  absorb  all  vibrations  and 
be  rigid  enough  to  prevent  swaying.  If  it  is  of  great  mass,  the  time  necessary 
to  overcome  its  inertia  will  be  sufficient  to  consume  the  fractional  part  of  a 
second  elapsing  until  an  impact  in  the  opposite  direction  is  applied,  and  its 
vibrations  will  be  restrained  to  negligible  amplitudes. 
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The  most  practical  means  of  arriving  at  the  requisite  mass  for  a  turbo- 
generator pedestal  is  by  a  study  of  existing  designs  in  satisfactory  operation, 
both  as  to  the  total  mass  and  its  distribution.  In  this  connection,  the  weight- 
ratio  curves  of  Fig.  2  are  of  interest.  Each  of  the  points  plotted  represents 
the  ratio  of  the  weight  of  the  complete  pedestal  (excluding  the  sub-foundation 
or  mat)  to  the  weight  of  the  unit  supported,  covering  the  range  from  300  to 
15  000  kw.     Existing  installations  and,  in  some  cases,  typical  manufacturers' 
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designs,  have  been  used.  The  curves  (Fig.  2),  indicate  that  concrete  designs, 
as  now  made,  weigh  from  two  to  four  times  as  much  as  steel  designs.  For 
both  types,  the  weight  ratio  decreases  as  the  units  become  larger. 

It  is  not  intended  to  convey  the  impression  that  the  weight-ratio  and  cost 
curves  shown  in  Fig.  2  will  give  the  precise  weight  or  cost  of  any  pedestal 
that  may  b.e  considered.  The  sources  of  information  used  are  too  diverse  to 
permit  of  this,  and  the  factors  entering  into  the  design  are  too  variable  to 
allow  of  such  an  interpretation.  The  only  way  to  secure  such  curves  would  be 
to  design  pedestals  over  the  whole  range  covered,  with  identical  assumptions 
as  to  impact  allowances,  condensers,  etc.,  and  to  compute  the  weight  and  cost 
of  each.  If  this  is  done,  it  is  possible  that  some  definite  law  as  to  the  variation 
of  such  factors  can  be  deduced.  The  writer's  intention,  however,  is  to  convey 
only  a  general  idea  as  to  the  average  variation  of  costs  and  weights  for  present 
designs  of  various  capacities.  It  is  believed  that  the  curves  represent  average 
practice  in  pedestal  design,  as  they  are  constructed  from  data  obtained  from 
installations  in  satisfactory  operation,  and,  in  several  instances,  from  typical 
designs  recommended  by  turbo-generator  manufacturers. 

It  is  possible  to  conceive  of  a  pedestal  possessing  great  mass,  but  supported 
on  unbraced  stilt-like  columns  so  as  to  allow  sway  or  oscillations  of  large 
amplitude,  but  of  low  frequency.  In  order  to  prevent  this,  it  is  necessary  to 
introduce  bracing  and  to  make  the  columns  capable  of  resisting  bending.  To 
determine  the  size  of  these  members,  the  conception  of  the  vibrating  machine 
must  be  translated  into  one  of  equivalent  forces,  or  specifically  into  horizontal 
and  vertical  forces  acting  at  the  top  of  the  pedestal.  These  forces  will  be 
roughly  proportional  to  the  mass  of  the  turbo-generator  and  to  its  acceleration 
in  the  direction  of  vibration.  By  making  certain  assumptions  as  to  the  ampli- 
tude of  the  vibrations  and  their  frequency,  it  is  possible  to  derive  an  expres- 
sion giving  the  relation  between  the  weight  of  the  turbo-generator  and  the 

force  that  it  exerts  in  the  direction  of  vibration  or  sway,  thus,  F  =  —   W. 

^  '  '  100 

In  determining  K,  the  writer  believes  that  practical  considerations  should 
govern,  such  considerations  being  based  on  design  assumptions  which  have 
been  found  to  give  satisfaction  in  existing  installations.  It  is  certain  that  K 
will  not  vary  directly  with  the  speed,  as  it  will  have  a  maximum  value  at  the 
critical  speed  and  will  be  much  less  at  higher  and  lower  speeds.  Other  in- 
definite factors  governing  K  are  changes  in  the  pressure  of  the  steam,  temper- 
ature variations,  and  changes  which  may  occur  in  the  condition  of  balance. 
This  impact  allowance,  K,  is  the  percentage  dead  weight  of  the  machine 
acting  as  transverse  horizontal  and  vertical  forces  at  the  top  of  the  pedestal. 
There  is  a  great  diversity  of  opinion  as  to  the  proper  impact  allowances.  This 
is  due  partly  to  the  failure  specifically  to  define  the  allowable  unit  stresses,  as 
will  be  noted  later,  and  often  to  ignoring  the  horizontal  impact  allowance  alto- 
gether. In  some  cases,  the  practice  seems  to  have  been  to  adopt  a  high  vertical 
impact  allowance,  together  with  small  working  stresses,  and  to  ignore  the 
horizontal  forces  which  exist.  It  appears  more  logical  to  assume  definite  hor- 
izontal and  vertical  forces,  in  addition  to  the  dead  weight  of  the  machine,  and 
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to  adopt  working  stresses  more  nearly  equal  to  those  used  in  general  structural 
design.  For  ordinary  designs,  the  writer  has  used  horizontal  and  vertical 
impact  allowances  varying  from  33J  to  50%  of  the  dead  weight  of  the  machine. 

Certain  general  principles  exist  relative  to  the  proper  proportions  of  the 
pedestal  to  resist  best  the  horizontal  impact  force  noted  previously.  These 
principles  can  best  be  considered  by  an  examination  of  the  pedestal  frame 
as  regards  vibrations.  Every  pedestal  has  a  "period  of  free  vibration",  that 
is,  a  definite  time  which  would  elapse  during  one  complete  oscillation,  if  it 
was  sprung  from  its  normal  position  and  left  free  to  oscillate  without  receiv- 
ing further  exterior  impulses.  This  free  period  of  the  pedestal  is  dependent 
on  the  size,  length,  and  arrangement  of  its  members  and  on  the  material  of 
which  they  are  constructed.  Complex  computations  would  be  necessary  to 
determine  just  what  would  be  the  "free  period"  of  any  one  type  of  steel  ped- 
estal, and  uncertainties  as  to  the  effect  of  the  joints  would  render  such  com- 
putations of  little  value.  The  more  rigid  a  pedestal  is  made,  the  shorter  its 
natural  period  will  be,  and  its  members  should  be  arranged  to  secure  this  end. 

Fig.  3  represents  an  end  view  of  a  typical  pedestal.  This  frame  will  have 
the  shortest  natural  period  of  vibration,  and,  therefore,  maximum  rigidity, 
when  the  center  of  gravity  of  the  turbo-generator  and  pedestal  is  made  as  low 

JT 

as  possible,  and  when  the  ratio  of  — =  is  made  as  small  as  clearances  and  avail- 

W 

able  space  will  permit.  In  some  installations,  a  low  center  of  gravity  is  ob- 
tained by  hanging  the  condenser  from  the  top  of  the  pedestal  and  thus  utiliz- 
ing its  mass  in  addition  to  that  of  the  turbo-generator  and  pedestal.    Table  1 

JT 

gives  the  ratio,  -— -,  for  several  designs  noted  by  the  writer,  together  with  other 

pedestal  data.     The  machine  numbers  correspond 
to  those  used  in  constructing  the  curves  of  Fig  2. 

It  should  be  stated  that  some  designers  con- 
sider it  possible  to  have  a  pedestal  of  too  great 
rigidity,  although  it  is  believed  that  all  turbo- 
generator manufacturers  concur  in  the  desire 
that  they  be  made  very  rigid.  Comparison  has 
been  made  between  units  resting  on  very  rigid 
pedestals  and  instances  of  lathes  and  similar 
machines  which  have  suffered  from  vibrations 
when  supported  directly  on  a  concrete  base.  A 
design  of  a  turbo-generator  pedestal  has  been  de- 
veloped by  Mr.  N.  W.  Akimoff  to  overcome  this 
objection  of  too  great  rigidity.  In  this  design, 
the    unit    rests    on    a    three-point    support    with 

heavy  locomotive  springs  between  it  and  the  pedestal  to  absorb  shocks, 
writer  understands  that  no  pedestals  of  this  design  have  been  installed. 

If  the  natural  frequency  of  vibration  of  the  pedestal  or  of  any  of  its  mem- 
bers equals  the  speed  of  the  machine,  resonance  occurs.     Successive  impacts 


Fig.  3. 


The 
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will  build  up  the  kinetic  energy  of  the  vibrating  pedestal,  and  the  amplitude 
of  the  vibrations  will  increase  until  a  balance  is  reached  between  the  energy 
of  each  impact  and  that  of  the  restraining  forces,  due  to  the  stiffness  of  the 
pedestal,  or  of  the  member  under  consideration.  Thus,  resonance  will  result 
in  high  stresses  in  the  pedestal. 

TABLE  1. — Tabulation  of  Pedestal  Data 


Pedestal. 

Capacity, 
in   kilo- 
watts. 

Condenser. 

Ratio  of 
weight  of 
pedestal  to 
weight  of 

turbo- 
generator. 

Pedestal : 

Machine 
number. 

Weight  per 

kilowatt, 

in   pounds. 

Cost   per 
kilowatt. 

H. 

W. 

H 

W 

1 

Concrete 
Concrete 
Concrete 

Steel 
Concrete 

Steel 
Concrete 
Concrete 

Steel 
Concrete 
Concrete 

Steel 

300 

500 

1  250 

1  500 

2  500 
5  000 
5  000 
7  500 

10  000 

10  000 

15  WO 

15  000 

""  Jet  " 
Surface 
Surface 
Surface 
Surface 

Jet 

Jet 

Surface 
Surface 

Jet 
Surface 

3.17 
1.69 

1.81 
0.61 
1.58 
0.83 
1.02 
1.26 

0.46 

1.91 

1.45 

0.82 

195.0 
105.4 
62.0 
18.0 
48.6 
22.5 
27.9 
33.5 

13.9 

57.4 

44.2 

9.3 

$2.30 
1.25 
0.73 
0.99 
0.76 
0.72 
0.41 
0.50 

0.49 

0.71 

0.49 

0.51 

6.6 
10.0 

7.0 
17.75 
17.5 
18.0 
19.21 
23.30 

22.25  ■{ 

33.33 

20.0   -j 

20.0 

4.0 
4.25 
5.30 
8.33 
6.46 
9.5 
8.29 
8.0 
11.58 
10.0 
9.5 
10.5 
12.0 
18.0 

1.65 

2 

2.35 

3 

1.32 

4 

2.13 

2.71 

6 

1.90 

7 

2.35 

8 

2.92 

9 

1.92 
3.33 

2.45 

10 

11 

1.9 

1.67 

1.17 

13 

A  quantitative  determination  of  vibrations  induced  in  a '  turbo-generator 
due  to  non-rigidity  of  the  pedestal  has  been  noted  *  In  this  instance,  serious 
vertical  vibrations  in  the  generator  bearing  of  a  10  000-kw.  unit  were  detected 
and  measured  by  a  vibrograph.  The  supporting  beam  under  the  bearing  and 
its  columns  were  reinforced,  and  it  was  found  that  the  vibrations  were  reduced 
to  safe  amplitudes. 

If  the  speed  of  a  turbo-generator  is  varied,  it  is  observed  that  a  certain 
definite  speed  exists  at  which  vibrations  in  the  unit  are  quite  marked,  although 
it  may  run  quite  smoothly  at  all  other  velocities.  This  speed  at  which  the 
vibrations  are  so  noticeable  is  called  the  "critical  velocity."  This  phenomenon 
is  due  to  the  bending  of  the  shaft  under  the  centrifugal  forces  generated  by 
unbalance,  and  electrical  and  mechanical  engineers  are  familiar  with  the 
theories  and  experiments  of  DeLaval,  Stodola,  and  others,  demonstrating  the 
mechanical  principles  involved. 

The  common  working  speeds  of  turbo-generators  are  1 500,  1 800,  and 
3  600  rev.  per  min.,  depending  on  the  cycle  and  number  of  poles.  In  general, 
the  critical  speed  of  units  as  now  constructed  is  greater  than  the  two  lower 
normal  speeds  noted.  However,  for  machines  of  3  600  rev.  per  min.,  the 
critical  speed  is  likely  to  be  below  the  working  speed,  and  in  such  cases,  in 
starting  up  and  shutting  down,  it  must  be  passed  through.  Although  manu- 
facturers make  special  provisions  in  machines  operating  above  the  critical 
speed,  it  is  well  for  the  pedestal  designer  to  make  a  more  generous  impact 
allowance  for  high-speed  machines. 

•  Mechanical  Engineering,  August,   1922. 
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In  addition  to  the  transverse  horizontal  forces  which  have  been  consid- 
ered, vibrations  and  impacts  may  exist  in  a  direction  parallel  to  the  axis  of 
the  shaft.  The  unit  is  self-contained  as  far  as  axial  forces  due  to  unbalanced 
steam  flow  is  concerned,  as  the  thrust-bearings  transmit  these  forces  to  the 
casing  where  they  are  balanced  by  the  steam  pressure  in  the  opposite  direc- 
tion. Vibratory  vertical  impacts,  however,  will  produce  axial  impacts  if  any 
eccentricity  exists  between  a  bearing  and  the  pedestal  member  which  supports 
it,  and,  in  general,  it  is  found  necessary  to  provide  longitudinal  bracing  as 
substantial  as  the  transverse  bracing. 

'Another  source  of  shocks  which  may  come  on  the  pedestal,  lies  in  the  dis- 
turbance of  the  magnetic  torque  of  the  generator,  which  takes  place  during 
short  circuits.  Under  normal  operating  conditions,  the  magnetic  torque  need 
not  be  considered,  as  far  as  the  pedestal  is  concerned,  but  short  circuits  will 
cause  violent  fluctuations  of  this  torque,  and  the  pedestal  will  receive  serious 
impacts. 

TABLE  2. 


(              Force. 

Direction. 

Point  of  application. 

Weight  of  generator 

Vertical 

Horizontal 
Vertical 

Horizontal 

(  Load  points    given    on    manufacturers' 

(■    plans. 

Condenser  and  water  content 

(  Dependent  on  method  of  carrying  con- 
r     denser. 

Vacuum  load 

Axial  forces 

A-t  center  line  of  shaft. 

The  following  steps  to  be  pursued  in  the  design  of  a  pedestal,  are  taken 
from  standards  used  by  the  writer  in  the  structural  designs  of  power  plants. 
(See  Table  2.)  No  specific  directions  are  attempted,  as  there  is  such  a  wide 
variation  in  loads,  load  points,  construction  of  units,  etc.,  for  turbo-genera- 
tors of  different  capacities  and  manufacture,  but  certain  general  steps  are  out- 
lined for  the  guidance  of  structural  designers  engaged  in  the  work,  as  follows : 

1. — Decide  on  the  probable  type  to  be  used:  Concrete,  structural  steel,  or 
composite. 

2. — Preliminary  layout,  working  from  certified  prints  of  equipment,  piping, 
and  electrical  plans,  to  determine  the  best  arrangement  for  beams,  columns, 
and  bracing,  using  assumed  sizes.  At  this  time,  the  piping  and  electrical 
layouts  should  be  advanced  sufficiently  to  indicate  the  necessary  clearances  for 
all  elements  adjacent  to  the  pedestal.    Investigate  the  approximate  limits  for 

JT 

H  and  — .      H  will  be  determined   by   the    condenser   size,  floor  levels,  and 

crane  clearance. 

3. — Design   the    pedestal   members    in    the   following    order,    in    which    a 
5  000-kw.,  Westinghouse,  semi-double  flow  unit  has  been  taken  as  an  example : 
(o)  Design   the   slab    and   secondary   members  at   the  top   of  the 
pedestal. 
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(6)  Compute  R^,  R^,  R^,  M^,  M^,  M^,  and  the  shears  for  the  main 
longitudinal  girders;  compute  the  average  of  the  bending  moment 
curves,  A   and  B,  Columns  1   and  3    (Fig.  4),   to  take  the  moments, 

— -  and  --^,  respectively. 


CurveX=Bendiag  Moment  iorixed  ends 
"     B  =  Bending  Moment  for  free  ends 


BENDING  MOMENTS  CURVES  ON  LONGITUDINAL  GIRDERS 

Fig.  4. 


TRANSVERSE  SECTION 


For  a  steel  design,  select  by  trial  a  beam  to  give  a  deflection,  in  either 
span,  of  less  than  0.02  in.  For  a  tentative  value,  let  /  =  5  000  lb. 
per  sq.  in. 

For  a  concrete  design,  select  a  beam  for  bending,  fc  =  600  lb.  per 
sq.  in.    Compute  the  deflection,  maximum  d  =  0.02  in. 

(c)  Investigate  the  transverse  bents,  Nos.  1,  2,  and  3,  in  Fig.  4: 

P  =  horizontal  impact  assumed  to  act  at  the  center  line  of  the 
shaft. 

R  =  beam  reactions  plus  any  loads  from  the  unit  that  are  directly 
over  the  columns. 

Replace  -F  by  the  two  forces,  F  X  — ,  and  an  equal  force,  F,  acting 

at  the  top  of  the  pedestal. 

Compute  the  reactions,  B^  and  i?^^,  and  the  moments,  M^  and  M^. 
Assume  the  column  size  and  check  for  the  fiber  stress,  /. 
Let  P  =  the  maximum  vertical  load  on  column  in  question. 


For  Bent  (1),/=  -r  +  ^' 

"    "  <^>-^  =  :i  +  s: 


2S„ 


(3),  / 


F       3f^ 


330 


STRUCTURAL    SUPPORTS    FOR    TURBO-GENERATORS 


{d)  Design  the  bracket,  diaphragm,  or  braces  in  the  transverse  bent 
to  take  the  direct  stress  or  moment,  or  both,  according  to  the  arrange- 
ment. Design  the  column  bases,  sub-foundation  mat,  and  remaining 
elements. 

4. — Provision  for  condenser  and  vacuum  loading :  If  the  condenser  is  con- 
nected to  the  turbine  by  an  expansion  joint  and  the  weight  is  carried  from  the 
top  of  the  pedestal,  the  weight  of  the  condenser  and  water  content,  together 
with  the  vacuum  load,  must  be  included  in  computing  the  bending  moment 
curves.  If  the  condenser  rests  on  beams  framed  into  the  columns,  the  bending 
moment  diagrams  for  the  columns  shown  must  be  modified.  If  the  condenser 
is  rigidly  connected  to  the  turbine,  and  supported  on  springs  which  are  inde- 
pendent of  the  pedestal,  add  the  load  on  the  turbine  joint  allowed  by  the 
manufacturers  to  the  other  forces  acting  at  the  top  of  the  pedestal. 

5. — To  care  for  axial  forces,  provide  longitudinal  brackets  or  bracing 
equivalent  to  the  transverse  bracing. 

6. — Compute  the  weight  of  the  complete  pedestal  and  compare  it  with  the 
typical  weight  curves. 

A  wide  diversity  exists  as  to  proper  impact  allowances  and  working  stresses, 
as  will  be  noted  in  Table  3  which  gives  stresses  recommended  by  various 
authorities  for  structural  steel  designs. 


TABLE  3. 


Reference 
consulted. 

Stress,  in  pounds  per 
square  inch. 

Impact  assumption. 

Stress,  in  pounds  per 
square  inch,  reduced 
to  condition  of  dead 
load  without  impact. 

5  333* 

2 

6  000 

'•To  take  care  of  all  loading,  including 

10  000 

16  000 
Halve  the  allowable  stress 
and   double   the   calcu- 
lated stress. 

impact  and  vibration." 

6O0O 

3 

••  For  the  total  load,  to  which  has  been 
added  SSOq  of  the  machme  loading 
to  cover  impact." 

100%  impact  for  all  steel  work 

4 

8  000 
8  000 

5 

*  Based  on  a  standard  working  stress  of  16  000  lb.  per  sq.  in. 

As  stated  previously,  it  is  believed  that  this  diversity  of  opinion  is  due  to 
the  failure  to  consider  the  horizontal  forces  to  be  sustained.  In  pedestal 
designs,  the  writer  endeavors  to  make  conservative  assumptions  as  to  all  hori- 
zontal forces  to  be  considered  as  well  as  vertical  dead  and  impact  loads,  and 
to  design  for  these  forces,  using  working  stresses  that  are  standard  for  general 
structural  designs.  This  practice  has  resulted  in  designs  that  have  proved 
adequate  in  every  respect.  For  steel  members  in  bending,  the  deflection  limit 
will  result  in  the  selection  of  sizes  that  will  give  stresses  that  are  much  lower 
than  standard. 

Probably  in  few  cases  of  structural  design  must  deflections  be  kept  within 
such  small  limits,  a  common  value  for  the  maximum  allowable  deflection  being 
0.02  in.  A  continuous  beam  with  fixed  supports  will  deflect  least  under  a  given 
load,  and  the  longitudinal  girders  should  be  designed  to  secure  this  condition. 
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These  girders  should  be  made  continuous  over  the  center  columns.  Absolute 
fixity  of  the  end  supports  will  not  exist  as  some  deflection  at  these  points  will 
occur,  but  the  true  bending  moment  curve  may  be  approximated  by  averaging 
the  ordinates  of  the  "free  end"  curve  and  the  "fixed  end"  curve  (see  the  bend- 
ing moment  curves,  A  and  B,  Fig.  4).     Columns  1  and  3,  Fig.  4,  must  be 

M  M 

designed  for  the  beudiug  moments,  — ^  and  — ^,  respectively,  in  addition  to  their 

axial  loads. 

In  the  design  of  connections,  gussets,  and  other  details,  assumptions  should 
be  conservative  throughout,  bearing  in  mind  that  vibrations  should  be  re- 
strained in  all  directions.  Columns  should  be  of  ample  section  with  rela- 
tively short  unsupported  lengths.  In  order  to  secure  this  condition,  brackets 
should  be  made  as  deep  as  possible  at  the  column  heads,  and  it  is  sometimes 
advisable  to  provide  transverse  brackets  at  the  column  bases.  Structural  sec- 
tions less  than  |  in.  thick  should  be  avoided.  The  use  of  long  cross-bracings 
has  been  criticized  as  they  tend  to  allow  sway  before  they  come  into  operation. 

Good  results  have  been  obtained  with  designs  in  which  the  top  of  the 
pedestal  is  of  open  steel  construction,  with  steel  plates  or  gratings  forming 
a  floor  at  this  level.  In  such  designs,  it  is  desirable  to  insulate  the  bearing 
surfaces  carrying  the  plates  or  gratings  with  cork  or  felt,  in  order  to  elim- 
inate vibrations  of  an  annoying  nature,  in  the  floor.  A  better  design,  how- 
ever, is  furnished  by  making  the  floor  in  the  form  of  a  thick  reinforced 
concrete  slab.  This  not  only  produces  a  vibration-absorbing  mat  at  the  most 
effective  location,  but  also  provides  a  good  insurance  against  horizontal  dis- 
turbance of  the  alignment  of  the  unit.  If  a  concrete  floor  is  used,  ample  tem- 
perature steel  should  be  provided,  as  the  temperature  range  is  greater  than  that 
under  ordinary  conditions,  and  cracks  are  likely  to  develop. 

The  close  proximity  of  the  live  steam  lead  to  the  exhaust  outlet  for  some 
types  of  turbo-generators  often  makes  it  difficult  to  insert  a  longitudinal 
beam  of  adequate  size  in  this  space.  In  the  steel  design  shown  in  Fig.  1,  the 
longitudinal  girder  at  the  turbine  end  has  been  located  outside  the  live  steam 
lead,  thus  avoiding  this  difficulty.  This  design  would  be  improved  by  mak- 
ing the  longitudinal  girders  continuous  over  the  center  columns.  The  con- 
crete filling  between  the  webs  of  the  longitudinal  girders  shown  is  a  common 
means  often  adopted  to  secure  additional  rigidity  and  mass. 

Operating  engineers  have  observed  that  sudden  changes  in  the  temperature 
of  the  basement  may  affect  the  even  running  of  the  turbo-generator,  due  to  the 
unequal  expansion  of  the  steel  columns  of  the  pedestal.  To  avoid  this  diffi- 
culty, these  members  are  sometimes  encased  in  concrete  to  insulate  them  from 
sudden  temperature  changes.  Some  designers  consider  it  advisable  to  encase 
all  structural  steel  members  in  concrete  for  fire  protection  and  to  obtain  addi- 
tional mass.  Fig.  5  illustrates  the  structural  steel  pedestal  for  one  of  the 
80  000-kw.  units  at  the  L  Street  Station  of  The  Edison  Electric  Illuminating 
Company  of  Boston,  Mass.,  and  Fig.  6  is  a  photograph  of  the  same  unit  in 
operation,  with  the  steel  pedestal  encased  in  concrete. 

The  sub-foundation  below  the  basement  floor  level  has  been  referred  to  as 
the  footing  or  mat.    In  its  design,  the  disastrous  effects  of  settlement  on  the 
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alignment  should  constantly  be  borne  in  mind.  In  some  designs,  separate 
footings  have  been  used  for  the  individual  columns  and  satisfactory  results 
obtained,  but  it  is  better  practice  to  design  the  footing  as  a  single  mat  large 
enough  to  include  all  the  columns.  This  mat  should  be  of  ample  thickness 
to  prevent  local  settlement,  and  it  is  often  advisable  to  provide  steel  reinforce- 
ment to  secure  this  end.  Column  footings  are  sometimes  made  to  rest  on  steel 
grillages  encased  in  the  mat. 

Certain  details  are  common  to  practically  all  turbo-generator  installations, 
and  the  designer  of  the  pedestal  should  familiarize  himself  with  them  before 
starting  his  design.  The  important  question  of  clearances  for  the  condenser, 
auxiliaries,  and  their  piping,  should  be  borne  in  mind,  and  certified  prints  of 
the  apparatus  should  be  obtained  at  the  start  so  that  space  for  operation  and 
dismantling  may  be  assured.  At  this  point,  a  turbo-generator  manufacturer 
may  be  quoted  as  follows: 

"The  foundation  must  not  extend  inside  the  bed-plate  facing  where  it 
may  interfere  with  the  ventilating  ducts  under  the  generator,  and  provision 
must  be  made  for  these  ducts  communicating  with  the  cooling  air.  Provision 
must  also  be  made  for  bringing  out  leads  under  the  bed-plate  and  through  the 
foundations  if  necessary. 

''Foundations  must  be  designed  with  the  idea  constantly  in  mind  of  the 
complete  installation  of  the  unit  and  possible  future  repairs.  Provisions  must 
be  made  for  the  removal  and  replacement  of  parts  such  as  oil  cooler,  pump, 
steam  chest,  throttle  and  inlet,  exhaust  and  bleeder  piping  connections,  and 
supports,  and  also  exhaust  connections,  expansion  joints,  and  atmospheric  out- 
let piping.  This  means  that  the  question  of  interference  must  be  carefully 
gone  into  in  connection  with  all  parts  approaching  the  plane  of  the  lower 
surface  of  the  bed-plate  and  extending  below  the  same.  The  positions  of 
the  centers  of  loading  and  magnitudes  and  the  location  of  loads  are  given  on 
the  official  outline  drawing  sent  to  purchaser." 

The  manufacturers'  plans  will  give  dead  and  vacuum  loads,  clearances 
necessary  for  piping  and  air-ducts,  maximum  allowable  deflections,  anchor-bolt 
location,  if  bolts  are  to  be  used,  and  other  information  of  a  general  nature. 
The  instruction  book  for  the  type  of  unit  under  consideration  will  also  be  found 
to  contain  many  valuable  suggestions.  Prints  of  the  footing  and  pedestal 
should  be  sent  to  the  manufacturers  as  soon  as  practicable  for  their  sugges- 
tions, so  that  their  final  comments  may  be  obtained  before  letting  the  con- 
tract for  the  work. 

If  a  surface  condenser  is  to  be  used,  a  trolley  beam  should  be  provided 
to  facilitate  the  removal  of  the  condenser  head.  If  the  generator  is  to  be 
bolted  down,  provision  should  be  made  for  removing  the  bolts  from  below  in 
order  to  avoid  raising  the  unit  for  dismantling.  To  avoid  the  transmission 
of  vibrations,  it  is  generally  considered  advisable  to  isolate  the  pedestal  and 
footing  from  the  remainder  of  the  power  plant. 

Curves  are  shown  in  Fig.  2  giving  the  estimated  costs  per  kilowatt  of  ped- 
estals (excluding  the  sub-foundation  or  mat)  for  several  existing  installations, 
and  for  certain  typical  designs  suggested  by  manufacturers  of  turbo-genera- 
tors. Present-day  prices  have  been  used,  and  percentage  charges,  such  as 
profit,  overhead,  bond,  and  liability  insurance,  are  included.  It  will  be  noted 
that,  except  for  the  smaller  sizes,  there  is  no  great  difference  in  cost  between 
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Fig.  5. — Steel  Skeleton  for  Pedestal  for  30  000-Kw.  Turbo-Generator. 


Fig.  6. — Completed  Pedestal  for  30  000-Kw.  Turbo-Generator. 


I 


I 


STRUCTURAL    SUPPORTS    FOR    TURBO-GENERATORS  335 

the  concrete  pedestal  and  the  steel  pedestal.  For  ordinary  designs,  the  cost 
of  the  pedestal  should  not  exceed  about  5%  that  of  the  turbo-generator,  and, 
in  general,  any  saving  of  one  particular  type  of  pedestal  over  another  will 
not  be  more  than  about  1%  of  the  cost  of  the  unit  which  it  supports.  Con- 
sidering the  cost  of  the  turbo-generator,  and  the  important  part  in  its 
satisfactory  operation  that  its  supporting  pedestal  plays  as  to  freedom  from 
vibrations  and  accessibility,  it  is  believed  that  the  latter's  adaptability  to  the 
operation  of  the  unit  should  be  the  only  consideration  in  deciding  which  type 
of  pedestal  to  adopt.  Each  type  has  its  field.  For  the  smaller  units,  it  is 
believed  that  more  concrete  pedestals  are  in  use,  whereas,  the  reverse  is  prob- 
ably true  of  the  larger  units.  The  composite  type,  combining  the  advantages 
of  both  concrete  and  structural  steel,  is  coming  to  be  more  and  more  favored 
for  all  sizes  of  turbo-generator  units. 
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W.  E.  Belcher,*  M.  Am.  Soc.  C.  E. — The  development  of  the  large  steam 
turbine  generator  unit  marks  a  rapid  advance  in  the  science  of  Mechanical 
Engineering,  which  has  made  necessary  the  special  structure  discussed  by  the 
author.  It  is  to-day  an  appropriate  topic  for  consideration,  although  ten  years 
ago  it  was  in  its  infancy,  and  ten  years  hence  may  have  lost  all  practical 
interest. 

At  the  World's  Fair  in  1904,  one's  attention  was  attracted  by  a  loud 
shrieking  noise  which  came  from  a  steam  turbine  forming  part  of  the  exhibit 
of  the  Westinghouse  Company.  This  exhibit  was  perhaps  the  introduction  of 
the  steam  turbine  to  American  engineers.  Eor  a  number  of  years  there- 
after, the  adoption  of  the  turbine  was  very  slow,  the  usual  form  being  the 
vertical  unit  with  capacities  of  2  000  to  5  000  kw.  These*  units  were  mounted 
on  circular  or  octagonal  concrete  piers  that  were  hollow  in  the  center  for 
access  to  the  step  bearings.  This  form  was  virtually  confined  to  the  impulse 
type  of  blades,  and  did  not  lend  itself  to  expansion  in  the  capacity  of  the  unit. 

About  1914,  the  manufacture  of  the  vertical  turbo-generators  was  dis- 
continued, and  during  the  last  ten  years,  the  horizontal  type  has  rapidly  been 
replacing  all  other  forms  of  electric  power  generators  in  central  station 
practice. 

It  is  to  be  regretted  that  the  author's  paper  did  not  show  a  greater  range 
of  actual  design  data  applicable  to  units  larger  than  15  000  kw.,  and,  in  order 
to  be  of  the  greatest  usefulness,  the  discussion  of  the  paper  should  present 
examples  of  current  practice  with  large  units. 

In  the  speaker's  experience,  single  units  with  capacities  as  large  as  35  000 
kw.  have  been  mounted  on  frames  of  the  type  described  in  the  paper. 
A  unit  of  60  000  kw.  has  been  installed  at  Cheswick,  Pa.,  in  which  case, 
however,  there  were  three  separate  turbines,  one  high  pressure  and  two  low 
pressure,  each  with  a  separate  support.  In  designing  these  supports,  it  is 
the  speaker's  practice  to  use  the  following  maximum  unit  stresses  in  struc- 
tural steel  members : 

Compression   on  columns 8  000  —  45  —  lb.  per  sq.  in. 

Bending  on  extreme  fiber  of  net 

section    8  000  lb.  "      "     " 

Rivet     values,      shop-driven,     in 

shear 6  000  lb.  "      "     " 

Rivet  values,  shop-driven,  in  bear- 
ing         12  000  lb.  "      "     " 

Field  driven  rivets four-fifths  of  the  values  given 

Good  judgment  is  more  important,  however,  than  fixed  unit  stresses,  and 
the  quantity  of  steel  and  concrete  used  should  be  as  great  as  is  reasonably 

*  structural  Engr.,  Dwight  P.  Robinson  &  Co.,  New  York  City. 
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justified  rather  than  as  small  as  possible.  In  erecting  the  machine,  the  top 
of  the  rough  concrete  slab  and  the  steel  frame  are  left  about  IJ  in.  below 
the  base  casting,  which  is  grouted  in  solid  after  all  work  has  been  aligned  and 
leveled.  Although  the  entire  weight  of  the  machine  is  in  place,  and  carried 
on  shims  above  the  rough  concrete  slab,  the  framework  of  the  support  will 
take  whatever  deflection  the  load  may  cause.  With  this  form  of  construction, 
therefore,  the  entire  deflection  is  taken  care  of  by  the  grouting,  so  that  the 
speaker  does  not  consider  deflection  to  be  the  criterion. 

The  speaker  believes  that  provision  should  be  made  for  the  full  weight 
of  the  condenser  where  the  connection  between  condenser  and  exhaust  nozzle 
is  bolted  solidly,  even  if  springs  are  placed  under  the  condenser. 

Co-operation  between  the  mechanical  and  structural  engineers  is  essential 
in  the  early  stages  of  the  design,  and  a  slight  change  in  the  mechanical  layout 
of  the  auxiliary  equipment  may  permit  the  placing  of  a  diagonal  or  the 
deepening  of  a  girder,  thus  improving  considerably  the  structural  design. 

The  cramped  quarters  for  equipment  beneath  the  unit,  including  the  con- 
denser, pumps  and  piping,  generator,  air  inlet  and  discharge,  electrical  con- 
nections, etc.,  make  a  design  of  reinforced  concrete  especially  difficult.  If 
the  severe  limitation  of  space  as  it  develops  makes  one  of  the  members  out 
of  proportion  to  the  remainder,  it  is  likely  to  cause  trouble.  As  a  result  of 
these  limitations,  steel  supports  are  generally  more  satisfactory.  The  plat- 
form floor  is  usually  of  concrete  and  the  supporting  girders  are  filled  with 
concrete,  both  for  structural  bracing  and  for  the  mass  resistance  to  vibration. 
This  is  well  shown  in  Fig.  Y,  the  spaces  between  the  double  girder  webs  and 
between  the  stringers  and  girders  being  filled  with  concrete,  in  addition  to  the 
concrete  platform  slab. 

Every  effort  should  be  made  to  have  the  main  longitudinal  girders  con- 
tinuous for  the  full  length  of  the  support.  The  longitudinal  bracing  is 
usually  placed  under  the  electrical  end  of  the  machine,  but  transverse  brac- 
ing must  be  used  at  each  transverse  bent.  This  bracing  should  be  in  the  form 
of  diagonals  and  struts,  as  far  as  possible,  rather  than  in  the  form  of  brackets 
and  column  flexure.  The  entire  structure  should  be  separated  from  the  sur- 
rounding floors,  and  platforms  or  walkways  supported  by  slender  hangers  or 
light  cantilever  brackets  should  be  avoided  on  account  of  vibration. 

It  is  the  speaker's  practice  to  assume,  for  the  design  of  the  bracing,  a  hori- 
zontal load  in  any  direction  acting  at  the  level  of  the  main  platform,  equal 
in  amount  to  one-fourth  the  total  weight  of  the  turbo-generator.  Such  a  design 
based  on  the  low  stresses  mentioned  will  give  a  substantial  system  of  bracing 
in  each  direction. 

Fig.  8  shows  the  foundation  for  a  20  000-kw.  unit  under  construction. 
The  larger  opening  shown  on  the  top  slab  is  for  the  steam  exhaust  nozzle,  and 
the  narrower  oi>ening  is  for  the  inlet  and  outlet  generator  air-ducts.  At 
the  right-hand  end  of  the  plate  girders,  a  rectangular  hole  in  the  web-plate, 
permits  the  main  generator  cables  to  enter  the  space  under  the  generator. 
The  outline  of  the  condenser  shell  is  visible  in  the  lower  foreground,  and  the 
platform  for  the  air  washer  and  intake  appears  at  the  right.     Fig.  9  shows 
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Fig.  8.— Foundation   for   20  000-Kw.    Turbine,   for   New    Orleans    Railway 
AND  Light  Company,  New  Orleans,  La. 


Fig.   9. — View    of    20  000-Kw.    Turbine    in    Operation,    in    Market    Street 
Station  of  New  Orleans   Railway  and   Light  Company. 
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the  general  view,  with  the  machine  in  operation,  in  the  Market  Street  Station, 
of  the  New  Orleans  Railway  and  Light  Company,  New  Orleans,  La. 

Even  if  a  structurally  perfect  design  has  been  secured,  experience  has 
shown  that  local  conditions  may  cause  trouble.  There  are  cases  recorded  in 
which  one  column  stood  in  direct  sunlight  while  others  were  in  shadow,  tlms 
causing  a  distortion  of  the  frame  and  the  destruction  of  the  generator.  In 
another  case,  distortion  was  caused  by  a  cold  draft  at  one  end  of  the  frame 
and  considerable  expense  was  entailed  until  the  cause  of  the  trouble  was 
found.  It  is  essential,  therefore,  to  keep  the  frame  at  a  fairly  uniform  tem- 
perature, and,  with  this  in  view,  the  steel  members  are  sometimes  encased 
in  concrete,  as  noted  by  the  author. 

Austin  H.  Eeeves,*  Assoc.  M.  Am.  Soc.  C.  E.— The  main*  difference  of 
opinion  between  Mr.  Cameron  and  the  speaker  is  in  regard  to  the  use  of 
the  "footing"  or  "mat".     The  speaker  believes: 

(a)  That  "separate  footings"  should  never  be  "used  for  the  individual 
columns" ; 

(&)  That  it  is  always  advisable  to  provide  steel  reinforcement  in  the 
footing ; 

(c)  That  steel  columns  should  always  be  suitably  riveted  to  a  proper  grill- 
age in  the  mat  or  be  of  proper  form  at  the  base  to  make  full  use  of  the  con- 
crete mat.     (Anchor-bolts  in  the  ordinary  sense  of  the  word  are  not  sufficient.) 

On  page  331,  the  author  states  that  "a  better  design,  however,  is  furnished 
by  making  the  floor  in  the  form  of  a  thick  reinforced  concrete  slab.  This 
not  only  produces  a  vibration-absorbing  mat  at  the  most  efficient  location,  but 
also  provides  a  good  insurance  against  horizontal  disturbance  of  the  align- 
ment of  the  unit."  While  recognizing  the  value  of  this  "vibration-absorbing 
mat",  why  not  also  consider  the  full,  proper  use  of  the  lower  "mat".  It  may 
also  be  utilized  as  a  "vibration-absorbing  mat",  or,  perhaps  more  accurately, 
it  might  be  termed  a  "vibration-lessening  mat"  when  properly  designed.  None 
of  the  diagrams,  tables,  or  curves  in  the  paper  indicates  that  consideration 
extended  below  the  top  of  the  "mat".  In  speaking  of  the  pedestals  on  page 
326,  the  author  states,  "*  *  *  it  is  believed  that  all  turbo-generator  manu- 
facturers concur  in  the  desire  that  they  be  made  very  rigid."  The  speaker's 
plea  for  the  full  scientific  use  of  the  "mat"  is  made  because  such  use  will  give 
the  most  rigid  pedestal.  By  proper  design  of  the  "mat",  the  axes  of  the  col- 
umns can  be  kept  vertical  just  above  the  mat,  which  is  equivalent  to  reducing 
H  and  L  in  Fig.  3,  and  with  the  same  pedestal  and  supported  weight,  the 
frame  will  have  a  shorter  natural  period  of  vibration,  which  is  a  desirable 
result.  This  helps  in  a  manner  similar  to  that  of  lowering  of  the  center  of 
gravity  "by  hanging  the  condenser  from  the  top  of  the  pedestal".  The  author 
has  stated  that  "the  more  rigid  a  pedestal  is  made,  the  shorter  its  natural 
period  will  be,  and  its  members  should  be  arranged  so  as  to  secure  this  end." 
The  speaker  claims  the  "mat"  is  a  very  important  "member"  of  the  most 
scientifically  designed  foundation  for  the  support  of  a  turbo-generator. 

*  Newark,  N.  J. 
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F.  A.  Ericson,*  M.  Am.  Soc.  C.  E.— During  the  speaker's  connection  with 
the  New  York  Edison  Company,  and  for  the  last  few  years  with  Thomas  E. 
Murray,  Incorporated,  a  variety  of  turbine  foundations  have  been  designed, 
the  capacity  of  the  machines  ranging  from  7  500  to  50  000  kw.,  in  all, 
558  000  kw. 

The  steel  design  has  been  adopted  for  the  following  reasons: 

1. — It  allows  more  room  for  piping  and  auxiliaries  and,  therefore,  enables 
a  greater  capacity  of  a  given  space  or  building  to  be  obtained,  thereby  reduc- 
ing the  cost  per  kilowatt. 

2. — It  is  believed  that  a  better,  more  serviceable,  and  more  durable  foun- 
dation can  be  built  of  steel  than  of  either  plain  or  reinforced  concrete. 

3. — In  sofhe  cases,  the  space  is  so  limited  as  to  exclude  all  possibility  of 
using  any  other  type. 

The  design  adopted  by  the  speaker's  Company  consists  of  two  main  longi- 
tudinal girders,  connected  by  a  system  of  deep  and  stiff  cross-girders  and 
auxiliary  longitudinal  girders  where  they  were  necessary,  in  order  to  provide 
sufficient  support  for  the  bed-plate  of  the  turbo-generator.  The  columns  are 
placed  directly  under  these  longitudinal  girders,  with  bracing  inserted 
wherever  practicable  both  longitudinally  and  cross-wise.  All  the  girders  are 
provided  with  full-depth,  heavy  angle  connections  to  each  other,  and  all  con- 
nections to  columns  and  bracing  are  stiff  and  substantial.  Wherever  the 
girders  are  in  clusters,  they  are  held  together  with  bolts  and  gas-pipe  sepa- 
rators, and  the  space  between  them  is  filled  with  concrete.  This  increases 
the  lateral  stiffness  of  the  foundation  to  a  great  degree  and  also  adds 
considerable  weight,  each  of  which  tends  to  reduce  vibrations.  In  designing 
the  girders,  a  very  low  fiber  stress  of  5  000  to  6  000  lb.  per  sq.  in.  is  used 
in  order  to  minimize  vibrations,  and  the  allowable  shear  is  reduced  in  propor- 
tion. Although  this  low  fiber  stress  is  used,  nevertheless  it  is  found  neces- 
sary to  increase  the  material  in  most  of  the  girders,  especially  on  the  larger 
units,  otherwise,  the  deflections  would  become  excessive.  A  force  propor- 
tional to  the  turbine  load  is  assumed  as  acting  in  horizontal  directions  and 
is  vised  in  designing  columns  and  bracing,  but  the  bracing  is  always  made 
extra  heavy  and  direct  acting  wherever  possible.  All  the  details  are  designed 
with  the  idea  of  making  a  monolithic  and  continuous  structure. 

In  order  to  avoid  the  possibility  of  unequal  settlement  of  columns,  the 
turbine  foundation  is  set  on  a  thick  mat  of  continuous  reinforced  concrete, 
which  is  usually  a  part  of  the  foundation  for  the  operating  room. 

James  H.  Eichardson,!  Assoc.  M.  Am.  Soc.  C.  E. — The  speaker  has  had 
more  or  less  to  do  with  the  designing  of  turbo-generator  supports  and  wishes 
to  present  a  friendly  plea  for  the  structural  man  as  against  the  machine 
designer.  The  latter  usually  precedes  the  structural  designer  in  planning 
power-plant  units,  arranging  the  condensers,  ducts,  and  ramifications  of  pipes, 
large  and  small,  often  with  too  little  regard  for  the  structural  parts  of  the  unit. 

*  structural  Engr.,  Thomas  E.   Murray,   Inc.,  New  York  City. 
t  New  York  City. 
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If  the  designer  of  the  supports  could  rely  on  the  strength  of  curved  columns 
and  sinuous  girders,  all  might  be  well.  As  this  is  not  the  case,  "let  the 
mechanical  designer  allow  plenty  of  space  for  the  most  favorable  arrangement 
of  the  structural  members  necessai-y  for  rigidly  supporting  the  turbo-generator 
unit." 

F.  M.  Beer,*  Assoc.  M.  Am,  Soo.  C.  E. — Although  not  thoroughly  con- 
versant with  turbo-generator  practice,  this  paper  brings  to  mind  two  installa- 
tions, one  of  which  is  of  1  500-kv-a.  and  the  other  of  3  000-kv-a.  rating,  that 
are  in  use  in  an  electric  light  and  power  plant  in  JSTew  York  City.  The  sup- 
ports of  these  units  seem  quite  well  to  overcome  the  objectional  vibrations  set 
up  while  the  machines  are  operating. 

Two  concrete  walls  of  uniform  thickness,  parallel  to  the  axes  of  the  units, 
support  transverse  steel  beams  that  carry  the  units.  This  arrangement  appears 
best  to  meet  the  requirements  of  this  class  of  equipment,  as  it  provides  the 
mass  necessary  to  absorb  vibration,  where  it  is  most  effective  and  may  be 
adapted  to  any  size  of  unit.  Access  through  these  walls  may  be  made 
wherever  convenient  and  rigidity  maintained  even  if  the  walls  are  chased  or 
pierced  to  accommodate  auxiliaries  or  piping. 

George  A.  Orrok,*  M.  Am.  Soc.  C.  E. — Since  1905,  the  speaker  has  been 
interested  in  the  design  of  about  forty  steel  foundations  of  various  sizes.  Most 
of  the  foundations  built  by  the  speaker's  Company  are  of  the  table-top  type. 
Two  other  types  that  are  used,  might  be  called  the  trestle  type,  in  which  the 
girders  are  athwartships  of  the  turbine,  and  the  girder  type,  in  which  two 
longitudinal  girders  not  tied  together  rigidly,  are  used.  In  the  last  two  types, 
the  legs  are  Jaolted  down,  or  an  attempt  is  made  to  anchor  them  at  the  foot, 
which,  in  the  table-top  type,  is  not  so  necessary. 

The  total  weight  of  turbine  foundations  should  usually  be  adjusted  to  the 
weight  of  the  turbine  and  condenser.  Sufficient  weight  is  added  by  concrete 
which  is  placed  between  the  girders. 

In  the  design  of  the  table-top  type,  the  deflection  is  kept  less  than  about 
0.006  in.  Sometimes,  a  deflection  of  as  much  as  0.0013  in.  in  the  frame  of  the 
machine  will  not  cause  serious  trouble  in  its  operation.  Recently,  a  machine 
of  25  000  kw.  capacity  was  placed  about  1  in.  above  the  steel  cross-girder,  at  the 
middle  bearing.  Through  some  misadventure,  the  grouting  worked  loose,  or 
disintegrated,  and  the  steel  wedges  used  had  backed  out  a  little,  allowing  the 
middle  bearing  of  the  turbine  to  drop  about  0.0013  in.  The  turbine  ran  for  a 
month  or  more  in  this  condition  until  it  could  be  dismantled  and  wedges  again 
driven. 

Whether  the  shaft  must  be  level  has  also  been  a  question.  The  speaker  has 
noted  cases  where  one  end  of  the  shaft  was  as  much  as  1  in.  lower  than  the 
other.  In  these  cases,  a  thrust-bearing  was  used,  and  the  turbine  worked 
satisfactorily. 

There  are  four  methods  of  supporting  a  condenser.  Formerly,  a  concrete 
pedestal  was  used,  an  expansion  joint  being  placed  between  the  condenser  and 

*  Cons.  Engr.,  New  York  City. 
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the  turbine.  The  concrete  walls  made  repairs  under  the  condenser  difficult. 
About  1911,  however,  the  practice  was  begun  of  hangipg  the  condenser  from 
the  main  girders,  supporting  the  turbine  on  top  of  such  girders,  omitting  the 
large  expansion  joint,  and  using  expansion  joints  on  the  small  water  and  air 
pipes.  This  made  a  good  arrangement  which  is  being  used  to  a  great  extent 
at  present. 

In  another  case,  spring  beams  were  used  between  the  columns  supporting  the 
foundation.  The  beams  were  designed  so  that  they  would  spring  sufficiently  to 
allow  the  condenser  to  take  its  proper  place.  This  construction  has  been  used 
for  nine  years,  without  any  trouble.  The  spring  support  was  introduced  about 
the  same  time  and  has  been  successful. 

The  Westinghouse  Company  is  bringing  out  a  new  type  of  steel  foundation. 
This  foundation  is  in  two  parts,  which  allows  the  condenser  to  be  placed  at 
right  angles  to  the  turbine,  with  the  square,  or  oblong,  foundation  supporting 
the  generator  on  one  side,  and  the  turbine  on  the  other  side,  of  the  condenser. 
In  this  case,  the  condenser  shell  is  made  a  part  of  the  exhaust  nozzle  of  the 
turbine  itself,  no  large  expansion  joints  are  required,  but  smaller  expansion 
joints  are  placed  on  the  small  pipe  as  before. 

R.  VON  Fabrice,*  Esq. — The  author  has  entered  a  field  of  Civil  Engineer- 
ing most  intimately  connected  with  the  Mechanical  and  Electrical  Professions. 
As  a  matter  of  fact,  the  subject  treats  of  the  execution  'of  the  design  of 
a  structure,  and  may  mean  either  success  or  failure  in  the  proper  functioning 
of  the  prime  mover  of  the  modern  power  station.  Therefore,  it  is  recom- 
mended that  the  American  Society  of  Civil  Engineers  should  try  to  formulate 
specific  recommendations  covering  the  various  phases  of  the  design  of  struc- 
tural supports  for  turbo-generators,  which  could  be  used  as  a  basis *in  executing 
the  designs  of  these  important  structures. 

Structural  steel  supports,  as  foundations  for  prime  movers,  are  of  com- 
paratively recent  origin,  the  earlier  installations  having  caused  considerable 
difficulty,  chiefly  due  to  lack  of  knowledge  pertaining  to  the  specific  char- 
acteristics of  the  equipment  to  be  supported.  This  lack  of  proper  information 
was  not  confined  solely  to  the  civil  engineer,  but  was  shared  equally  by  mechan- 
ical and  electrical  engineers.  It  is  not  an  infrequent  occurrence,  at  present, 
for  builders  to  be  inconsistent  in  their  instructions  and  data  concerning  the 
deflection  allowable,  the  distribution  of  loading,  and  the  rigidity  of  the  com- 
ponent parts  of  the  equipment. 

Most  of  the  manufacturers  do  not  depend  on  the  base-plates  of  their 
equipment  for  equal  distribution  of  loading,  and,  consequently,  the  base-plate 
serves  only  for  centering  the  component  parts  of  the  unit.  This,  however,  is 
only  true  for  those  turbo-generators  which  have  a  continuous  base-plate. 
Some  of  the  builders  of  larger  turbo-generators  do  not  even  provide  con- 
tinuous base-plates  for  their  units,  and  thus  depend  solely  on  the  foundations 
or  supports  to  hold  the  various  parts  in  alignment,  supplying  an  additional 
difficulty  to  be  overcome  by  the  civil  engineer,  and,  incidentally,  also  greatly 
increasing  the  cost  of  the  structural  supports. 

*  Designing  Engr.,  Public  Service  Production  Co.,  Newark,  N.   J. 
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The  cost  of  structural  supports  for  turbo-generators  having  well-designed, 
continuous,  rigid  and  adequate  bases,  is  approximately  25%  less  than  the  cost 
for  the  other  and  more  commercial  types. 

The  main  difficulties  encountered  in  the  design  of  the  structural  supports 
are  the  space  limitations  on  account  of  auxiliary  equipment,  the  limitations 
of  allowable  deflection  in  the  structure,  and  inadequate  provisions  for  the 
supporting  or  bearing  surfaces  on  parts  of  the  turbo-generators  themselves. 

The  three  types  of  pedestals  mentioned  by  Mr.  Cameron,  namely,  rein- 
forced concrete,  structural  steel,  and  the  combination  structural  steel  and  con- 
crete, or  composite  type,  are  not  adaptable  to  all  kinds  of  installations,  and 
the  proper  selection  of  the  type  to  be  used  for  any  specific  case  is  dependent 
on  the  auxiliary  equipment,  type  of  unit,  space  conditions,  and  arrangement 
of  equipment. 

The  structural  steel  type  has  the  greatest  advantages,  as  it  provides  the 
most  accessible  arrangement  for  the  auxiliaries  and  piping,  and,  further, 
possesses  the  greatest  positive  mathematical  determination  of  design. 

The  composite  type  consists  of  a  structural  steel  pedestal  entirely  encased 
with  heavy  concrete.  The  main  practical  advantage  is  that  the  encasement 
of  concrete  provides  volume  or  mass,  and  incidentally  a  protection  to  the 
structural  steel  against  temperature  changes  and  consequent  distortions  of 
the  structural  frame.  This  last  item,  however,  can  also  be  obtained  by  a 
2  or  3-in.  thickness  of  concrete  over  the  structural  steel  members,  and  this 
protection  is  of  greatest  value  for  the  columns.  The  structural  value  of  the 
heavy  concrete  encasement  is  uncertain,  and  it  is  advisable  to  ignore  the 
value  of  the  concrete  in  the  calculations  for  strength  and  rigidity.  There- 
fore, it  would  seem  advisable  to  encase  the  steel  only  against  temperature 
distortion,  and  design  the  steelwork  as  a  purely  structural  support,  of 
adequate  strength  for  deflection  and  vibration. 

Sudden  and  local  temperature  changes  in  the  turbine  room  basement 
will  distort  the  structural  type  of  pedestal  sufficiently  to  cause  serious  dis- 
turbance in  the  turbo-generator  itself.  Therefore,  some  engineers  believe  it 
advisable  to  protect  the  columns  against  such  temperature  changes.  In  any 
event,  such  protection  can  be  obtained  at  a  comparatively  small  additional  cost. 

The  reinforced  concrete  pedestal  is  becoming  less  popular  in  modern  instal- 
lations, and  is  unsuitable  for  a  isompact  and  accessible  arrangement  of 
auxiliaries.  Furthermore,  it  is  impossible,  in  most  instances,  to  obtain  the 
structural  strength  in  cross-girders,  as  required  by  the  limitations  of  deflections 
imposed  by  the  manufacturers  and,  also,  by  the  inadequate  bearing  surfaces 
provided  on  the  equipment  itself  at  the  points  of  most  critical  concentration 
of  loading.  However,  this  is  not  the  case  for  units  when  continuous,  heavy 
and  properly  designed  base-plates  are  provided  by  the  manufacturers. 

Vibration  in  the  pedestal  can  be  reduced  to  the  minimum  in  any  type  of 
pedestal,  and  is  dependent  on  the  proper  methods  of  bracing,  design  of  con- 
nections, proper  detailing  of  connections,  and  primarily  on  the  proper  balanc- 
ing and  adjusting  of  the  unit  itself. 

To  provide  properly  against  vibration  in  pedestals  of  the  structural  type, 
it  is   imperative  that  bracing   in   all   directions  be   supplied,   and   that   the 
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columns  be  secured  to  the  grillages  and  girders  with  heavy  brackets  and 
knee-braces. 

It  is  advisable  to  cross-tie  the  grillages  so  as  to  have  at  least  one  beam  of 
the  grillage  continuous  under  the  entire  set  of  supporting  columns  in  both 
directions,  and  to  provide  heavy  brackets  riveted  to  the  column  and  grillage. 
This  will  stiffen  the  entire  structure  and  guard  against  looseness  in  the  con- 
nections between  the  columns  and  grillage.  Further,  all  tiers  of  the  grillage 
should  be  riveted  together,  and  the  column  base  should  be  bolted  or  riveted 
securely  to  the  grillage. 

All  tension  and  compression  members  should  be  fabricated  to  provide 
initial  tension  or  compression,  and  in  practice  it  has  been  found  advisable 
to  fabricate  tension  members  ^  in.  short  in  10  ft.  and  compression  mem- 
bers tV  in.  long  in  10  ft.  This  will  eliminate  all  possibility  of  slackness 
in  the  joints.  It  is  also  advisable  to  increase  connections  for  all  abutting 
members  by  at  least  50%  of  the  theoretical  connection  value,  in  order  to 
provide  rigidity  at  the  joint  itself  and  eliminate  loosening  of  connections  later. 
This  further  tends  to  throw  the  oscillations  or  vibrations  into  the  members 
themselves,  rather  than  into  the  joints  or  connections. 

All  girders  composing  the  platform  of  the  pedestal  supporting  the  turbo- 
generator should  be  designed  for  deflection  only,  and  the  summation  of  all 
deflections  of  all  abutting  or  connecting  girders  should  result  in  a  uniform 
deflection  under  all  pedestals  or  bearings  of  the  turbo-generator  along  its 
longitudinal  center  line. 

The  top  of  the  steelwork,  for  a  structural  support,  should  be  arranged 
so  that  at  least  4  in.  of  concrete  and  grout  are  possible  between  the  base  of 
the  turbo-generator  and  the  steelwork  to  insure  against  pulverization  of  the 
grout  after  a  period  of  operation. 

The  space  between  the  girders  of  the  platform  should  be  filled  with  con- 
crete in  order  to  provide  a  massive  mat  to  absorb  the  pounding  of  the  unit 
and  add  to  the  rigidity  of  the  joints.  All  parallel  supporting  girders  under 
any  supports  of  the  turbo-generator  should  be  tied  together  by  heavy  plate 
and  angle  diaphragms.  Pipe  and  rod  or  standard  cast-iron  separators  are 
not  reliable  for  this  purpose. 

Adequate  provisions  should  be  made  for  foundation  bolts  holding  the 
turbo-generator  to  the  pedestal,  and  in  cases  where  supporting  girders  come 
in  line  with  holding-down  bolts,  a  specially  shaped  billet,  tapped  for  the 
holding-down  bolt,  is  to  be  securely  riveted  to  the  top  of  the  girder. 

In  the  design  of  structural  steel  pedestals  it  is  not  safe  to  base  the  design 
on  any  fixed  unit  fiber  stress  as  a  limiting  feature  governing  the  size  of  the 
girders.  Each  girder  should  be  designed  purely  for  the  proper  required 
deflection  for  the  load  to  be  supported.  The  designer  must  make  proper 
allowances  for  impact  and  distribution  of  loadings  or  weight  of  the  unit  on 
the  various  girders  of  the  platform. 

For  the  design  of  girders,  three  times  the  actual  net  weight  of  the  unit 
has  been  found  to  be  ample  to  provide  for  impact  and  dead  weight  of  the 
structure  itself.  For  the  design  of  columns  and  grillages,  three  times  the 
actual  weight  of  the  unit,  together  with  the  weight  of  the  platform,  should 
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be  used.  Grillages  spanning  a  canal,  or  not  being  supported  uniformly,  should 
also  be  designed  for  deflection,  and  this  deflection  should  be  considered  in 
the  design  of  the  platform  and  entire  structure. 

Continuous  girders  parallel  with  the  longitudinal  axis  of  the  turbo-gen- 
erator should  be  designed  as  such,  and  all  positive  and  negative  moments 
should  be  considered.  Ample  stiffness  should  be  provided  at  all  cross-con- 
nections and  over  columns.  Turbo-generators  which  have  a  substantial,  well 
designed,  and  self-supporting  base-plate  do  not  require'  continuous  side  girders, 
and,  consequently,  a  less  expensive  pedestal  can  be  surely  designed,  which 
can  also  consist  of  two  separate  structures,  if  so  desired,  supporting  separate 
parts  of  the  unit. 

The  entire  structure  should  be  supported  on  a  continuous  heavy  concrete 
mat  of  adequate  thickness  to  guard  against  shear  and  to  avoid  local  settle- 
ment under  any  individual  column.  Steel  reinforcement  is  required  when 
the  volume  of  concrete  available  is  of  limited  thickness. 

When  setting  the  turbo-generator  on  the  pedestal,  it  should  be  wedged 
securely  to  the  proper  alignment  with  steel  wedges.  The  unit  should  then 
be  grouted  in  place  with  a  rich  cement  grout  which  should  be  poured  so  as 
to  fill  practically  the  entire  hollow  part  of  the  base-plate,  as  this  will  pro- 
vide for  shrinkage  as  the  grout  dries  and  hardens  under  the  unit.  The  steel 
wedges  should  not  be  removed,  but  cut  off,  when  they  extend  into  openings 
required  for  air  ducts,  piping,  or  other  auxiliary  parts. 

When  installations  are  made,  care  should  be  taken  to  avoid  any  rigid 
connections  between  the  structural  support  of  adjacent  units,  building  wall, 
and  building  steelwork.  This  is  primarily  important  in  the  direction  at 
right  angles  with  the  longitudinal  axis  of  the  unit.  All  galleries  around 
the  turbo-generator,  and  secured  to  the  pedestal  structure,  should  have  all 
grating  and  cover-plates  (if  any  are  used)  bolted  securely  to  the  steelwork,  in 
order  to  avoid  unnecessary  disturbances.  If  concrete  floor-slabs  are  supported 
on  these  galleries,  they  should  be  haunched  on  the  lower  flanges  of  the  sup- 
porting beams,  to  insure  against  loosening  from  the  supporting  steel  and 
consequent  disturbances. 

The  method  of  supporting  the  condensers  depends  largely  on  the  size 
of  the  unit  and  the  design  of  the  condenser  and  turbine. 

When  an  expansion  joint  of  adequate  design  is  used,  the  condenser  can 
be  supported  either  on  pedestals  from  the  basement  floor,  on  steelwork  con- 
necting to  the  columns  of  the  pedestal,  or  from  hangers  from  the  supporting 
platform  itself.  The  latter  method  is  not  to  be  recommended,  as  it  adds 
undue  loading  on  the  girders  supporting  the  turbo-generator,  and  conse- 
quently increases  greatly  the  cost  of  these  members,  on  account  of  the  small 
allowable  deflections  in  these  girders. 

For  large  installations,  the  method  of  supporting  the  condensers  on  prop- 
erly designed  and  adjustable  spring  supports  is  the  most  satisfactory,  espe- 
cially if  there  are  provisions  for  testing  the  actual  distribution  of  the  con- 
denser weight  by  suitable  hydraulic  jacking  devices.  With  this  arrangement, 
accurate  distribution  of  loading  due  to  the  condenser  is  i)ossible,  and 
the  proper  amount  of  dead  weight  required  by  the  builders  on  the  casing 
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of  the  turbine  due  to  the  condenser  is  insured.  Also,  blocking  devices  should 
be  provided  to  furnish  proper  means  for  supporting  the  condenser  when 
filled  with  water  for  testing  purposes,  in  order  to  guard  against  undue  strains 
on  the  turbine  casing  under  these  conditions. 

For  new  turbine-room  designs,  ample  head-room  should  be  allowed,  in 
order  to  provide  space  for  all  auxiliaries,  so  as  to  avoid  the  necessity  of  pro- 
viding pits  under  the  equipment  for  condensate  pumps  and  other  auxiliaries. 
The  following  figures  will  provide  sufficient  head-room  between  the  basement 
floor  and  top  of  the  turbine  foundation  for  the  various  units : 

For  units  from  30  000  kv-a.  to  45  000  kv-a.,  or  larger 35  ft. 

"         "          "      20  000       "  "  30  000     "  "        "     30    " 

"         "          "      12  000       "  "  20  000     "  "        "     25    " 

"         "          "        5  000       "  "  12  000     "  "        "     20    " 

D.  A.  Allee,*  M.  Am.  Soc.  C.  E.  (by  letter). — This  paper  enters  a  field 
for  speculation  and  discussion  not  to  be  lightly  dismissed.  Without  in  any 
way  discouraging  such  speculation,  the  writer  would  like  to  present  the  situa- 
tion as  it  is  found  to-day. 

Three  types  of  foundations  have  been  mentioned,  namely,  reinforced  con- 
crete, structural  steel,  and  a  combination  of  structural  steel  and  reinforced 
concrete,  designated  "composite".  When  designs  are  carefully  worked  out, 
giving  due  consideration  to  all  conditions,  it  is  believed  that  all  types  have 
their  fields,  and  that  any  type  may  fairly  be  expected  to  give  satisfaction ;  but 
therein  lies  the  trouble.  Which  designs  in  practice  turn  out  to  be  best  ?  Good 
foundations  rather  than  good  theory  are  sought. 

From  long  experience  in  this  field,  it  is  found  that  more  steel  structures 
are  insufficient  in  their  conceptions  and  details  than  is  the  case  with  concrete, 
as  applied  to  turbo-generator  foundations.  For  example,  there  is  a  tendency 
to  use  a  top  construction  which,  in  itself,  has  no  ability  to  maintain  alignment 
in  a  vertical  plane.  There  is  also  a  tendency  to  support  and  grout  machine 
bases  on  yielding  surfaces  that,  therefore,  allow  the  grout  to  break.  Aia 
example  of  this  is  a  girder  with  outstanding  flange  angles.  There  is,  likewise, 
a  tendency  to  use  bracing  and  stiffening  construction,  which  in  themselves  are 
quite  effective,  but  which  in  practice  cannot  be  consistently  carried  out,  for 
example,  heavy  brackets  connecting  girders  to  columns  giving  the  appearance 
of  great  stiffness.  If,  after  adopting  such  a  type  of  construction,  it  is  impos- 
sible to  use  such  brackets  on  one  side  of  the  foundation  because  the  girder 
cannot  be  placed  over  the  column,  or  if  it  becomes  necessary  to  move  a  cross- 
girder  to  a  position  not  directly  over  the  column,  as  is  the  case  with  prac- 
tically all  turbines  of  a  certain  design,  the  whole  principle  of  the  design  has 
been  violated. 

In  general,  it  will  be  found  that  steel  foundations  are  insufficient  of 
themselves  and  must  be  tied  to  the  floor  on  which  they  depend  for  support 
against  swaying  and  for  alignment  in  a  vertical  plane. 

The  composite  (framed  steel  and  concrete)  design  always  presents  difficult 
problems,  where  it  is  attempted  to  connect  steelwork  to  concrete  or  to  support 
steel  on  concrete.  This  is  particularly  true  with  large  machines  where  loads 
are  excessive.    If  steel  girders  are  framed  to  steel  columns  and  simply  covered 
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with  concrete,  protection  against  total  failure  of  the  structure  is  obtained,  but 
it  is  still  necessary  to  reinforce  the  concrete.  The  function  that  this  concrete 
cover  performs  is  problematical.  If  the  details  are  such  (they  seldom  are) 
that  dependence  may  be  placed  on  the  concrete,  then  the  steel  core  is  superflu- 
ous. In  general,  there  is  no  great  advantage  to  be  gained  in  this  construc- 
tion over  that  of  reinforced  concrete. 

Designs  of  reinforced  concrete  and  those  of  all  steel  should  be  compared  on 
a  common  basis.  For  example,  referring  to  Fig.  1,  it  is  quite  apparent  that 
the  steel  foundation  is  not  suitable  for  the  conditions  shown  in  the  concrete 
design.  It  is  further  apparent  that  the  concrete  design  may  be  made  much 
lighter  if  desired,  causing  the  weight  to  be  less  and  the  clearances  to  be 
greater,  but  at  a  sacrifice  of  simplicity,  and  yet  have  the  design  the  equivalent 
of  the  steel  foundation  with  which  it  is  being  compared. 

It  should  be  kept  in  mind  that  such  structures  are  designed  by  various 
grades  of  talent  and,  therefore,  a  design  which  would  prove  safe  and  effective, 
if  made  by  a  competent  and  careful  engineer,  might  and  probably  would  be 
unsatisfactory  if  developed  by  one  less  competent.  Of  the  multitude  of  designs 
which  the  writer's  Company  examines,  practically  none  is  above  criticism  in 
the  essentials  of  good  design.  It  is  found  that  poorly  conceived  designs  in 
steel  construction  are  so  common  that  the  engineers  of  the  Company  have  been 
very  reticent  about  encouraging  their  use. 

Edward  H.  Cameron,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — Two  points 
brought  out  by  the  discussion  of  this  paper  are  worthy  of  especial  emphasis. 
The  first  is  the  desirability  of  close  co-operation  between  electrical,  mechanical, 
and  civil  engineers  who  are  working  together  in  power-plant  design.  A  better 
foundation  can  be  secured  if  the  civil  engineer  on  his  part  clearly  understands 
the  functions  of  the  machine  and  its  component  auxiliaries.  The  mechanical 
and  electrical  engineers  on  their  part  must  recognize  the  absolute  necessity  of 
providing  space  for  the  more  important  bracing  elements  and  should  be  willing 
to  modify  their  layout  somewhat  to  make  possible  the  insertion  of  such 
members.  The  second  point  considered  worthy  of  emphasis  is  the  importance 
of  experience  and  good  judgment  on  the  part  of  the  designer  as  against  an 
attempt  to  adhere  strictly  to  fixed  unit  stresses. 

The  writer  believes  that  the  present  custom  of  fixing  a  limit  to  the  deflection 
of  members  in  bending  constitutes  a  very  desirable  criterion  of  the  rigidity  of 
the  pedestal.  It  has  been  stated  that  the  entire  deflection  is  taken  care  of 
by  the  grouting.  The  writer  cannot  agree  on  this  point.  Before  grouting,  the 
unit  is  brought  to  a  level  by  steel  wedges.  If  light  girders  are  used,  it  is 
apparent  that  the  relative  stiffness  of  the  girder  and  of  the  bed-plate  will 
determine  whether  the  driving  of  the  wedge  will  tend  to  raise  the  bed-plate,  or 
merely  drive  down  the  girder  and  allow  the  bed-plate  to  deflect  with  it.  Conse- 
quently, the  girders  should  be  made  sufficiently  stiff  that  any  load  which  they 
support,  other  than  their  own  weight,  will  not  cause  a  deflection  gi-eater  than 
the  limits  ordinarily  set. 

Mr.  Eeeves  is  a  little  more  positive  than  the  writer  regarding  the  unde- 
sirability  of  separate  footings  for  the  individual  columns.     The  writer  believes 
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with  Mr.  Reeves  that  the  continuous  mat  should  be  used  wherever  jKissible; 
however,  it  is  not  always  practical  to  secure  this  condition,  and  several  very 
good  designs  have  been  noted  in  which  the  columns  rest  on  individual  footings. 
Both  Mr.  Reeves  and  Mr.  von  Fabrice  have  emphasized  a  very  important  point 
relative  to  the  delivery  and  distribution  of  the  column  loads  and  moments  into 
the  mat.  Following  out  the  analysis  given  in  Fig.  4,  Moments  M^,  M^,  and  M^, 
should  be  cared  for  at  the  column  bases. 

Mr.  Beers  mentions  a  type  of  pedestal  consisting  of  two  longitudinal  con- 
crete walls  carrying  transverse  steel  beams  which,  in  turn,  support  the  turbo- 
generator. The  writer  has  noted  several  similar  installations  where  a  jet  con- 
denser was  used.  This  design  should  be  quite  simple  to  build  for  small  units 
as  the  deflections  would  be  limited  to  the  comparatively  short  transverse  beams. 

Several  of  the  discussors  have  raised  the  question  as  to  the  desirability 
of  placing  reliance  on  the  structural  strength  of  the  concrete  encasement  of 
a  steel  pedestal.  It  is  very  difficult  and  often  impractical  to  make  a  theoretical 
analysis  of  the  proportions  of  the  load  that  would  be  supported  by  the  steel 
member  and  the  concrete  encasement,  respectively.  The  writer  believes  that 
the  recommendation  of  Mr.  von  Fabrice  that  it  is  advisable  to  ignore  the 
structural  value  of  the  heavy  concrete  encasement,  is  justified  and  should  form 
a  part  of  any  conservative  specification  for  this  type  of  work.  The  concrete 
encasement  would  then  be  considered  only  for  additional  mass  and  tempera- 
ture insulation. 

Mr.  von  Fabrice  quotes  certain  standards  of  shop  fabrication  which  have 
been  found  advisable,  such  as  making  tension  members  ^  in.  short  in  10  ft. 
and  compression  members  is  in.  long  in  10  ft.  There  are  no  structures  made 
up  of  the  ordinary  rolled  steel  sections  in  which  especial  refinements  of  common 
bridge  shop  practice  are  more  justified. 

The  writer  is  in  hearty  accord  with  Mr.  Allee  in  that  "it  is  good  foun- 
dations *  *  *  that  are  sought".  A  substantial  completed  structure  is  the 
object  of  the  designer  in  all  civil  engineering  fields,  and  there  is  no  question 
but  that  good  theory  based  on  successful  practical  application  is  the  best. 

In  presenting  Fig.  1,  comparing  a  structural  steel  foundation  as  recom- 
mended by  one  manufacturer  with  a  reinforced  concrete  type  given  by  another 
builder,  the  writer  did  not  intend  to  imply  that  the  machines  would  be 
interchangeable  on  the  foundations,  or  that  they  were  precisely  equivalent. 
The  writer  believes,  however,  that  the  examples  selected  are  largely  comparable 
and  present  a  striking  illustration  of  the  distinct  advantage  of  the  struc- 
tural steel  pedestal  in  regard  to  space  as  contrasted  with  the  concrete  type. 

In  the  discussion  of  this  paper,  there  is  a  very  evident  preference  shown 
by  most  of  the  discussors  for  the  structural  steel  foundation,  perhaps  modi- 
fied by  the  application  of  a  concrete  encasement  and  slab.  If  the  manufac- 
turers are  finding  steel  designs  to  be  as  poorly  conceived  as  intimated  by 
Mr.  Allee,  it  is  high  time  that  steps  are  taken  to  correct  this  condition. 
The  writer  believes  that  consideration  should  be  given  to  the  suggestion  of 
Mr.  von  Fabrice  that  standards  for  the  design  of  structural  supports  for  turbo- 
generators be  formulated  by  the  Society. 
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ANALYSIS  OF  COST  OF  FREIGHT  SERVICE, 
GRAND  TRUNK  RAILWAY  COMPANY  OF  CANADA 

By  J.  P.  Newell,*  M.  Am.  Soo.  C.  E. 


With  Discussion  by  Messrs.  J.  G.  Sullivan  and  J.  P.  Newell. 


Synopsis 

A  part  of  the  evidence  presented  to  the  Board  of  Arbitration  appointed 
to  determine  the  price  to  be  paid  by  the  Canadian  Government  for  the  prefer- 
ence and  common  stock  of  the  Grand  Trunk  Railway  Company  was  a  study 
of  the  cost  of  freight  service.  For  many  years,  the  Grand  Trunk  Railway 
Company  has  sought  traffic  from  Chicago,  111.,  via  Montreal,  Ont.,  Canada,  to 
New  England  ports,  and  even  to  New  York  City,  in  competition  with  the 
shorter  American  lines.  This  business  is  necessarily  handled  at  high  speed 
and  low  rates  per  ton-mile.  The  immediate  purpose  of  the  investigation  was 
to  determine  whether  this  traffic  is  carried  at  a  loss,  but  the  methods  used  are 
here  presented  as  applicable  to  the  operations  of  any  railroad,  their  specific 
application  to  the  Grand  Trunk  Railway  being  used  only  for  the  purpose  of 
illustration. 

The  general  plan  is  one  of  analysis.  The  entire  cost  is  assigned  to  various 
operations  and,  therefore,  all  unforeseeable  happenings  and  accidents  for  the 
year  are  taken  into  account.  The  operations  are  divided  into  units,  and  the 
average  cost  of  each  is  determined.  In  applying  the  results  to  specific  cases, 
allowance  is  made  for  departures  from  average  conditions.  The  year  1913 
was  selected  as  the  latest  one  free  from  the  influences  of  the  World  War. 

Classification  of  Costs. — The  cost  of  railroad  transportation  is  composed 
of  two  principal  elements:  "Operating  Expenses"  and  "Interest",  including 
in  the  latter  all  charges  of  the  same  nature  as  interest.  The  Operating  Ex- 
penses are  divisible  into  Direct  Costs,  or  those  dependent  on  traffic,  and 
Indirect  Costs,  or  those  not  affected  by  traffic.  Each  class  is  also  divided 
between  the  cost  of  Freight  and  Passenger  Service.     The  cost  of  passenger 
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service  has  not  been  considered  by  the  writer,  except  as  was  necessary  in 

separating  it  from  that  of  freight  service. 

The  direct  cost  of  freight  service  is  divisible  into  two  classes: 

(1). — Terminal  cost,  or  the  expense  of  originating  and  delivering  traffic 

independent   of  the  distance  moved.     This  cost   has   two   subdivisions:    (a) 

Carload;  and  (h)  Less  than  Carload. 

(2). — Road  cost,  or  the  expense  of  moving  freight  between  the  points  of 

origination  and  delivery.     This  cost  is  divided  between:     (a)  Distance,  or  the 

costs  which  are  dependent  on  the  distance  moved;  and  (&)  Resistance,  or  the 

costs  which  are  dependent  on  the  resistance  overcome  on  account  of  friction 

and  gradients. 

Interest. — The  interest  charge  is  commonly  regarded  as  "fixed",  but,  in 
reality,  a  considerable  part  is  variable,  increasing  as  traffic  increases.  This 
part  is  segregated  and  classified  under  the  same  heads  as  operating  expenses. 

Units  of  Service. — The  next  step  is  to  determine  the  number  of  unit 
operations  performed  during  the  year,  under  each  of  the  classes  into  which  the 
costs  have  been  divided. 

The  unit  of  Terminal  Carload  operations  is  a  single  terminal  handling  of 
a  car,  either  of  origination  or  delivery.  The  unit  of  Less  than  Carload 
operations  is  one  terminal  handling  of  a  net  ton. 

The  units  of  operation  in  the  Distance  factor  are  the  train-mile,  the  car- 
mile,  and  the  gross  ton-mile. 

The  unit  of  Resistance  is  the  resistance  equivalent  to  that  of  lifting  1  ton 
1  ft.,  or  of  1  ft-ton. 

In  calculating  the  cost  of  any  specific  freight  movement,  the  carload  is 
taken  as  the  unit.  The  service  units  connected  with  the  movement  are  calcu- 
lated, and  the  respective  costs  applied  to  obtain  the  total,  which  is  then  divided 
by  the  number  of  tons  in  the  car,  to  ascertain  the  cost  per  ton,  or  ton-mile. 
The  indirect  cost  must  be  borne  by  the  existing  traffic,  whether  it  is  large  or 
small,  and  may  be  apportioned  according  to  any  desired  unit  of  traffic. 

Conclusions. — In  1913,  85%  of  the  operating  expenses  and  30%  of  the 
interest  was  due  to  traffic.    Passenger  service  was  more  profitable  than  freight. 

Excluding  less  than  carload  freight,  28%  of  the  direct  cost  of  handling 
freight  was  terminal,  33%  was  proportional  to  the  resistance  overcome  in 
moving  trains,  and  39%  was  due  to  the  distance  the  freight  was  moved.  The 
cost  of  handling  an  empty  car  was  about  75%  of  that  of  a  load.  Increasing 
the  number  of  tons  per  car  is  more  effective  in  reducing  cost  than  increasing 
the  number  of  cars  per  train. 

With  proper  study  of  the  problem  and  with  intelligent  selection  and  com- 
parison of  data,  the  cost  of  transporting  commodities  can  eventually  be  com- 
puted as  accurately  as  the  cost  of  producing  them. 


Division  of  Operating  Expenses  into  Direct  and  Indirect 

The  first  step  in  the  study  of  the  cost  of  service  is  the  segregation  of  those 
expenses  which  are  not  affected  by  the  volume  of  traffic.     They  form  a  con- 
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stant  charge  against  the  existing  business  of  the  railroad,  whether  such  busi- 
ness is  large  or  small. 

Some  expenses  are  affected  by  variations  in  traffic  expressed  by  one  unit 
and  not  by  others.  For  example,  the  cost  of  trainmen  is  affected  by  changes 
in  train-miles,  but  not  by  car-miles.  Traffic,  as  the  word  is  used  in  this  con- 
nection, is  understood  to  be  measured  in  the  unit  applicable  to  the  account 
under  consideration,  and  that  the  variations  considered  are  in  quantity  only, 
without  change  in  car  or  train  loading,  seasonal  distribution,  balance  between 
opposite  directions,  or  any  other  characteristic  which  would  affect  cost.  This 
is  necessary  in  order  that  the  effect  of  variations  in  traffic  may  not  be  con- 
fused with  the  effect  of  changes  in  efficiency. 

Only  those  variations  in  traffic  which  are  of  considerable  extent,  are 
taken  into  account.  There  are  many  minor  variations  in  the  volume  of 
traffic,  which  have  no  perceptible  effect  on  expenses.  A  few  more  passengers 
or  tons  of  freight  may  be  can-ied  by  the  same  equipment  at  an  additional  cost 
which  is  negligible,  but  with  the  growth  of  traffic,  there  comes  a  time  when 
additional  equipment  and  facilities  must  be  provided,  and  more  men  and 
trains  placed  in  service.  There  is  then  a  sudden  increase  in  cost  of  opera- 
tion, which  cannot  properly  be  attributed  solely  to  the  last  additional  traffic 
that  made  it  necessary,  but  which  must  be  spread  over  all  the  business  handled. 
Before  such  a  change  takes  place,  the  operating  cost  per  unit  of  traffic  is  less 
than  the  normal  cost,  and  afterward,  for  a  time,  it  is  more  than  the  normal 
cost.  Both  extremes  are  disregarded  in  this  paper.  Operating  expenses 
respond  much  less  readily  to  a  decrease  in  traffic  than  to  an  increase,  and 
the  relations  determined  herein  are  not  intended  to  apply  to  such  conditions. 

Certain  operating  expenses  are  partly  indirect,  because  they  are  due,  in 
part,  to  natural  causes,  and,  in  part,  to  the  effects  of  traffic.  This  is  true  of 
nearly  all  the  maintenance-of-way  expenses.  The  roadbed  and  all  the  struc- 
tures are  affected  in  varying  degrees  by  weather,  rust,  and  decay,  as  well  as 
by  wear  due  to  the  wheels  passing  over  them.  The  effect  of  natural  causes 
remains  the  same  under  all  circumstances,  but  its  ratio  to  the  total  expenses 
decreases  with  the  growth  of  traffic. 

Transportation  exi)enses  are  partly  indirect  from  another  cause.  At  the 
beginning  of  operations,  a  certain  initial  equipment  is  required,  whether  or 
not  any  traffic  exists.  For  a  time,  this  equipment  is  only  partly  used,  and  a 
large  part  of  the  corresponding  expenses  is  indirect.  When  the  growth  of 
traffic  passes  the  point  where  the  initial  facilities  are  fully  used,  additional 
facilities  must  be  provided,  approximately  in  proportion  to  the  increase  of 
traffic,  and,  thereafter,  the  expenses  of  both  the  maintenance  and  operation  of 
the  equipment  are  entirely  direct.  Indirect  transportation  expenses,  there- 
fore, would  ultimately  disappear,  if  it  was  not  for  the  fact  that,  with  a  grow- 
ing system,  the  process  is  repeated  with  each  addition  of  mileage  so  that 
although  these  expenses  are  entirely  direct  on  one  part  of  the  system,  they 
are  largely  indirect  on  other  parts. 

This  consideration  affects  also  the  direct  proportion  of  maintenance  ex- 
I)enses,  for  it  is  obvious  that  if  the  existence  of  facilities  has  been  made  neces- 
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sary  by  the  growth  of  traffic,  their  maintenance  is  also  a  function  of  traffic. 
It  is  for  this  reason  that  the  maintenance  of  industrial  tracks  is  considered  to 
be  a  direct  expense. 

By  ascribing  the  expenses  of  maintaining  and  operating  partly  used  facili- 
ties and  equipment  to  direct  cost  only  in  proportion  to  the  extent  to  which 
they  are  used,  there  is  charged  to  direct  cost  only  the  cost  of  maintaining  and 
operating  equipment  and  facilities  used  to  approximately  normal  capacity. 
By  this,  it  is  not  meant  that  each  train  is  loaded  with  all  that  it  can  carry. 
In  order  to  take  care  of  fluctuations  in  the  volume  of  business,  there  must 
be  operated,  at  all  times,  equipment  and  facilities  in  excess  of  the  average 
requirements.  When  volume  of  traffic  reaches  the  point  at  which  the  excess 
of  capacity  over  average  requirements  is  only  sufficient  properly  to  take  care 
of  peak  loads,  the  equipment  is  being  used  to  its  normal  capacity,  and  further 
increase  will  demand  added  equipment. 

In  estimating  the  direct  and  indirect  proportions  of  operating  expenses, 
the  writer  has  considered  the  various  primary  accounts  separately  or  in  groups 
of  related  accounts.  Many  of  the  accounts  are  obviously  direct  or  indirect, 
either  wholly  or  in  large  part.  Others  can  be  estimated  only  on  the  basis  of 
judgment  and  experience.  In  dealing  with  some  of  these  accounts,  the  writer 
has  made  use  of  a  method  recommended  by  a  committee  of  the  American 
Railway  Engineering  Association*  for  comparing  maintenance-of-way  ex- 
penses, but  has  extended  it  to  include  certain  other  accounts. 

In  general,  the  method  consists  in  calculating  the  density  of  traffic  and 
the  expense  per  mile  in  the  account  under  consideration,  and  observing  the 
extent  to  which  the  expense  on  railroads  of  heavy  traffic  exceeds  that  on 
those  of  light  traffic.  For  this  purpose,  thirty  American  railroads  have  been 
selected,  the  majority  of  which  are  in  the  northern  part  of  the  United  States 
and  operate  under  conditions  fairly  comparable  to  those  of  the  Grand  Trunk 
Railway.  Roads,  the  business  of  which  is  confined  principally  to  freight  or 
to  passenger  sei'vice,  have  been  excluded. 

The  volume  of  traffic  and  the  expense  for  each  railroad  for  a  given  year 
was  found  from  the  records  of  the  Interstate  Commerce  Commission.  In 
each  case,  the  roads  have  been  divided  into  two  groups,  those  above  the  aver- 
age density  of  traffic  and  those  below  it.  Assuming  that  the  difference  in 
expense  in  the  two  groups  is  proportional  to  the  difference  in  traffic  density, 
the  percentage  of  the  given  expense  due  to  traffic  at  any  given  density,  has 
been  calculated.  By  this  means,  all  comparisons  between  large  and  small 
volumes  of  traffic  are  confined  to  the  same  period  of  time,  thus  avoiding  the 
complications  due  to  rising  and  falling  prices  and  wages. 

I. — Maintenance  of  Way  and  Structures 

In  applying  the  method  of  analysis  described,  the  chief  difficulty  is  in 
choosing  a  unit  of  traffic  that  is  related  closely  enough  to  the  expense  under 
consideration,  and  in  equating  the  units  in  freight  and  passenger  service.  The 
Committee  of  the  American  Railway  Engineering  Association,  previously 
mentioned,  recommends  that  for  consideration  of  track-maintenance  expenses, 

♦  Proceedings,  Am.  Ry.  Eng.  Assoc,  1913. 
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what  it  calls  "Equivalent  Ton-Miles",  shall  be  used  to  measure  the  density  of 
traffic.  That  Committee  estimates  the  damage,  per  ton-mile,  to  track  caused 
by  passenger  trains  as  being  twice  that  of  freight  trains,  and  the  damage  from 
locomotives  as  twice  that  of  cars.  Therefore,  the  passenger-locomotive  ton- 
miles  is  multiplied  by  4,  the  passenger-car  ton-miles  and  the  freight-locomo- 
tive ton-miles,  by  2,  and  the  products  are  added  to  the  gross  ton-miles  of 
freight  cars.  The  total  is  the  equivalent  ton-mileage.  From  consideration  of 
a  number  of  railroads,  that  Committee  has  derived  a  formula  for  determining 
the  normal  percentage  of  any  expense  which  is  direct  for  a  given  density  of 
traffic,  as  follows: 

Let  X  =  amount  of  indirect  maintenance  per  mile  of  track. 
C  =  total  maintenance  per  mile  of  track. 
M  =  millions  of  equivalent  ton-miles  per  mile  of  track. 
I  =  increase  in  maintenance  per  mile  for  an  increase  of  1   in  the 

value  of  M. 
R  =  ratio  of  I  to  X. 

^r    r.    .r  ^  .      100   ME 

Then,  A    +  M  R  X  =^    C,  and — —   =  the   percentage  of    C,   which    is 

1  -{-  Jyl  R 

direct.  The  equivalent  ton-mileage  of  the  Grand  Trunk  Lines  in  Canada  for 
the  year  was  found  to  be  21  585  000  000.  On  the  basis  of  3  118  miles  of  rail- 
road, the  value  of  M  was  7,  and  on  the  basis  of  3  825  miles  of  main  tracks,  it 
was  5.7. 

The  various  primary  accounts  have  been  divided  as  follows : 
6. — Roadway  and  Track. — A  study  of  the  statistics  of  the  Interstate  Com- 
merce Commission  for  recent  years,  in  which  this  account  has  been  divided 
into  two  parts,  shows  that  about  30%  of  it  consists  of  the  care  of  the  right  of 
way,  which  is  not  affected  by  adding  more  tracks.  In  compiling  Tables  1  to 
11,  inclusive,  the  writer,  therefore,  has  measured  the  density  of  traffic  by  divid- 
ing the  equivalent  ton-miles  by  the  miles  of  main  track,  but  for  measuring 
the  expenditure,  70%  of  the  other  main  tracks  has  been  added  to  the  first, 
calling  the  sum  "Equivalent  First  Main  Track",  and  dividing  this  into  the 
amount  spent  for  maintenance.  Side-tracks  have  not  been  included  for  the 
reason  that  investments  in  yard  and  industrial  tracks  are  due  to  the  increase 
in  the  traffic  over  that  which  existed  when  the  road  was  built  and,  conse- 
quently, all  maintenance  expenses  on  those  tracks  must  be  considered  as  direct. 
The  same  thing  is  true,  in  part,  of  passing  tracks.  Table  1  shows  the  method 
of  deducing  a  ratio  from  the  records  of  the  Interstate  Commerce  Commission. 
The  equivalent  ton-miles  are  calculated  from  the  net  ton-miles  and  the  loco- 
motive and  car-miles. 

The  average  density  of  traffic  was  5.71  million  equivalent  ton-miles.  The 
roads  with  a  greater  density  had  an  average  of  9.30  million,  with  an  expense 
per  mile  of  $778.  Those  with  less  density  averaged  4.34  million  and  an 
expense  per  mile  of  $504.  If  a  difference  in  traffic  density  of  4.96  million 
meant  a  difference  in  cost  of  $274,  a  difference  of  ilf  ^  1  would  mean  $55. 
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The  part  of  the  expense  per  mile  of  the  second  group,  which  was  due  to 
traffic,  was  4.34  X  $55  =  $239.  The  remainder,  $265,  was  indirect,  and  is 
represented  by  X  in  the  formula,  whereas, 

/        55 

As  M  ==  5.7,  the  direct  percentage  is, 

100  (5.7  X  0.21) 

^^ 1  —  55%. 

1  + (5.7X0.21)     ^' 

The  average  for  the  three  years,  1911,  1912,  and  1913,  was  60%,  which  was 
accepted  as  the  true  ratio.    Fig.  1  illustrates  Table  1. 
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Fig.  1. 

S. — Ties. — The  cost  and  durability  of  ties  varies  so  widely,  and  there  are 
such  differences  in  the  practice  of  the  various  railroads  in  the  preservation 
and  protection  of  ties,  that  the  writer  has  not  relied  on  comparisons  with  other 
roads,  but  with  the  assistance  of  engineers  familiar  with  the  Grand  Trunk 
Railway  and  the  character  of  its  maintenance,  he  has  made  estimates  of  the 
relative  effects  of  traffic  and  natural  causes  on  each  section  of  the  line.  In  this 
way,  the  tie  maintenance  of  the  System  was  classified  as  34%  direct. 

-4- — Hails  and  5. — Other  Track  Materials. — In  the  case  of  these  accounts, 
deterioration  from  any  other  cause  than  wear  is  so  small  that  it  rnay  be  ignored 
entirely,  and  the  whole  account  treated  as  direct. 
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9. — Bridges,  Trestles,  and  Culverts.— The  maintenance  of  culverts  is  not 
affected  by  traffic,  and  that  of  trestles  very  little.  Steel  bridges  are  very  little 
affected  by  the  elements,  the  principal  indirect  expense  being  for  painting.  The 
cost  of  retirements,  which  'are  due  almost  entirely  to  wear  under  traffic  or  to 
increase  in  weight  of  rolling  stock,  is  direct.  Records  of  the  Grand  Trunk 
Railway  Company  show  retirements  of  steel  bridges  charged  to  operating 
expenses  amounting  to  nearly  one-half  the  total  maintenance  in  1913.  The 
account,  therefore,  is  estimated  as  50%  direct. 

16. — Buildings,  Fixtures,  and  Grounds. — Owing  to  the  lack  of  any  other 
basis  for  estimating  the  percentage  of  direct  maintenance,  recourse  was  had 
again  to  the  records  of  other  railroads.  After  much  study,  it  was  decided  that 
equivalent  ton-mileage  although  not  directly  affecting  the  maintenance  of  cer- 
tain kinds  of  buildings,  was,  nevertheless,  a  sufficiently  reliable  standard  by 
which  to  measure  traffic  density,  and,  accordingly,  it  was  used  in  the  same 
manner  as  it  was  for  "Roadway  and  Track",  except  that  miles  of  road  and  not 
of  track  were  used  for  measuring  both  density  and  maintenance.  For  the 
three  years,  1911-13,  the  records  show  an  average  value  for  R  of  0.86.  The 
value  of  M  was  7.0,  which  makes  the  account  86%  direct. 

Other  Expenses. — Of  the  remaining  accounts  under  "Maintenance  of  Way", 
some  are  entirely  indirect;  some  are  small  in  amount,  and  have  been  assigned 
on  somewhat  arbitrary  bases ;  and  others  are  of  a  general  nature  and  are  appor- 
tioned according  to  the  average  of  all  accounts  which  can  be  directly  assigned. 
They  are  combined  in  Table  2  as  a  single  item. 

11.^ — Maintenance  of  Equipment 

The  accounts  under  this  group  are  nearly  100%  direct.  There  is  a  slight 
reduction  on  steam  locomotives,  repairs,  because  of  indirect  train  mileage 
(see  Account  62,  "Dispatching")  and,  in  freight  cars,  repairs,  a  small  allow- 
ance is  made  for  decay. 

III. — Traffic 

This  group  of  accounts  was  estimated  to  be  52%  direct. 

IV. — Transportation  Expenses 

The  expenses  in  this  group  are  most  readily  apportioned  by  segregating 
them  first,  as  between  freight  and  passenger  and  then  segregating  each,  as  be- 
tween direct  and  indirect.  Practically  the  entire  group  would  be  direct,  if  it 
was  not  for  branch  lines  on  which  the  traffic  is  below  the  capacity  of  minimum 
service  permissible.  At  the  beginning  of  operation,  each  district  must  be 
given  an  amount  of  service  adequate  for  the  needs  of  the  public,  which  will 
require  only  a  small  number  of  short  trains.  For  a  long  time  thereafter,  the 
growth  of  traffic  is  taken  care  of  by  adding  cars,  with  no  change  in  the  num- 
ber of  trains,  and,  consequently,  no  effect  on  those  expenses  dependent  on  train 
mileage. 

Certain  accounts  are  variable,  chiefly  according  to  car  mileage.  As  soon, 
therefore,  as  it  becomes  necessary  to  add  more  cars,  those  expenses  become 
wholly  direct.     Fuel,  water,  lubricants,  and  other  supplies  for  road  loeomo- 


ANALYSIS    OF    COST    OF    FREIGHT    SERVICE  359 

tives,  are  partly,  but  not  proportionately,  increased  by  that  growth  of  traffic 
which  can  be  cared  for  by  additional  cars  alone,  and  do  not  become  wholly 
direct  until  increased  train  mileage  becomes  necessary. 

62. — Dispatching. — This  expense  is  apportioned  between  freight  and 
passenger  service  on  the  basis  of  train  mileage ;  in  accordance  with  the  rules  of 
the  Interstate  Commerce  Commission,  56.3%  is  apportioned  to  freight. 

It  may  be  fairly  assumed  that  as  there  was  a  large  volume  of  travel  on  the 
main  line,  the  passenger  service  was  only  that  which  was  reasonably  required 
to  meet  the  demands  of  traffic,  and  that  any  substantial  increase  in  traffic  of 
the  same  character  and  having  the  same  daily  and  seasonal  distribution  would 
have  required  additional  train  service.  All  main-line  passenger-train  ex- 
penses were,  therefore,  direct.  The  maximum  number  that  could  be  aver- 
aged on  branch-line  passenger  trains  was  taken  as  4  cars,  besides  the  baggage 
car;  the  actual  average  was  3.5  cars.  These  trains,  therefore,  were  operated 
at  87.5%  capacity,  as  it  is  fair  to  conclude  that  no  more  cars  were  hauled  than 
the  traffic  required,  although  there  is  no  doubt  that  the  cars  were  only  partly 
filled  over  much  of  the  mileage.  The  two  mileages  were  nearly  equal  so  that 
of  the  two  combined,  93.5%  was  direct,  and  this  percentage  was  applied  to  the 
dispatching  of  passenger  trains. 

Freight  trains  are  also  of  two  classes: 

1. — Through  freight  trains  on  the  main  line  and  important  branches.  It  is 
assumed  that  through  freight  trains  are  not  sent  out  until  sufficient  tonnage  is 
available  to  make  up  full  trains.    All  these  expenses  are,  therefore,  direct. 

2. — Way  freights  and  mixed  trains,  constituting  the  whole  service  on  many 
branches  and  a  part  of  it  on  the  main  line.  The  latter  is  estimated  to  be 
100%  direct,  as  it  is  all  greater  than  the  minimum  amount  required  to  give 
sufficiently  frequent  service,  and  the  trains  no  doubt  are  as  heavy  as  prac- 
ticable, considering  the  equipment  used,  the  grades  encountered,  and  the  nature 
of  the  service.  Branch-line  way-freight  trains  were  found  to  haul  about  three- 
fourths  as  many  cars  per  train  as  main-line  way  freights.  The  latter  trains 
both  discharge  and  pick  up  freight  while  moving  in  either  direction,  but  a 
branch-line  train  does  nearly  all  its  unloading  while  moving  from  the  main 
line,  and  its  picking  up,  in  the  opposite  direction.  This  accounts  for  a  part 
of  the  difference  in  train  loading;  therefore,  the  branch-line  way  freights  have 
been  estimated  to  be  80%  direct.    Mixed  trains  were  estimated  to  be  38%  direct. 

The  total  freight-train  mileage  was  11  026  000,  classified  as  follows : 

Through    freight 8  762  000  miles,  100%  direct  =  8  762  000 

Main  line  way 1506  000      "  100%        "  =  1506  000 

Branch  line  way 446  000       "  80%        "  =  356  800 

Mixed  trains 312  000       "  38%,        ''  =  118  560 

Total  11  026  000  miles,  97.4%  direct   =    10  743  360 

This  makes  the  total  mileage  97.4%  direct,  which  percentage  is  to  be  ap- 
plied to  all  freight-train  expenses.  Together  with  the  percentage  of  93.5  for 
passenger  trains,  it  makes  the  account  of  "Dispatching,"  95.5%  direct. 
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63. — Station  Employees. — At  small  stations,  a  minimum  force  must  be 
employed,  but  the  traffic  is  often  insufficient  to  keep  such  a  force  at  work  to 
full  capacity.  Usually,  some  additional  traffic  could  be  cared  for  at  any  sta- 
tion, without  increasing  the  number  of  employees  proportionately.  Only  an 
intimate  acquaintance  with  the  station  work  on  every  part  of  the  System 
would  enable  one  to  make  a  reliable  estimate  of  the  extent  to  which  this  is  true. 
The  writer,  therefore,  has  had  recourse  again  to  what  for  convenience  may  be 
called  the  "A.  R.  E.  A.  formula".  The  proper  units  for  measuring  growth  of 
traffic  for  this  purpose  are  the  ton  and  the  passenger,  which  has  been  equated 
on  the  assumption  that  2  passengers  equal  1  ton. 

In  1912,  thirteen  of  the  roads  given  in  Table  1,  with  an  average  traffic  of 
23.08  million  "equated"  tons  per  mile,  spent  $1  370  per  mile  for  station  em- 
ployees. The  corresponding  figures  for  seventeen  other  roads  are  4.38  million 
"equated"  tons  and  $455  per  mile  for  station  employees.  This  gives  a  value 
for  B  of  0.20.  Similar  calculations  give  values  for  R  equal -to  0.21  and  0.19, 
respectively,  for  1911  and  1913.  On  the  same  basis,  the  value  of  M  is  8.5, 
and  the  percentage  of  direct,  therefore,  is  63.  If  1  passenger  is  assumed  as 
equivalent  to  1  ton,  the  result  will  be  changed  only  1  per  cent. 

At  some  of  the  stations,  the  employees  are  directly  assignable  to  freight 
or  passenger  service.  These  are  estimated  at  80%  direct,  and  the  remainder 
fixed  at  53%,  in  order  to  make  the  total  63%,  as  previously  given. 

66. — Station  Supplies  and  Expenses. — By  the  same  method,  this  account 
is  fixed  at  73%  direct. 

67  to  76. — Yard  Expenses. — These  expenses  are  dependent  on  the  number 
of  cars  handled,  and  the  entire  group  of  accounts,  therefore,  is  considered  to 
be  100%  direct. 

80. — Road  Enginemen. — Direct  assignment  from  the  payrolls  shows  this 
account  to  be  70.6%  freight  and  29.4%  passenger.  Each  account  is  direct  in 
the  ratio  determined  for  train  mileage  under  "Dispatching".  This  makes 
the  entire  account  96.3%  direct. 

82. — Fuel  for  Road  Locomotives. — Fuel  is  assigned  directly  to  freight  and 
passenger  service  in  the  accounts  of  the  Company,  in  the  ratio  of  70%  freight 
to  30%  passenger.  The  consumption  of  fuel  while  the  train  is  in  motion  is 
directly  proportional  to  the  tonnage  moved.  A  considerable  quantity  of  the 
fuel  is  consumed  by  stops,  road-switching,  and  waiting  at  stations.  Such 
losses,  however,  will  increase  even  faster  than  the  increase  in  traffic,  as  the 
number  of  stations  will  be  increased  and  more  delays  will  be  caused  by  trains 
meeting.  The  only  coal  consumption  which  is  not  direct,  is  a  part  of  that 
accompanying  train  service  not  used  to  capacity.  The  coal  consumption  of 
way  freights  per  train-mile  was  about  the  same  as  that  of  through  freights,  the 
fuel  used  in  stops,  waits,  and  road-switching  making  up  for  the  lighter 
tonnage.  Fuel  consumption  in  freight  service,  therefore,  was  direct  in  the 
same  ratio  as  train  mileage,  or  97.4  per  cent. 

Branch-line  passenger  trains  were  assumed  to  use  three-fourths  as  much 
fuel  per  mile  as  main-line  passenger-trains,  so  that  the  fuel  cofisumption  was 
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calculated  to  be  94.3%  direct.  Application  of  the  ratios  thus  found,  to 
freight  and  passenger  service  gives  96.5%  of  the  entire  account  as  direct. 

Water,  Luhncants,  and  Other  Supplies. — These  accounts  are  given  the 
same  classification  as  "Fuel". 

88. — Road  Trainmen. — Assignment  direct  from  the  payrolls  shows  the 
ratio  in  this  case  to  be  72.3%  freight  and  27.7%  passenger.  Each  service  is 
direct  in  the  ratio  found  under  "Dispatching",  namely,  passenger,  93.5% 
direct,  and  freight,  97.4%  direct.  Applying  these  ratios,  the  entire  cost  is 
96.3%  direct. 

89. — Train  Supplies  and  Expenses. — The  expenses  in  this  group  con- 
sist chiefly  of  cleaning,  lighting,  lubricating,  and  icing  cars.  Each  expense  is 
variable  practically  in  accordance  with  the  number  of  cars  handled,  therefore, 
the  whole  account  is  direct. 

99. — Loss  and  Damage,  Freight. — This  account  is  entirely  direct. 

V. — General  Expenses 

These  expenses  are  usually  thought  of  as  practically  a  fixed  charge,  but 
this  is  far  from  true.  As  traffic  increases,  employees  are  added  in  all 
general  offices,  new  departments  are  instituted,  and  larger  salaries  are  paid. 
These  expenses  have  been  apportioned  by  the  writer  on  the  average  of  all 
other  Accounts  1  to  105,  inclusive,  which  gives  85%  direct. 

Table  2  summarizes  the  analysis  thus  far,  showing  that,  in  1913,  85%  of 
the  expenses  of  the  Grand  Trunk  Railway  Company  was  direct;  that  is,  if 
the  traffic  had  beeA  10%  more  or  less,  with  the  same  character  and  distribu- 
tion, the  operating  expenses  would  have  been  similarly  changed  8.5  per  cent. 

The  percentage  of  direct  operating  expenses  is  usually  estimated  at  a 
much  lower  figure,  but  a  study  of  the  statistics  of  the  Interstate  Commerce 
Commission  bears  out  these  results.  Indeed,  if  revenue  is  taken  as  the 
measure  of  tonnage,  it  will  be  found  that  the  expenses  of  the  larger  carriers 
exceed  those  of  the  smaller  ones  in  practically  direct  proportion  to  their 
traffic.  The  same  conclusion  must  be  drawn  from  the  fact  that  operating 
ratios  average  approximately  the  same  among  roads  of  light  and  of  heavy 
traffic.  Revenue,  however,  does  not  accurately  measure  traffic,  otherwise,  one 
would  be  obliged  to  conclude  that  operating  expenses  are  100%  direct. 

Division  of  Operating  Expenses  Between  Freight  and  Passenger  Service 

The  rules  of  the  Interstate  Commerce  Commission  for  the  separation  of 
operating  expenses  cover  this  subject  so  completely  that  the  writer  will  not 
discuss  it,  except  where  he  has  departed  from  those  rules. 

I. — Maintenance  of  Way  and  Structures 

Direct. — The  rules  of  the  Interstate  Commerce  Commission  divide  track- 
maintenance  accounts  on  the  basis  of  fuel  used  in  the  two  services.  In  the 
present  case,  this  rule  would  give  70%  for  freight,  but  the  writer  thinks  that 
equivalent  ton-mileage,  as  used  by  the  American  Railway  Engineering  Associ- 
ation, furnishes  a  better  basis,  and  it  has  been  used  for  all  railroad  tracks. 
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thereby  assigning  only  60%  to  freight.  Maintenance  of  yard  tracks  and 
sidings  is  divided  according  to  locomotive  switching  mileage,  90%  freight. 
The  different  classes  of  tracks  are  equated,  in  maintenance  expenses,  for  each 
account,  as  follows : 

Ties : 

1  mile  of  main  track  =  2  miles  of  yard  tracks  =  IJ  miles  of 
passenger  tracks. 

Rails : 

1  mile  of  main  track  =  4  miles  of  yard  tracks  =  2  miles  of 
passenger  tracks. 

Other  Track  Material: 

1  mile  of  main  track  =  1  mile  of  yard  track  =  1  mile  of  pas- 
senger track. 

Roadway  and  Track: 

1  mile  of  main  track  =  3  miles  of  yard  tracks  =  2  miles  of 
passenger  tracks  =  1.4  miles  of  second  tracks. 

The  calculations  are  omitted  for  the  sake  of  brevity. 

Indirect. — The  indirect  maintenance-of-way  expenses  are  not  only  inde- 
pendent of  the  volume  of  traffic,  but  also  of  its  nature.  There  is  nothing  about 
the  decay  of  a  tie  or  the  removal  of  snow  from  the  track  which  attaches  the 
expenses  to  freight  as  against  passenger  traffic,  orthe  reverse.  These  expenses, 
therefore,  cannot  be  apportioned  on  any  special  basis.  They  must  be  assigned 
arbitrarily,  and  the  best  basis  for  such  assignment  would  seem  to  be  that  of 
the  results  obtained  in  each  service.  These  results  are  indicated  by  the 
revenues,  provided  rates  are  properly  adjusted  as  between  the  two  services. 
This  adjustment  is  most  nearly  correct  when  the  earnings  in  each  branch  of 
the  service  bear  the  same  relation  to  the  direct  cost  in  that  branch.  The 
indirect  maintenance-of-way  expenses  are  apportioned,  therefore,  in  the  same 
ratios  as  the  total  direct  operating  expenses,  namely,  72.5%  to  freight,  and 
27.5%  to  passenger. 

Table  3  shows  the  separation  between  freight  and  passenger  service  for 
both  direct  and  indirect.  The  same  ratios  have  been  used  for  both,  except 
as  noted,  or  in  certain  transportation  accounts,  where  the  assignment  is 
affected  by  the  fact  that  one  service  is  more  completely  direct  than  the  other. 

Direct  Freight  Operating  Expenses,  Division  Between  Terminal  and  Road 

Definitions. — Terminal  expenses  are  those  incurred  in  the  origination  and 
delivery  of  traffic,  without  regard  to  the  distance  it  is  moved.  They  consist  of 
loading,  unloading  and  accovmting  for  freight  shipments,  switching  cars  to 
and  from  industrial  sidings,  making  up  trains,  in  short,  of  all  expenses  by 
which  freight  is  placed  on  the  main-line  track,  ready  to  move,  or  taken  from 
its  position  in  the  train  to  the  consignee.  They  are  divided  into  two  classes. 
Car  Load  and  Less  than  Car  Load.  All  expenses  incident  to  the  movement  of 
car  loads  of  less  than  carload  freight  are  included  in  the  first  class.     The 
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second  class  contains  only  those  expenses  peculiar  to  less  than  carload.     ("Ter- 
minal", as  the  word  is  used  in  this  paper,  does  not  refer  to  the  ends  of  the  road.) 


TABLE  2.— Antalysis    of   OPKRATrisTG  ExPKisrsES,  Dikkct  and   Indirect, 
Grand  Trunk  Railway  of  Canada,  1913. 


-Maintenance  of  Way  and  Steucturbs  ; 

3.— Ties 

4.— Rails 

5.— Other  track  material 

6.— Roadway  and  track 

9. — Bridges,  trestles  and  culverts 

16.— Buildings 

Other  accounts 


Totals. 


Total. 


$1  014  287 
96  632 
203  855 
1  558  180 
467  530 
761  008 
254  013 


Total. 


Direct. 


Indirect. 


Percent- 
age. 


34.0 
100.0 
100.0 
60.0 
50.0 
86.0 


$4  355  455 


Amount.      Amount. 


344  800 
96  632 
203  855 
935  000 
233  765 
651  500 
36  307 


$  2  504  859 


$    669  4.37 


623  180 
233  765 

106  508 
217  706 


SI  850  59G 


II.— Maintenance  of  Equipment  : 
25.— Steam  locomotives,  repairs. 

31. — Passenger  cars,  repairs 

34.— Freight  cars,  repairs 

Other  accounts 


$2  981  492 

544  661 

2  191  286 

542  499 


96.3 
100.0 
98.0 


2  8ri  000 

,    544  661 

2  147  400 

468  800 


$    110  492 


43  886 
73  699 


Totals. 


$6  259  938 


%  6  031861 


%    228  077 


III.— Traffic  : 

All  accounts . 


»1  217  251 


52.0 


$      633  251 


$    584  000 


IV. 


-Transportation  : 

62.— Dispatching 

63.— Station  employees  directly  assigned  . . 

63. —     44  ij  apportioned 

66. —    n       supplies  and  expenses 

67-76. — Yard  expenses 

80.— Road  enginemen 

82-85.— Kuel.  etc.,  for  railroad  locomotives  , 

88. — Road  trainmen 

89.— Train  supplies  and  expenses 

99. — Loss  and  damage,  freight 

Other  expeDses 


$134  257 
979  077 

1  673  291 
263  106 

2  599  712 
1  718  703 
4  651  143 
1  991  130 

551  853 

401  432 

1  069  434 


95.5 
80.0 
53.0 
73.0 
100.0 
96.3 
96.5 
96.3 
100.0 
luO.O 


128  200 

783  000 

887  000 

192  000 

2  599  712 

1  654  300 

4  4H8  400 

1  917  000 

551  853 

401  432 

950  272 


6  0,57 
196  077 
786  291 
71  106 


64  403 
162  74:i 
74  130 


Totals. 


S16  033  188 


91.0 


$14  553  169 


$1  479  969 


Outside  operations  . 
-General  Expenses.. 


$361  364 
1  062  028 


75.0 
85.0 


Grand  totals. 


189174 


196  023 
903  000 


65  3n 
159  028 


85.0 


$24  822  163 


$4  367  01 1 


Road  expenses  are  those  incurred  in  the  moving  of  freight  between  the 
stations  of  origin  and  destination.  They  are  of  two  kinds,  namelj^  those 
proportional  to  the  distance  the  freight  is  moved,  called  Distance  Expenses, 
and  those  dependent  on  the  physical  resistance  to  movement,  or  Resistance 
Expenses.  Distance  is  subdivided,  according  to  the  unit  directly  affected, 
into  train-mile,  car-mile,  and  gross  ton-mile. 
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Costs  are  not  necessarily  classified  by  their  causes,  but  by  the  factors  in 
accordance  with  which  they  are  variable.  For  instance,  the  expense  of  engine- 
men  is  incurred  solely  on  account  of  Resistance,  but  is  assigned  to  Distance, 
as  the  men  are  paid  according  to  the  miles  run. 

I. — Maintenance  of  Way  and  Structures 

2  to  6. — Track  Accounts. — Yard  tracks  and  sidings  are  used  for  both 
origination  and  delivery  of  freight,  which  is  a  terminal  expense,  and,  at  divi- 
sion points  and  junctions,  for  operations  connected  with  through  movements, 
which  belong  to  distance  expenses.  No  accurate  apportionment  can  be  made 
between  the  two  classes,  but  it  can  be  approximated  closely  enough  for  the 
purpose  of  this  paper. 

The  amounts  of  freight  originated  and  delivered  at  each  division  point  were 
known  and  from  calculations  of  tonnage  moved  east  and  west,  the  tons  into 
and  out  of  each  point  were  ascertained.  The  respective  percentages  of  local 
and  through  tonnage  were  then  calculated  for  each  division  terminal.  The 
trackage  at  each  point  was  next  measured.  After  deducting  the  local  tracks, 
which  include  team  tracks  and  those  serving  freight-houses,  stock-yards, 
warehouses,  and  industries,  the  remainder  was  divided  between  through  and 
local  service  according  to  the  percentages  stated  previously.  In  this  way,  the 
tracks  of  Grand  Trunk  Railway  were  classified,  as  follows : 

Miles. 

First  main  track 3  118 

Second  main  track 707 

Passing  tracks 231 

Yard  tracks  used  in  through  service 217 

Yard  tracks  used  in  local  service 182 

Local  tracks  and  sidings 597 

Total 5  052 

These  figures  were  used  for  subdividing  track  maintenance  expenses. 

3. — Ties. — Of  the  direct  expense  which  was  apportioned  to  freight,  42%  was 
on  account  of  yard  tracks  and  sidings.  The  maintenance  of  that  part  of 
those  tracks  which  is  used  in  local  service  is  terminal,  whereas  that  of  the 
remainder,  being  proportional  to  the  weight  of  cars  handled,  is  charged  to 
gross  ton-miles.  On  account  of  less  traffic  over  them,  the  writer  has  estimated 
that  local  tracks  and  sidings  require  only  two-thirds  as  much  tie  maintenance 
per  mile  as  yard  tracks.    The  proportions  are,  therefore,  as  follows: 

Gross 
Terminal.  ton-mile. 

Yard  tracks  in  through  service ...  217 

Yard  tracks  in  local  service 182 

,  Local  tracks  and  sidings  (597  X  S) 399 

Total   581  217 
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The  42%,  therefore,  is  divided  into  terminal  carload,  31%,  and  gross  ton-mile, 
11  per  cent.  The  remaining  58%  is  apportioned  according  to  the  equivalent 
ton-mileage  in  freight  service,  which  was: 

Locomotive    ton-mileage 3  747  000  000 

Gross  ton-mileage 9  268  000  000 

Total   13  015  000  000 

The  former  belongs  to  resistance,  17%,  and  the  latter  to  gross  ton-miles,  41 
per  cent.     The  entire  account,  therefore,  is  apportioned: 

Terminal   carload 31% 

Gross    ton-miles 52% 

Resistance   17% 

The  other  track  accounts  are  treated  in  the  same  manner,  but  the  results 
vary,  because  of  different  values  assumed  for  local  as  compared  to  yard  tracks, 
which  are,  as  follows: 

Rails    1  mile  of  local  tracks  =  J   mile  of   yard  tracks 

Other  track  material 1      "       "       "  "      =i       "      "       "  " 

Roadway  and  track 1      "      "      "  "      =J       "       "       "  " 

Because  of  variations  in  the  proportions  of  maintenance  due  to  yard  tracks 
and  sidings  under  each  account,  there  is  further  difference  in  the  results.  The 
percentages  apportioned  to  each  classification  are  shown  in  Table  5. 

9. — Bridge's,  Trestles,  and  Culverts. — These  accounts  were  apportioned  on 
equivalent  ton-mileage,  as  was  done  with  road  tracks:  Gross  ton-mile,  71%, 
and  resistance,  29  per  cent. 

16. — Buildings,  Fixtures,  and  Grounds. — Station  and  office  buildings  are 
apportioned  in  the  same  manner  as  "Station  Employees". 

Roadway  buildings  are  apportioned  in  the  same  proportion  as  "Track 
Accounts"  and  "Bridges",  combined. 

In  the  case  of  fuel  stations,  the  ratio  of  direct  freight  fuel  used  in  road 
service  to  all  fuel  charged  to  direct  freight  is  83  per  cent.  The  same  percentage 
of  the  maintenance  of  fuel  stations  is  charged  to  resistance,  and  the  remain- 
ing 17%  is  divided  in  the  same  manner  as  "Yard  Expenses". 

Water    stations    are    apportioned   in    the   same   manner   as    fuel   stations. 

Shops  are  apportioned  in  the  same  manner  as  maintenance  of  equipment. 

Engine  houses  are  apportioned  to  resistance  according  to  the  proportion 
of  engine-house  expenses-road  to  total  direct  freight  engine-house  expenses, 
73%,    the    remaining    27%    to    be    divided    the    same   as    "Yard    Expenses". 

The  apportionment  of  the  various  parts  of  the  primary  account  gives,  for 
the  total:  Terminal,  less  than  carload,  27.8%;  terminal,  carload,  17.2%;  train- 
miles,  3.2%;  car-miles,  14.0%;  gross  ton-miles,  1.5%;  and  resistance,  36.3 
per  cent. 

II. — Maintenance  of  Equipment 
25. — Steam  Locomotives,  Repairs. — This  expense  is  assigned  according  to 
locomotive  mileage,  whether  road  or  yard.     The  former  is  71%  of  the  total, 
and  this  percentage,  therefore,  is  charged  to  resistance.     The  remainder  is 
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divided  the  same  as  "Yard  Expenses,"  according  to  the  switching  mileage  in 
terminal  and  through  service. 

Sit. — Freight-Train  Cars,  Repairs. — Mr.  B.  F.  Zercher,  former  Master  Car 
Builder  at  the  Angus  Shops  of  the  Canadian  Pacific  Eailway  Company,  and 
recently  holding  a  similar  position  on  the  Grand  Trunk  Western  Eailway, 
who  has  given  special  study  to  the  causes  of  damage  to  freight  cars,  estimates 
that  65%  of  all  damage  occurs  in  yard  handling,  3%  is  due  to  curvature  and 
grades,  and  the  remainder  is  about  equally  divided  between  the  starting  and 
stopping  of  trains  and  causes  independent  of  track  or  handling.  Accepting  his 
estimate  (except  for  a  small  increase  in  amount  due  to  resistance  of  curvature 
and  grades),  the  writer  has  divided  the  yard  handlings  between  Terminal  and 
Distanbe  in  proportion  to  switching-locomotive  mileage  (see  "Yard  Expenses")- 
The  apportionment  of  the  entire  account  is  as  follows : 

Handling  local  cars  in  yards  (Terminal) 38% 

Handling  through  cars  in  yards  (Distance) 27% 

Starting  and  stopping  trains  (Distance) 15% 

Miscellaneous   causes    (Distance) 15% 

Effects  of  curvature  and  grades  (Eesistance) 5% 

The  distance  expense  belongs  to  car-miles. 

III. — Traffic 

All  expenses  under  traffic   (Accounts  53  to  60),  are  terminal,  and  one- 
fourth  has  been  apportioned  to  less  than  carload,  and  three-fourths  to  carload. 

IV. — Transportation 

62. — Dispatching. — This  is  entirely  a  train-mile  expense. 
63. — Station  Employees. — The  greater  part  of  these  employees  are  engaged 
in  terminal  operations,  the  principal  exceptions  being  telegraph  operators  and 
men  engaged  in  feeding  and  watering  stock,  straightening  and  reloading  ship- 
ments, and  other  work  connected  with  through  business  and  the  accounting 
therefor.  These  expenses  are  estimated  as  15%  of  the  entire  account,  which 
is  divided  between  train-miles  and  car-miles. 

Of  the  85%  terminal,  the  greater  part  belongs  to  less  than  carload  business. 
Carload  business  requires  only  accounting,  billing,  weighing,  occasional  loading 
and  unloading,  and  a  proportion  of  the  general  expenses  of  the  station.  The 
writer  estimates  this  as  about  one-sixth  of  the  terminal  charge.  The  account 
is  apportioned  as  follows :  Terminal,  less  than  carload,  70% ;  terminal,  carload, 
15%  ;  train-miles,  8% ;  and  car-miles,  7  per  cent. 

66. — Station  Supplies  and  Expenses. — These  expenses  are  apportioned  in 
the  same  manner  as  "Station  Employees". 

61  to  76. — Yard  Expenses. — On  account  of  greater  average  distance  to  be 
moved,  smaller  number  of  cars  to  be  handled  at  one  time,  and  the  necessary 
movements  of  the  empty  car,  1  ton  delivered  to  consignee,  to  team,  or  transfer 
track,  or  to  freight-house,  has  been  estimated  as  requiring  as  much  switching 
service  as  2  tons  passing  from  one  division  to  another.  Weighting  the  local 
tonnage  at  this  ratio,  the  switching-locomotive  mileage  at  each  point  has  been 
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apportioned  between  local  and  through  service.  The  former  required  58.0% 
and  this  percentage  of  the  yard  expenses,  therefore,  is  charged  to  terminal 
carload.     The  remainder  is  assigned  to  car-miles. 

80. — Road  Enginemen. — Although  enginemen  are  employed  because  of  the 
resistance  to  be  overcome,  the  expense  on  this  account  is  variable  in  accordance 
with  variations  in  the  resistance  only  as  far  as  it  causes  helper  or  assistant 
engines  to  be  used.  Freight-locomotive  mileage  exceeded  freight-train  mileage 
by  20.3%,  therefore,  this  proportion  is  charged  to  resistance  and  the  remainder 
to  train-miles  and  terminal.  The  time  spent  in  switching  cars  or  waiting  for 
less  than  carload  freight  to  be  loaded  or  unloaded  is  terminal.  The  percentage 
of  time  chargeable  to  each  of  these  causes  is  estimated  under  Account  82 
("Fuel  for  Road  Locomotives"),  from  which  the  following  apportionment  is 
made : 

Train-miles    (running) 42.0% 

Train-miles   (delays) 25.3% 

Terminal   carload    (switching) 6.2% 

Terminal,  less  than  carload  (waiting  for  less  than  carload).       6.2% 

Resistance  (helper  service) 20.3% 

82. — Fuel  for  Road  Locomotives. — Fuel  is  consumed  by  road  locomotives 
when  engaged  as  follows:  (1)  Firing  up;  (2)  pulling  trains;  (3)  running  down 
hill  by  gravity;  (4)  waiting  at  meeting  points  and  terminal  delays;  and  (5) 
waiting  while  freight  is  being  loaded  or  unloaded. 

Item  (1)  should  be  divided  in  the  same  proportions  as  the  remaining  uses 
and,  therefore,  may  be  omitted  from  this  calculation;  it  amounts  to  about  3% 
of  the  total.  Item  (2)  is  clearly  chargeable  to  resistance.  Item  (4)  is  in- 
directly dependent  on  resistance,  as  the  greater  the  energy  required,  the  more 
engine  service  is  needed  and  the  larger  the  waste  of  fuel  in  delays.  It  also 
varies  with  distance,  as  the  longer  the  run  the  more  time  wasted  in  delays. 
The  quantity  of  fuel  thus  consumed,  however,  is  very  small,  and,  therefore, 
the  factor  of  distance  is  ignored  herein.  The  fuel  consumed  while  running 
down  hill  may  be  considered  as  an  addition  to  that  consumed  while  climbing 
the  same  grades,  and  charged  to  resistance.  Fuel  burned  while  less  than 
carload  freight  is  being  loaded  or  unloaded,  or  cars  picked  up  or  set  out,  is 
a  terminal  expense. 

In  the  following  estimate  of  time  consumed  in  various  ways  by  freight-train 
locomotives,  the  percentage  of  time  actually  running  is  taken  as  100,  and  is 
assumed  to  be  the  same  for  all  trains.  The  velocity  profiles  of  the  main  line 
from  Chicago,  111.,  to  Portland,  Me.,  show  that,  in  each  direction,  78%  of  the 
time  is  occupied  in  steaming  and  22%  in  drifting.  In  making  these  calcula- 
tions, it  is  estimated  that  an  engine  steams  always  at  full  capacity,  shutting  off 
steam  entirely  when  the  speed  limit  is  reached,  and  drifting  without  steam 
until  the  speed  is  sufficiently  reduced.  The  estimate  of  time  consumed  in 
other  ways  is  based  on  observation  and  experience,  but  any  probable  error  in 
it  will  not  be  large  enough  seriously  to  affect  any  conclusions  reached  in  this 
paper. 

The  percentage  distribution  of  time  of  freight-train  locomotives  on  the  road 
is  as  follows : 


Through 
freight. 

Way 
freight. 

78 

78 

22 

22 

65 

40 

. . 

80 

•• 

80 
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Working 

Drifting   

Delays  at  terminals  and  on  account  of  other 

trains    

Switching  at  stations 

Waiting  account  handling  less  than  carload 

Total    165  300 

The  average  running  time  between  stations,  as  shown  by  velocity  profiles, 
was  23.0  miles  per  hour.  The  direct  freight-train  mileage  shown  on  page  359, 
therefore,  required  in  actual  running  time: 

Through  freight 8  762  000  miles 381  000  hours 

Way  and  mixed  freight 1  981  360      "     86  000      " 

The  entire  time  of  these  trains,  distributed  according  to  the  ratios  given, 
was: 

Steaming :  Through    381  000  X  0.78 

Way   86  000  X  0.78 

Drifting :  Through    381  000  X  0.22 

Way    86  000  X  0.22 

Delays :  Through    381  000  X  0.65 

Way    86  000  X  0.40 

Switching:  Way    86  000X0.80 

Handling  less 

than  carload:    Way    86  000  X  0.80 

Total   886  700 

In  percentage,  this  amounts  to : 

Running :  Steaming    41% 

Drifting    11.6%  52.6%^ 


297  200 
67100 

364  300 

83  800 
18  900 

102  700 

247  700 
34  400 

282  100 

68  800 
68  800 

Standing:  Delays   31.8% 

Switching 7.8% 

Handling  less  than  carload 7.8%  47.4% 


Total    100.0% 

The  approximate  consumption  of  coal,  of  12  000  B.  T.  U.  per  lb.,  by  loco- 
motives not  working,  has  been  given,*  as  follows,  in  pounds  per  1  000  sq.  ft.  of 
heating  surface: 

Firing  up,  per  trytt. 510  lb. 

Standing,   per   hour 121  lb. 

Drifting,  per  hour 219  lb. 

-    *  Bulletin  H8,  Am.  Eng.  Assoc. 
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On  the  basis  of  2  lb.  of  coal  per  hour  per  sq.  ft.  of  heating  surface,  when 
eteaming,  the  consumption  while  standing  was  6%  as  much,  and  while  drifting 
11%  as  much.  The  fuel  used  while  switching  at  stations  is  estimated  at  one- 
half  as  much  per  hour  as  when  standing. 

The  percentages  of  fuel  used  in  various  ways  are  as  given  in  Table  4. 

TABLE  4. 


Perce.ntage  Rate  : 

Percentage 

Of  time. 

Of  use  of  fuel. 

of  fuel. 

Steamingr 

41.0 
11.6 
31.8 

7.8 
7.8 

100%  =  41 .000 
11%=    1.276 

eo/p  =  1.908 
50%  =    .3.900 

6%  =    0.468 

84  5 

Drifting 

2.6 

Delays  at  terminals  and  account  of  other  trains. . 

3.9 

8  0 

Handling  less  than  carload 

1  0 

Total 

48.552 

100  0 

This  account,  therefore,  is  apportioned :.  Terminal  less  than  carload,  1%; 
terminal  carload,  8%;  and  resistance  91  per  cent. 

Water,  Lubricants,  and  Other  Supplies. — These  expenses  are  apportioned 
the  same  as  "Fuel". 

88. — Road  Trainmen. — These  expenses  should  be  apportioned  according  to 
the  time  spent  by  engines  in  various  operations,  except  that  allowance  should 
be  made  for  part  of  a  train  crew  being  engaged  in  handling  less  than  carload 
freight,  while  the  remainder  are  switching: 

Train-miles  (running  time  plus  waiting  for  other  trains).       84.4% 

Terminal  carload   (switching) 6.0% 

Terminal  less  than  carload 9.6% 

Total   100.0% 

89. — Train  Supplies  and  Expenses. — All  or  nearly  all  these  items  are  car 
expenses  and  are  variable  with  the  distance  that  freight  is  transported.  The 
charge,  therefore,  belongs  to  car-miles. 

'99. — Loss  and  Damage,  Freight. — To  the  extent  that  damages  occur  before 
freight  is  actually  in  transit,  or  after  it  has  reached  the  station  to  which  it 
is  destined,  they  are  a  terminal  expense.  The  writer  estimates  this  proportion 
as  60%,  of  which  two-thirds  is  less  than  carload.  Of  the  40%  occurring  in 
transit,  60%,  is  estimated  as  proportional  to  train-mileage.  The  entire  account 
is:  Terminal  less  than  carload,  40%;  terminal  carload,  20%;  train-miles,  24%; 
and  car-miles,  16  per  cent. 


V. — General  Expenses 

These  expenses  are  apportioned  according  to  the  proportions  of  all  other 
accounts.    Table  5  shows  the  complete  analysis  of  direct  freight  expenses. 
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374  analysis  of  cost  of  freight  service 

Interest  on  Investment 

Certain  parts  of  the  investment  in  railroad  properties  increase  about  in 
proportion  with  the  increase  of  traffic.  The  principal  items  thus  affected  are 
equipment,  buildings,  yard  and  individual  tracks,  and  second  tracks.  Interest 
on  these  investments  is,  therefore,  a  part  of  the  direct  cost,  and  has  been 
distributed  in  the  same  manner  as  the  operating  expenses.  The  average  cost 
of  money  to  the  Grand  Trunk  Railway  Company  has  been  estimated  at  5%, 
including  discount  and  commissions. 

Equipment. — The  investment  in  equipment  was  estimated,  as  follows: 

Passenger   locomotives $  3  736  000 

Freight   locomotives    10  651  000 

Passenger  cars 7  357  000 

Freight  cars 22  575  000 

Locomotives. — The  interest  on  investment  in  passenger  locomotives  is 
$186  800,  of  which,  on  the  basis  of  passenger  train-mileage,  93.5%,  or  $174  700, 
was  direct.  On  freight  locomotives,  the  interest  was  $532  550,  of  which  97.4%, 
or  $518  700,  was  direct.  This  is  divided  on  the  basis  of  road  and  switching 
mileage,  the  same  as  locomotive  repairs. 

Passenger  Cars. — Interest  on  this  investment  is  $367  850,  all  direct. 

Freight  Cars. — The  interest  on  this  investment  is  $1 128  750,  all  direct, 
and  is  divided  on  the  basis  of  time  consumed  in  loading  and  unloading  as 
compared  with  that  in  transit,  which  has  been  estimated  as  60%  and  40%, 
respectively.  The  amount,  therefore,  is  apportioned  as  follows,  terminal  car- 
load 60%,  and  car-mile,  40  per  cent. 

Buildings. — It  was  estimated  that  the  investment  in  buildings  was 
$17  000  000,  and  that  the  buildings  were  used  to  90%  of  their  capacity.  The 
interest,  therefore,  was  $850  000,  of  which  $765  000  was  direct.  This  is  ap- 
portioned the  same  as  the  maintenance  of  buildings,  fixtures,  and  grounds. 

Yard  Trades  and  Industrial  Sidings. — The  investment  in  these  tracks  is 
estimated  as  996  miles  at  $8  000  per  mile,  or  roughly  as  $8  000  000,  the  interest 
on  which  would  be  $400  000.  On  the  basis  of  locomotive  switching,  90% 
belongs  to  freight.  It  has  been  shown  that  217  miles  of  996,  or  22%,  were 
used  in  through  service.  This  percentage  of  the  interest,  therefore,  is  charged 
to  distance,  as  a  car-mile  expense,  and  the  remainder  to  terminal  carload. 

Second  Tracks. — The  Grand  Trunk  Railway  Company  has  707  miles  of 
second  track,  but  it  appears  that  the  greater  part  of  this  investment  was  not 
made  necessary  by  the  growth  of  traffic,  and  the  inclusion  of  interest  thereon 
as  a  direct  charge  on  operations,  therefore,  would  cause  the  relation  of  cost  of 
service  to  growth  of  traffic  to  be  incorrectly  represented. 

Hire  of  Equipment. — This  item  may  properly  be  included  with  interest, 
as  a  charge  of  the  same  nature.  The  amount,  $554  000,  in  the  absence  of 
records  by  which  it  could  be  directly  assigned,  has  been  divided  between 
freight  and  passenger  in  the  same  ratio  as  the  investment  in  cars,  namely, 
75%  freight,  25%  passenger,  and  the  former  has  been  apportioned  in  the 
same  manner  as  interest  on  freight  cars. 
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Indirect  Interest. — In  this  study,  as  presented  to  the  Board  of  Arbitration, 
only  interest  actually  paid  was  considered,  no  account  being  taken  of  invest- 
ment represented  by  stock.  In  order  that  the  true  relation  between  direct 
and  indirect  costs  may  be  shown,  the  entire  investment  must  be  considered, 
as  interest,  or  return  on  it,  is  as  much  a  part  of  the  cost  of  service  as  the 
operating  expenses. 

The  books  of  the  Grand  Trunk  Eailway  Company  show  on  December  31, 
1913,  an  investment  in  road  and  equipment  of  $380  000  000,  or  $122  000  per 
mile.  Much  of  the  property  of  the  Grand  Trunk  was  acquired  in  exchange 
for  stock,  so  that  the  figures  given  do  not  represent  the  true  investment.  An 
approximate  estimate  is  sufficient  for  the  purpose  of  this  paper,  and,  there- 
fore, it  has  been  taken  at  $250  000  000,  or  $80  000  per  mile.  The  investment 
already  assigned  amounts  to  $70  000  000.  The  interest  on  the  remainder  is 
$9  000  000,  which  is  divided  between  freight  and  passenger  service  in  accord- 
ance with  the  sum  of  all  direct  costs,  namely,  freight,  73%,  and  passenger, 
27  per  cent.    The  results  of  the  analysis  of  interest  appear  in  Tables  6  and  7. 

Taxes. — Taxes,  amounting  to  about  $475  000  per  year,  are  an  indirect  cost 
and  are  apportioned  on  the  same  basis  as  indirect  interest,  namely,  $347  000 
to  freight  and  $128  000  to  passenger  service. 

Table  8  summarizes  the  cost  of  service.  A  comparison  of  earnings  with 
cost  in  each  service  shows  the  passenger  service  to  have  been  the  more  profit- 
able. In  1913,  freight  revenues  were  $27  930  000,  and  passenger  revenues, 
$14  280  000.  The  direct  cost  of  freight  service  was  75%  of  the  revenue,  and 
that  of  passenger  service  was  55  per  cent.  Compared  with  the  entire  cost, 
the  percentages  were  110%  for  freight  and  83%  for  passenger  service. 

Train-mile  costs  are  shown  to  have  been  only  about  60%  as  much  as  car- 
mile  costs.  A  reduction  of  car-miles  by  heavier  loading,  therefore,  will  do 
more  to  effect  economy  than  hauling  more  cars  per  train.  The  largest  field  for 
saving  is  in  terminal  operations  which  cost  more  than  train-miles  and  car- 
miles  combined.    The  direct  cost  was  twice  as  much  as  the  indirect  cost. 

Unit  Costs 
The  direct  cost  of  each  unit  of  operation  is  next  to  be  determined. 
Terminal  Less  Than  Carload. — The  records  of  the  Grand  Trunk  Railway 
Company  afford  no  basis  for  estimating  less  than  carload  tonnage,  but  a 
similar  analysis  of  cost  of  service  of  the  Grand  Trunk  Western  Railway  Com- 
pany gave  85  cents  per  ton  for  less  than  carload  and  one  of  the  Atlantic  and 
St.  Lawrence  Railway  Company  gave  80  cents  per  ton. 

Terminal  Carload. — The  series  of  movements  by  which  a  car  of  freight  is 
handled  terminally  has  been  classified,  as  follows: 
At  Point  of  Origin : 

1. — Empty  car  from  yard  to  shipper. 
2. — Loaded  car  from  shipper  to  yard. 
3. — Loaded  car  from  yard  to  train. 
At  Destination: 

4, — Loaded  car,  train  to  yard. 

5. — ^Loaded  car,  yard  to  consignee. 
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6. — Empty  car,  consignee  to  yard. 

7. — Empty  car,  yard  to  train   (for  return). 
At  Point  of  Origin: 

8. — Empty  car,  train  to  yard. 
All  these  operations  are  considered  as  equal  in  cost,  and  the  sum  of  them 
is  taken  as  the  number  of  units  of  terminal  carload  operation.  This  appor- 
tionment is  based  on  handling  by  yard  crews,  but  practically  the  same  work 
is  done  at  other  points  by  road  engines.  The  cost  of  maintenance  of  all  tracks 
and  equipment,  all  accounting  work,  and  the  various  switching  movements 
not  directly  assignable  to  any  of  the  operations  previously  mentioned,  are 
considered  as  spread  uniformly  over  them. 

In  computing  the  number  of  these  movements,  the  writer  has  considered 
interchange  of  traffic  with  the  lines  of  the  Grand  Trunk  Railway  Company  in 
the  United  States  as  not  equivalent  to  terminal  handling,  but  to  movement 
through  division  points,  which  is  a  car-mile  expense.  The  total  tonnage 
handled  is  classified  as  follows,  the  number  of  cars  being  calculated  at  the 
ratio  of  18.18  tons  per  car,  the  average  loading  of  loaded  cars  at  that  time : 

Tons.  Cars. 

Local  Tonnage: 

Originated    6  732  000  370  400 

Delivered  to   consignee 11980  000  659  000 

Interchange : 

Received  from  carriers 8  979  000  493  900 

Delivered  to  carriers 4  886  000  268  700 

Totals    32  577  000        1792  000 

Each  car  of  local  tonnage  originated  required  the  first  three  movements 
designated  previously,  or  3  X  370  400  =  1  111  200  unit  terminal  movements. 
Each  such  car  delivered  required  the  fourth  to  sixth  movements,  or, 
3  X  659  000  =  1  977  000  units. 

In  interchange,  the  connecting  road  takes  the  place  of  the  shipper  or  con- 
signee, but  there  is  no  empty  car  to  be  placed  or  taken  away.  Each  inter- 
change, therefore,  required  two  unit  movements  instead  of  three,  making 
1  525  200  units. 

In  1913,  empty  car-miles  amounted  to  85  000  000.  The  average  haul  of 
loads  was  178  miles,  and  this  has  been  taken  as  the  distance  moved  by  each 
empty  car.  There  were  then  477  500  empty  cars  moved,  each  of  which  re- 
quired the  seventh  and  eighth  movements,  making  955  000  unit  movements. 
The  total  was  5  568  400  unit  movements. 

The  direct  cost  is  shown  by  Table  8  to  have  been  $3  901  252,  or  70  cents 
per  unit  for  operating  expenses,  and  $1  387  850,  or  25  cents  per  unit  for 
interest,  a  total  of  95  cents  per  unit  of  terminal  handling. 

Distance. — Train-Miles. — The  operations  of  the  Grand  Trunk  Railway 
Company  for  1913  required  10  743  360  direct  freight  train-miles,  at  a  cost  for 
expenses  peculiar  to  train  movements  of  $2  520  920,  or  23.5  cents  per  train-mile, 
practically  all  operating  expenses. 
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Distance. — Car-Miles. — The  freight  car-miles  amounted  to  300  331  000,  at 
a  cost  of  $3  326  983,  or  1.11  cents  per  car-mile,  for  operating  expenses,  and 
$834  100,  or  0.28  cents  for  interest,  a  total  of  1.39  cents  per  car-mile. 

Distance. — Oross  Ton-Miles. — There  were  8  440  727  000  gross  ton-miles 
produced  at  a  cost  of  $817  200,  or  9.7  cents  per  1  000  ton-miles,  practically  all 
for  operating  expenses. 

Resistance. — The  unit  of  Resistance  is  that  of  lifting  1  ton  1  ft.,  or  of  1 
ft-ton.  The  results  of  the  experiments  at  the  University  of  Illinois  have 
been  used  in  making  velocity  profiles.  Calculations  based  on  an  assumed 
average  weight  of  35  tons  per  car,  have  been  made  showing  the  resistance 
necessary  to  be  overcome  in  moving  a  train  over  each  district  of  the 
System,  making  due  allowance  for  acceleration,  speed,  grades,  curvature, 
and  stops,  and  tables  have  been  prepared  giving  the  foot-tons  of  work 
actually  done  in  moving  freight  on  the  railroad  during  the  period  under 
consideration.  The  total  resistance  overcome  was  275  454  000  000  ft-tons. 
The  cost  was  $5  820  060,  or  2.11  cents  per  1 000  ft-tons  for  operating  ex- 
penses, and  $562  400,  or  0.2  cents  per  1 000  ft-tons  for  interest,  a  total  of 
2.31  cents  per  1  000  ft-tons. 

Indirect  Cost. — About  8.5%  of  the  direct  cost  is  apportioned  to  terminal 
handling  of  less  than  carload  freight.  The  same  proportion  of  the  indirect 
(freight)  cost,  or  $830  000,  therefore,  is  assigned  to  less  than  carload  freight. 
About  25%  of  the  direct  cost  is  assigned  to  terminal  carloads,  which  is  inde- 
pendent of  the  distance  freight  is  moved.  The  writer,  therefore,  apportioned 
25%  of  the  indirect  cost,  or  $2  460  000,  on  the  basis  of  tons  handled  terminally. 
This  equals  7.5  cents  per  ton  of  carload  freight.  The  remainder,  $6  350  665, 
is  apportioned  on  the  basis  of  net  ton-miles,  amounting  to  0.17  cent  per  ton- 
mile. 

Similar  analyses  were  made  of  the  operations  of  the  Grand  Trunk  Western 
Railway  and  the  Atlantic  and  St.  Lawrence  Railway.  The  unit  costs  of  all 
three  roads  were  found  to  be  as  given  in  Table  9. 

TABLE  9. 


Railroad. 

Cost  of  less 

than  carload 

per  ton, 

in  cents. 

Cost  per  car- 
load per  unit 
of  operation, 
in  cents. 

Cost  per 
train-mile, 
in  cents. 

Cost  per 
car-mile, 
in  cents. 

Cost  per 
1  000  gross 
ton-miles, 

in  cents. 

Cost  of  resis- 
tance per 
1  000  ft- 
tons,  in 
cents. 

Grand  Trunk 

80.0 

0.9.5 
1.14 
0.72 

23.5 
24.7 
28.1 

1.39 
1.25 
1.24 

9.7 
8.65 
12.00 

2.31 

Grand  Trunk  Western. 
Atlantic  and  St.  Louis. 

1.98 
2.40 

The  details  making  up  each  unit  cost  for  the  Grand  Trunk  Railway  Com- 
pany are  given  in  Table  10. 

Operating  Conditions 

The  first  step  in  the  application  of  unit  costs  is  the  determination  of  the 
exact  conditions  of  train  and  car  loading  under  which  traffic  was  moved.  In 
applying  the  results  of  the  calculations  of  resistance  to  cars  of  weights  other 
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than  the  average  of  35  tons,  allowance  must  be  made  for  the  corresponding 
difference  in  frictional  resistance.  The  correction  does  not  apply  on  descend- 
ing grades  exceeding  about  0.3%,  as  the  resistance  is  then  overcome  by  gravity. 

TABLE  10. — Details  of  Unit  Costs. 


Account. 


Maintenance  op  Way  : 

Track  expenses 

Buildings 

Miscellaneous  expenses 

Maintenance  of  Equipment  : 

Locomotives,  lepairs 

Freight  cars,        "        

Miscellaneous  expenses 

Traffic 

Transportation  : 

Dispatching 

Station  employees 

"       supplies  and  expenses 

Yard  expenses 

Joint  yards  and  terminals 

Road  enginemen 

Engine  house  expense,  road. . . 

Fuel,  road 

Water,  etc.,  road 

Road  trainmen 

Train  supplies  and  expenses  . . 

Clearing  wrecks 

Loss  and  damage,  freight 

Damage  to  stock 

Miscellaneous  expenses 

General  Expenses 

Interest : 

Freight  locomotives 

"        cars 

Buildings 

Yard  and  industrial  tracks 

Hire  of  equipment 

Totals 


Terminal 
carload,  in 
cents. 


3.2 
1.3 


6.2 

14.6 

1.3 

3.3 


3.5 

0.3 
22.2 

"i'.h' 

0.4 
4.3 
0.3 
1.5 


1.4 
'2.2 


1.6 
12.1 
1.7 
5.0 
4.5 


94.8 


Train- 
mile, 
in  cents. 


0.11 
0.01 


0.68 
l.dO 
0.08 


7.32 


11.10 

*6!36" 
0.90 
0.08 
0.82 

0.86 


0.16 


Car-mile, 
in  cents. 


0.021 
0.002 


0.082 
0.4(18 
0.043 


0.031 
0.002 
0.292 


0.105 

o.a)9 

0.022 

'6!653 

0.040 


0.021 
0.150 
0.025 
0.026 
0.055 


1  000  gross 
ton-miles 
in  cents. 


9.00 


0.26 


0.10 


9.72 


1  000  ft- 

(ons.  in 

cents. 


0.10 
0.06 
0.01 


0.53 
0.04 
0.04 


0.09 
0.08 
0.98 
0.06 


0.05 
0.08 

0.13 


2.31 


Empty-Car  Movement. — On  all  districts  of  the  Grand  Trunk  Railway, 
there  is  throughout  the  year  a  preponderance  of  traffic  eastbound.  There  is 
a  large  empty-car  movement  westward  and  a  small  one  eastward.  The  cost 
of  each  belongs  to  the  freight  moved  in  the  opposite  direction.  Where  the 
traffic  is  of  special  character,  requiring  the  return  west,  empty,  of  each  car 
sent  east,  the  calculation  of  cost  is  made  accordingly.  Otherwise,  each  loaded 
car  east  is  charged  with  a  fraction  of  an  empty  car  west  according  to  the 
ratio  of  empties  to  loads.  The  train-mile  and  car-mile  costs  of  empty-car 
movements  are  the  same  as  for  loads.  The  gross  ton-mile  cost  varies  with  the 
weight.  The  resistance  cost  is  the  same  per  foot-ton,  but  the  resistance  varies 
with  the  weight  of  the  car. 

Train  Loading. — It  is  assumed  that  the  ratio  of  car-miles  to  train-miles 
eastbound  on  each  division  represented  the  normal  train  loading  for  that  divi- 
sion.    The  loaded  car-miles  westbound  were  divided  by  this  ratio,  in  order  to 
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obtain  the  train-miles  required  to  move  west  bound  freig-ht.  The  remaining 
actual  train-miles  west  were  considered  as  belonging  to  the  empty  movement, 
and  the  number  of  empties  per  train  was  determined  accordingly.  It  is  true 
that  loaded  and  empties  moving  westward  are  not  separated  in  the  manner 
described,  but  it  appears  to  be  improper  to  charge  to  the  cost  of  west  bound 
freight  any  expense  arising  from  its  being  mixed  with  empties  hauled  west  in 
order  to  carry  freight  east. 

Application  of  Unit  Costs 

The  cost  per  car  for  a  given  freight  movement  is  equal  to  the  sum  of  the 
following : 

The  terminal  carload  cost  per  car,  at  each  end  of  the  movement. 

The  train-mile  unit  cost,  multiplied  by  the  distance  moved,  and  divided 
by  the  number  of  cars  per  train. 

The  car-mile  unit  cost,  multiplied  by  the  distance  moved. 

The  gross  ton-mile  unit  cost,  multiplied  by  the  distance  moved,  and  by  the 
number  of  gross  tons  per  car. 

The  resistance  cost  per  foot-ton,  multiplied  by  the  number  of  foot-tons 
resistance  per  ton,  and  by  the  gross  weight  of  the  car,  plus  a  proportionate 
part  of  the  weight  of  the  engine  and  the  caboose. 

Charge  for  empty-car  movement  in  opposite  direction,  if  any. 

Table  11  shows  the  application  of  the  unit  costs  to  the  movement  of  a  car 
of  dressed  meats  from  Chicago  to  Portland,  Me.  The  average  load  carried 
was  10  tons,  with  3  tons  of  ice,  making  the  gross  weight  38  tons.  The  number 
of  cars  and  of  gross  tons  per  train  on  each  district  were  taken  from  tables 
compiled  for  the  purpose  from  statistical  records  of  the  Grand  Trunk  Rail- 
way. The  equivalent  rise  in  feet,  under  resistance,  was  taken  from  velocity 
profiles,  corrected  for  a  38-ton  car. 

The  terminal  cost  at  Elsdon,  111.,  is  the  unit  cost  of  the  Grand  Trunk 
Western  Railway  multiplied  by  three,  and  covers  the  movements  required  to 
place  the  car  in  a  train  ready  to  leave  the  Elsdon  Yard.  This  cost  is  assumed 
to  be  the  same  at  all  stations  on  the  railroad.  Probably  some  modifications 
should  be  made  for  special  conditions  at  Elsdon,  but  this  was  not  done,  for  the 
eti'ect  would  be  relatively  small  on  so  long  a  haul,  and  the  exact  conditions  were 
not  known.  At  Deering,  Me.,  the  rates  of  the  Atlantic  and  St.  Lawrence 
Railway  Company  were  used. 

The  length  of  each  district,  divided  by  the  number  of  cars  per  train, 
gives  the  number  of  train-miles,  the  cost  of  which  must  be  borne  by  each  car. 
The  total  tons  under  resistance  equal  the  weight  of  the  car,  38  tons,  plus  a 
proportionate  part  of  the  weight  of  the  engine  and  tender,  taken  as  145  tons. 
Cars  are  handled  from  the  stockyards  to  Elsdon,  from  Mimico,  Ont.,  through 
Toronto,  to  York,  Ont.,  Canada,  and  from  Deering  to  Portland,  Me.,  by  yard 
engines,  and  the  cost  is  included  in  yard  expenses. 

Certain  corrections  must  be  made  if  cars  are  owned  by  the  shipper. 
Charges  for  freight-car  repairs,  train  supplies,  interest  on  freight  cars,  and 
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hfre  of  equipment,  as  far  as  it  has  been  applied  to  cars  at  an  average  rate, 
must  be  eliminated. 

Another  correction  is  to  be  made  because  dressed  meats  move  in  manifest, 
or  fast  freight,  trains,  which  are  made  ixp  so  as  to  require  less  handling  in 
yards  than  other  trains;  therefore,  the  charge  for  yard  expenses,  under  car- 
mile  costs, .  must  be  reduced  for  this  class  of  business.  The  charge  is  esti- 
mated by  the  writer  at  one-fourth  as  much  as  for  ordinary  through  freight, 
and  the  manifest  is  estimated  as  one-fourth  the  total  through  movement. 
Locomotive  repairs  would  be  similarly  affected,  as  all  this  expense  which  is 
charged  to  car-mile  costs  is  on  account  of  through  cars  in  yards.  Of  freight- 
car  repairs,  about  one-half  come  from  the  same  cause,  and  would  be  affected 
in  the  same  ratio.     The  results  of  these  corrections  are  shown  in  Table  11. 

Additions  to  the  calculations  mentioned  are  made  because  of  rentals  paid 
for  the  use  of  privately  owned  cars,  1  cent  per  mile,  whether  loaded  or  empty, 
and  for  passage  through  the  St.  Clair  Tunnel,  $1  for  the  loaded  car  and  50 
cents  for  the  empty. 

An  empty  car  hauled  in  the  same  train,  would  have  one-third  as  much  for 
terminal  cost,  and  the  same  cost  for  train-miles  and  car-miles.  The  gross 
ton-miles  would  be  proportional  to  the  weight  of  the  car.  The  "total  tons", 
under  resistance,  would  also  be  proportionately  reduced,  but  the  resistance 
per  ton  would  be  about  50%  more  for  the  light  car.  The  total  cost  would 
be  about  80%  as  much  as  for  the  load.  The  cost  of  the  return  of  the  empty 
refrigerator  car  to  Chicago  was  calculated  at  $50.40,  the  more  than  average 
weight  of  the  car  and  the  charge  for  rent  bringing  the  cost,  in  this  case,  to 
90%  of  that  of  the  load. 

The  full  cost  of  the  return  must  be  charged  to  the  east  bound  freight  be- 
cause nothing  was  moving  west  for  which  this  type  of  equipment  was  suitable. 
In  a  similar  calculation  for  a  commodity  moving  in  general  purpose  cars, 
there  should  be  included  only  that  fraction  of  the  cost  of  the  empty  car  rep- 
resented by  the  ratio  of  the  empty  cars  west  to  the  loads  east.  If,  however, 
the  question,  instead  of  being  one  of  distribution  of  costs  among  kinds  of 
business  already  existing,  was  one  of  the  cost  of  taking  on  additional  traffic 
eastward,  it  would  be  proper  to  charge  against  it  the  entire  cost  of  the  empty- 
car  movement  west.  On  the  other  hand,  additional  traffic  westward  would 
not  only  have  no  empty  movement  against  it,  but  the  additional  cost  would 
be  only  the  difference  between  the  cost  of  moving  a  load  and  that  of  an  empty, 
which  would  be  small,  as  shown  previously. 

The  indirect  cost  has  not  been  computed  for  the  Grand  Trunk  Western 
and  the  Atlantic  and  St.  Lawrence  Railways,  owing  to  the  difficulty  of  de- 
termining the  investment  in  these  subsidiary  companies,  but  it  may  be  taken 
as  the  same  as  that  of  the  Grand  Trunk  Railway.  The  amount  assigned  to 
each  ton  of  the  freight  under  consideration  would  be: 

1  ton  at  Elsdon,  111 $0,075 

1 121  ton-miles  @  $0.017 1.900 

1  ton  at  Deering,  Me 0.075 

Total $2,050 
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The  application  of  unit  costs  thus  ascertained  will  always  require  care"  in 
allowing  for  the  special  conditions  surrounding  each  case,  but  the  writer  be- 
lieves that  it  will  be  found  practicable  to  apportion  costs  of  handling  various 
commodities  with  an  accuracy  comparable  to  that  of  a  manufacturer  calculat- 
ing the  cost  of  the  various  products  of  his  factory.  Discussion  is  needed  as 
to  the  principles  set  forth  and  the  ratios  used  herein,  in  order  that  a  wider 
range  of  experience  and  judgment  may  be  brought  to  bear  on  them. 

In  the  preparation  of  this  analysis,  other  members  of  the  Arbitration  Staff 
of  the  Grand  Trunk  Railway  Company  were  consulted  repeatedly.  Valuable 
assistance  was  rendered  by  Messrs.  E.  A.  C.  Henry,  Engineer  in  Charge,  and 
M.  A.  Fullington  and  F.  W.  Cooper,  Division  Engineers.  Messrs.  George  O. 
Somers,  Traffic  Exi>ert,  and  A.  D.  Porter,  Mechanical  Engineer,  furnished 
much  useful  information.  Mr.  V.  I.  Smart  and  E.  W.  Moreland,  Assoc.  M. 
Am.  Soc.  C.  E.,  who  were  assigned  as  Assistants  on  the  work,  were  invaluable 
in  assembling  material  and  in  the  solution  of  the  many  problems  which  arose. 
The  criticisms  of  J.  G.  Sullivan,  M.  Am.  Soc.  C.  E.,  on  the  completed  work 
caused  much  of  it  to  be  revised,  and,  it  is  believed,  to  be  greatly  improved. 

The  science  of  railroading  covers  too  wide  a  field  for  any  one  man  to  be 
expert  in  every  part  of  it.  The  writer  was  especially  fortunate  in  having  the 
advice  and  assistance  of  so  many  men  of  wide  experience  and  ripe  judgment. 
If  the  results  prove  useful  in  the  solution  of  railroad  problems,  a  large  share 
of  the  credit  will  be  due  to  these  men. 
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33ISCTJSSION 


J.  G.  Sullivan,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  author  is  deserving 
of  the  gratitude  of  railway  engineers  for  bringing  this  important  subject 
before  the  public.  There  is  every  reason  why  railroad  men  should  know  what 
transportation  is  really  costing,  and,  further,  the  students  of  the  economics 
of  railway  location  will  be  well  advised  in  giving  this  paper  very  careful  study, 
although  they  may  not  agree  with  all  the  methods  and  the  indicated  con- 
clusions. 

In  general,  the  vsrriter's  criticisms  of  the  paper  resulted  in  decreasing  the 
ratio  of  the  direct  charges  to  the  total. 

The  reason  for  this  further  discussion  is  that  the  writer  believes  that 
in  reading  Mr.  Newell's  paper  those  who  are  not  familiar  with  railway 
operation  may  arrive  at  a  false  conclusion,  namely,  that,  in  general,  passenger 
business  is  more  profitable  than  freight  business. 

It  is  not  thought  that  Mr.  Newell  intended  to  give  that  impression,  but 
the  VTriter's  experience  has  been  that  there  are  certain  classes  always  ready 
to  grasp  at  straws  to  further  their  arguments  as  to  why  passenger  rates  should 
be  lowered. 

In  1894,  the  writer  listened  to  a  member  of  the  "Coxey  Army"  haranguing 
a  crowd  in  St.  Paul,  Minn.,  whose  grievance  was  high  passenger  rates.  He 
quoted  the  cost  per  100  lb.  weight  for  carrying  a  hog  from  St.  Paul  to  Chicago, 
and  compared  this  rate  with  the  fare  he  would  have  been  charged  by  the  rail- 
way. One  can  readily  see  now  such  a  man  would  take  undue  advantage  of 
any  figures  that  might  tend  to  prove  his  case,  especially  if  he  were  a  member 
of  a  legislative  body. 

The  writer  cannot  agree  with  the  author's  conclusion  that  "passenger 
service  was  more  profitable  than  freight",  even  in  the  particular  case  under 
consideration.  The  passenger  business  on  the  Grand  Trunk  Railway  was  the 
"star  boarder",  as  it  is  in  all  railways.  The  track  has  to  be  kept  in  shape  for 
that  particular  business.  Extra  side-tracks  of  extra  lengths  must  be  built  so 
that  the  freight  business  can  be  kept  entirely  out  of  the  way  of  its  more  favored 
rival.  If  these  facts  are  not  taken  into  consideration,  then,  in  the  writer's 
opinion,  the  conclusions  are  not  reliable. 

A  few  of  these  adverse  factors  that  increase  the  cost  of  freight  service  may 
be  mentioned  in  the  following  questions : 

(1)  If  a  road  had  no  passenger  service,  how  much  could  it  reduce  the  first 
cost  and  interest  of  locomotives  and  cars  on  account  of  being  able  to  make 
better  time? 

(2)  How  much  could  the  number  and  length  of  passing  sidings  be  reduced, 
if  there  was  no  passenger  service?  (A  double-track  railway  would  practically 
require  none.) 

(3)  It  is  true  that  Mr.  Newell  loads  the  passenger  traffic  in  computing  the 
cost  of  maintenance-of-way  charges,  but  how  many  railway  engineers  will 
admit  that  this  loading  more  than  compensates  for  the  actual  damage  done 

*  Cons.  Engr.,  Winnipeg,  Man.,  Canada. 
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due  to  speed,  leaving  nothing  to  compensate  for  keeping  the  roadway  in  a  con- 
dition far  better  than  the  economics  of  freight  service  would  warrant. 

(4)  How  much  of  the  fuel  used  in  stopping  and  starting  freight  trains  and 
burned  while  standing  in  side-tracks  waiting  for  passenger  trains  to  meet  or 
pass,  should  be  charged  to  passenger  service? 

(5)  How  much  of  the  extra  time  of  train  crews  and  engine  crews  in  freight 
service,  as  mentioned  in  Factor  (4),  should  be  charged  to  passenger  service? 

(6)  Even  if  it  is  taken  for  granted  that  Mr.  Newell's  figures  for  the  ratio 
of  direct  charges  are  correct,  is  he  justified  in  dividing  taxes,  interest,  and 
general  expenses  in  the  same  ratio  ? 

Most  business  concerns  will  compare  the  direct  charges  with  the  revenue 
from  a  certain  line  and  then  decide  whether  or  not  it  is  profitable  to  continue 
that  line.  One  might  get  the  impression  from  the  author's  statement  that, 
"compared  with  the  entire  cost,  the  percentages  were  110%  for  freight  and  83% 
for  passenger",  that  it  would  be  advisable  for  the  Grand  Trunk  Railway  Com- 
pany to  go  out  of  the  freight  business;  such  a  conclusion,  of  course,  would  be 
absurd.  If  Mr.  l^ewell  had  divided  what  he  calculated  as  indirect  interest, 
taxes,  and  general  expenses  on  the  basis  of  revenue  received,  the  result  would 
have  been  107%  for  freight  sei-vice  and  90%  for  passenger  service.  If  these 
items  had  been-  divided  "fifty-fifty",  the  result  would  have  been  101%  for 
freight  service  and  100%  for  passenger  service. 

The  writer  does  not  suggest  that  these  latter  divisions  are  more  logical 
than  those  used  by  Mr.  Newell,  but  simply  uses  them  to  show  what  very 
different  results  one  may  obtain,  depending  on  the  point  of  view  that  suggests 
the  assumptions. 

Another  feature  that  supports  the  writer's  views  is  the  fact  that  although 
it  would  have  been  to  the  interest  of  the  Government  to  establish  Mr.  Newell's 
conclusion,  the  solicitors  did  not  feature  this  conclusion. 

The  writer  wishes  in  no  way  to  detract  from  Mr.  Newell's  excellent  paper 
other  than  to  prevent  those  who  may  not  be  familiar  with  railway  operation 
making  a  mistake  by  drawing  false  conclusions. 

J.  P.  Newell,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  question  raised  by  Mr. 
Sullivan  in  regard  to  the  apportionment  of  the  indirect  expenses  between 
freight  and  passenger  service  is  one  which  confronts  the  student  in  every 
allocation  of  costs  of  production.  These  expenses  would  exist  to  the  same 
extent  if  the  operations  of  the  road  were  confined  entirely  to  either  service. 
If  the  problem  was  the  advisability  of  abandoning  one  branch  of  service,  the 
passenger  service,  for  example,  it  would  then  be  proper  to  charge  the  entire 
amount  of  indirect  cost  to  freight  service,  with  the  result  that  passenger 
business  would  appear  to  be  tremendously  profitable.  In  like  manner,  a  large 
profit  could  be  shown  for  freight  service  by  assuming  that  the  primary  function 
of  a  railroad  is  to  carry  passengers,  and  charging  all  indirect  costs  to  that 
service. 

The  writer  has  assiuned  that  it  is  the  business  of  a  railroad  to  carry  both 
freight  and  passengers  and  that  neither  should  have  any  preference  in  alloca- 

•  Cons.  Engr.,  Portland,  Ore. 
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tion  of  charges.  It  is  necessary,  therefore,  to  find  some  equitable  basis  for 
apportioning'  those  costs  which  are  not  dependent  on  either  the  volume  or  the 
character  of  the  traffic  carried.  Just  what  that  basis  should  be,  it  is  not  easy 
to  determine.  Apportionment  according  to  the  respective  revenues  at  once 
suggests  itself.  This  method,  however,  is  correct  only  if  freight  and  passenger 
charges  are  adjusted  properly  with  reference  to  each  other.  The  writer  has  not 
been  able  to  fiiid  any  more  equitable  basis  than  that  which  he  has  used. 

In  the  matter  of  direct  costs,  only  the  maintenance-of-way  charges  offer 
any  serious  difficulty  in  allocation.  Even  if  the  clearly  unreasonable  propor- 
tion of  75%  of  these  expenses  on  the  Grand  Trunk  Railway  in  1913  was  charged 
to  passenger  service,  such  service  would  still  show  a  slight  gain,  and  freight, 
a  loss.  It  appears,  therefore,  to  the  writer,  that  although  there  is  much  room 
for  difference  of  opinion  as  to  the  exact  method  of  distributing  costs  between 
freight  and  passenger  service,  the  latter  was  the  more  profitable  in  that  year. 
Since  then,  however,  the  comparative  falling  off  in  Grand  Trunk  passenger 
traffic  has  undoubtedly  changed  this  relation. 
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PEOGRESS  IN  HIGHWAY  RESEARCH 
By  W.  K.  Hatt,*  M.  Am.  Soc.  C.  E. 


It  appears  that  an  early  solution  of  the  more  complicated  problems,  and, 
from  the  standpoint  of  National  well-being,  the  graver  problems  of  highway 
transport,  will  be  reached  only  in  so  far  as  the  highway  engineer,  the  highway 
official,  the  vehicle  designer  and  manufacturer,  and  the  organizer  and  operator 
of  highway  transport  systems,  in  conference,  can  come  to  an  understanding 
of  the  aims  of  each,  and  to  a  recognition  of  the  public  service  to  which 
they  are  called.  To  this  group  should  also  be  added,  steam  and  electric  rail- 
way operators,  so  that  highway  transport  may  find  its  appropriate  function 
in  a  co-ordinated  structure  of  National  transportation. 

Highway  engineers  and  motor  vehicle  manufacturers  are  now  seeking  a 
common  viewpoint,  and  are  in  the  way  of  finding  a  common  purpose  from 
which  to  reach  sound  policies  in  the  financing,  building,  and  the  use  of  high- 
ways. It  is  hoped  that  the  contribution  of  those  representing  other  systems 
of  transportation  to  a  scientific  study  of  these  questions  may  be  had. 

Co-Ordination  of  Research. — The  Advisory  Board  on  Highway  Research, 
Division  of  Engineering,  National  Research  Council,  is  organized  to  prepare 
a  comprehensive  National  program  for  highway  research;  to  assist  existing 
organizations  to  co-ordinate  their  activities  therein;  and  to  collect  and  dis- 
tribute information  of  completed  and  current  research.  This  is  not  a  directing, 
but  a  service,  organization,  devoted  to  the  interest  of  the  individual  researcher. 
Services  that  can  be  rendered  the  individual  researcher  are  in  soliciting  sup- 
port for  his  projects,  in  putting  him  in  touch  with  his  fellow  workers  through 
a  Census  of  Research,  and  in  illuminating  a  particular  field  with  sidelights 
from  allied  fields  in  which  a  project  has  its  setting.  The  taxpayer  will  also 
benefit  through  a  co-ordinated  research  activity  on  problems  selected  from  a 
comprehensive  program  with  reference  to  the  applicability  to  present-day 
problems. 

Eor  example,  highway  researches  in  the  field  of  economics  of  operation 
are  connected  under  Committee  No.  1  on  the  Economic  Theory  of  Highway 
Improvement,  T.  R.  Agg,  M.  Am.  Soc.  C.  E.,  Chairman.  In  New  Eng- 
land, the  tractive  resistance  of  automobiles  and  trucks  is  being  measured 
on  several  types  of  roads  at  speeds  up  to  30  miles  per  hour.  The  vehicles  are 
tested  for  internal  absorption  of  energy  at  the  Tale  Laboratory  by  Professor 
E.  H.  Lockwood,  and  the  gross  tractive  resistance  determined  on  the  roads 
by  Maj.  Mark  L.  Ireland,  Q.  M.  C,  U.  S.  A.,  who  is  stationed  at  the  Massa- 
chusetts Institute  of  Technology.  Co-operating  in  this  work  are:  The 
Bureau  of  Public  Roads,  TJ.  S.  Department  of  Agriculture,  the  Committee 
on  Economic  Theory  of  Highway  Improvement,  National  Research  Council, 
the  Connecticut  Highway  Commission,  the  Department  of  Public  Works,  Com- 
monwealth of  Massachusetts,  Harvard  University,  the  Massachusetts  Institute 
of  Technology,  the  Society  of  Automotive  Engineers,  the  United  States  Army, 
Quartermaster  Corps,  and  Yale  University. 

♦  Director,    Highway    Research    Committee,    Div.    of    Eng.,    National    Research    Council, 
"Washington,  D.  C. 
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The  investigation  includes  the  effect  on  tractive  resistance  of  the  tem- 
perature of  the  differential  of  the  vehicle,  and  of  various  types  of  tires.  The 
gross  tractive  resistance  is  composed  of  several  elements,  such  as  engine,  gear- 
ing, inelastic  resistance  of  body,  tire,  windage,  road  surface,  which  distin- 
guishes rolling,  impact,  and  displacement  resistance.  Account  must  be  taken 
of  the  absorption  and  giving  out  of  energy  in  the  rotating  parts,  in  accelerat- 
ing or  retarding  speed.  The  technique  of  these  measurements  is  not  settled. 
The  measuring  instrument  may  be  an  accelerometer  used  in  coasting  tests, 
or  a  dynamometer  used  in  towing  tests,  each  of  which  has  its  peculiar  ad- 
vantages. The  first  task  is  to  determine  the  best  instrument  to  measure 
the  several  elements  into  which  the  problem  is  analyzed.  The  Bureau  of 
Standards  has  assembled  apparatus  which  automatically  records  the  measure- 
ments of  about  fourteen  elements  of  car  performance  in  road  tests. 

L.  E.  Conrad,  M.  Am.  See.  C.  E.,  at  Manhattan,  Kans.,  is  conducting  a 
parallel  investigation  of  the  resistance  of  the  air  to  the  passage  of  vehicles. 

At  the  University  of  Michigan,  Professor  Lay  in  a  study  of  economic 
grades  has  towed  four  Packard  trucks  over  gravel  and  concrete  roads,  after 
he  had  determined  their  characteristics  in  the  laboratory.  The  gravel  roads 
varied  in  condition  from  wind-swept  hard  surfaces  to  a  loose  gravel  surface. 
The  concrete  road  varied  from  a  smooth  finish  to  a  somewhat  wavy  condition. 
The  gasoline  consumption  was  also  reported.  The  trucks  were  5  ton,  with 
3-ton  pay  load,  and  were  operated  at  a  standard  engine  speed  of  1  000  rev.  per 
min.,  the  gears  being  shifted  to  meet  road  conditions.  Professor  Lay  finds 
that,  for  these  trucks,  the  tractive  resistance,  including  rolling  resistance,  tire 
resistance,  and  windage,  varied  from  40  to  44  lb.  per  ton  on  the  gravel  roads, 
and  from  22  to  26  lb.  per  ton  on  the  concrete  roads,  all  at  a  speed  of  10 
miles  per  hour. 

At  Ames,  Iowa,  Professor  Agg  has  been  investigating  the  economics  of 
highway  location  and  operation,  especially  with  a  view  to  determining  economic 
grades. 

The  end  in  view  is  a  sound  economic  theory  of  highway  location  and 
improvement.  Each  of  these  investigations  forms  part  of  a  whole.  The 
individual  researches  profit  by  intercommunication,  and,  in  the  end,  the  entire 
results  are  more  likely  to  be  useful  in  the  formation  of  principles  by  a 
co-ordinating  service. 

In  the  field  of  design  may  be  mentioned  the  experimental  road  at  Pitts- 
burg, Calif.,  and  the  Bates  test  road  near  Springfield,  HI.,  investigations  of 
A.  T.  Goldbeck,  Assoc.  M.  Am.  Soc.  C.  E.,'of  the  U.  S.  Bureau  of  Eoads, 
and  the  service  test  roads  at  Byberry  and  Lancaster,  Pa.,  Casper,  Wyo.,  Alex- 
andria Coxmty,  Virginia,  Wilmington,  Del.,  and  Milwaukee,  Wis.  These  tests 
are  directed  to  the  same  end  and  will  supply  co-ordinated  data  through  the 
Committee  on  Design;  they  will  place  the  mechanics  of  slab  design  on  a  sci- 
entific basis. 

In  the  field  of  highway  transport,  the  pioneer  transport  surveys  on  the  Con- 
necticut roads,  started  by  Charles  J.  Bennett,  M.  Am.  Soc.  C.  E.,  State  High- 
way Commissioner,  have  crystallized  former  vague  discussions,  and  have  stim- 
ulated further  work.    The  examinations  by  A.  N.  Johnson,  M.  Am.  Soc.  C.  E., 
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of  the  University  of  Maryland,  by  N".  W.  Dougherty,  M.  Am.  Soc.  C.  E.,  of 
the  University  of  Tennessee,  by  Professor  Agg  in  Iowa,  by  the  Bureau  of 
Public  Roads  in  California,  and  less  complete  traflB.c  counts  in  scores  of 
instances — all  these  need  to  be  reported  and  examined  for  fundamental  laws 
of  traffic  by  a  Committee  on  Traffic  Analysis. 

A  useful  and  money-saving  activity  is  in  the  Research  Information  Service 
of  the  Advisory  Board,  by  which  a  State  is  informed  of  the  findings  from  in- 
vestigations in  another  State.  Cases  can  be  cited  in  which  one  State  has 
been  saved  the  delay  and  cost  of  an  investigation  relating  to  the  use  of 
materials,  when  informed  of  the  completed  investigation  available  from  the 
work  of  another  State.  The  recent  tabulation  of  the  incomplete  returns  of 
the  Highway  Research  Census  of  the  Advisory  Board  indicates  not  only  great 
activity  in  this  field  in  the  430  projects,  but  the  possibilities  of  economy  in 
time  and  money  and  the  avoidance  of  unnecessary  duplication.  Table  1  gives 
the  number  of  individual  research  projects  in  highway  engineering  and  high- 
way transport. 

TABLE  1. 


Economics. 

Operation. 

Design 
(road). 

Construction. 

Materials. 

Total. 

CoUeeres  and  universities 

17 
1 
5 

13 
0 

3 
1 
1 

2 
0 

47 
3 
6 

25 
3 

12 
0 

1 
8 
0 

127 
19 
18 

101 
17 

2..6 
24 

31 

Stare  Jiigrhway  departments 

149 
20 

Total 

36 

7 

84 

21 

282 

430 

It  must  be  said,  however,  that  duplication  is  not  necessarily  an  evil;  in- 
deed, it  is  useful  in  fundamental  matters,  as  in  the  case  of  the  investigation 
of  fatigue  of  concrete.  The  parallel  investigations  at  Springfield,  111.,  Purdue 
University,  and  the  University  of  Maryland,  with  different  methods  of  attack, 
will  more  certainly  lead  to  the  truth.  However,  in  these  cases,  each  will 
profit  by  communication  with  the  other. 

H.  S.  Mattimore,  Assoc.  M.  Am.  Soc.  C.  E.,  Engineer  of  Tests,  State 
Highway  Department,  Harrisburg,  Pa.,  is  Chairman  of  the  Committee  of  the 
Advisory  Board  on  the  Character  and  Use  of  Road  Materials;  he  is  also  Chair- 
man of  the  Committee  of  Tests  and  Investigations  of  the  American  Asso- 
ciation of  State  Highway  Officials.  The  latter  Committee  is  divided  into 
sub-committees,  each  representing  a  region  of  the  United  States.  Mr.  Matti- 
more is  furnished  by  the  Advisory  Board  with  an  administrative  assistant, 
and  this  combined  attack  on  problems  relating  to  the  materials  of  construc- 
tion represents  a  well-organized  committee  activity. 

These  few  instances  will  serve  to  demonstrate  the  value  of  the  services  of 
the  Advisory  Board  in  combining  individual  researches. 
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POLLUTION  OF  STE^AMS  BY  PULP-MILL  WASTES 
By  George  C.  Whipple,*  M.  Am.  Soc.  C.  E. 


The  manufacture  of  wood  pulp  is  a  hydro-cliemical  process;  consequently, 
pulp  mills  are  always  located  on  streams  or  canals.  Large  volumes  of  water 
are  required  and  the  waste  waters  which  contain  the  spent  chemicals  and  the 
washings  of  the  pulp,  pollute  the  streams.  Whether  this  pollution  does  dam- 
age down  stream  depends  on  many  factors,  namely,  the  relative  volumes  of 
waste  and  of  stream  flow  and  the  variations  in  flow;  the  quality  of  the 
river  water  and  the  character  of  the  wastes;  the  opportunity  for  mixing,  the 
velocity  of  the  current,  the  existence  of  riffles,  slack  water,  aqueous  vegetation, 
re-aeration,  sedimentation,  and  the  many  factors  which  bring  about  the  natural 
purification  of  streams;  and,  finally,  the  use  which  is  made  of  the  river  water 
down  stream.  These  factors  are  common  to  all  forms  of  stream  pollution 
resulting  from  hydro-chemical  processes,  but  there  are  no  two  places  where 
the  conditions  are  exactly  alike.  Every  polluted  stream  has  its  own  set  of 
conditions,  therefore,  generalizations  are  hazardous.  The  speaker  will  only 
call  attention  to  certain  facts  regarding  pulp-mill  wastes  and  discuss  briefly 
the  larger  problem  of  stream  pollution  by  industrial  wastes. 

It  should  be  noted  that  the  pollution  of  streams  by  pulp-mill  wastes  is  only 
a  part  of  a  more  general  problem — the  pollution  of  streams  by  trees  and  tree 
products — a  problem  which  appears  in  many  forms.  Annually,  the  leaves  fall, 
decay,  and  the  products  of  their  leaching  are  carried  into  ponds,  brooks,  and 
rivers.  Trees  die  and  gradually  their  wood  decomposes.  Trees  are  floated 
down  stream  to  the  mills,  and  their  soakage  tends  to  increase  the  color  of  river 
water,  although  the  effect  is  not  great.  Logs  are  sawed;  the  saw-dust  lies  in 
heaps  or  washes  into  the  rivers  and  the  pollution  takes  a  different  form.  All 
these  processes  are  slow,  and  the  resulting  pollutions  are  regarded  as  natural. 
It  is  only  when  wood  fiber  is  treated  chemically,  when  vast  quantities  of  logs 
are  brought  to  one  mill,  that  stream  pollution  becomes  a  problem.  Pulp-mill 
pollution  is  also  akin  to  that  of  strawboard  waste  pollution  and  to  beet-sugar 
pollution,  both  of  which  involve  the  decomposition  or  chemical  treatment  of 
vegetable  fiber  and  the  use  of  water  in  large  quantities. 

There  are  three  processes  of  making  wood  pulp,  which  need  to  be  distin- 
guished from  each  other  because  of  the  difference  in  their  waste  products. 
They  may  be  referred  to  as  (a)  ground  pulp;  (h)  soda  pulp;  and  (c)  sulphite 
pulp.  The  object  of  all  these  processes  is  to  separate  the  fibrous  from  the 
non-fibrous  parts  of  the  wood,  the  fibrous  materials  being  used  for  making 
paper. 

'.  Ground  pulp  is  made  by  cutting  logs  into  short  lengths  and  pressing  them 
against  rough  grinding  wheels  kept  wet  with  water.  The  resulting  crude  pulp 
ia  washed,  screened,  deposited  as  a  blanket,  rolled,  and  dried.  Mechanical 
pulp  thus  prepared  contains  not  only  cellulose  but  also  lignin  and  resinous 
matter.  The  wash  water  contains  a  large  quantity  of  wood  fiber  and  extractive 
matter,  sometimes  10%  of  the  weight  of  the  wood.  Chemically,  it  resembles 
saw-dust,  but  is  finely  shredded  instead  of  granulated. 

*  Cons.  Engr.  ;  Prof.,  San.  Eng.,  Harvard  Univ.,  Cambridge,  Mass. 
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In  the  soda  process,  soft  wood,  usually  poplar,  is  chipped  and  digested  in 
hot  caustic  soda,  the  resulting  pulp  being  washed,  bleached,  drained,  and 
worked  into  the  usual  blanket  form.  Soda  digestion  yields  a  soft  grayish- 
brown  pulp  and  a  black  liquor  which  results  from  the  decomposition  of  the 
lignin  and  resins.  A  large  part  of  the  soda  used  is  recovered  by  concentrating 
this  black  liquor  in  evaporators,  burning  off  the  lignin  and  other  organic 
materials  in  rotary  furnaces,  leaving  carbon  and  sodium  carbonate  which  is 
leached  out  and  converted  back  to  caustic  soda  by  boiling  with  caustic  lime. 
As  a  result,  there  is  wasted  a  small  volume  of  black-ash  sludge  which  contains 
a  little  unleached  soda  ash,  and  a  large  volume  of  calcium  carbonate  sludge. 
A  small  volume  of  lime  sludge  resulting  from  the  bleaching  process  is  also 
wasted.  The  liquid  wastes  consist  of  wash  waters  from  several  parts  of  the 
process.  They  contain  wood  pulp,  caustic  soda,  and  hypochlorites,  but  are 
usually  not  large  in  volume.  In  recent  years,  electrolytic  methods  of  producing 
caustic  soda  and  calcium  hypochlorite  from  brine  have  been  introduced  and 
savings  made  which  have  reduced  the  waste  products.  It  is  said,  however, 
that  for  every  ton  of  wood-pulp  product  about  150  lb.  of  caustic  soda  are  lost. 

If  all  the  solid  waste  products  from  soda  pulp  mills  were  to  be  discharged 
into  the  streams,  a  serious  pollution  would  occur.  Sedimentation  basins  are 
usually  provided  and  with  them  it  is  possible  to  retain  the  bulk  of  the  sludge. 
The  volume  of  the  sludge  is  very  large,  however,  and  in  the  course  of  years 
large  areas  are  required.  Unless  the  sedimentation  beds  are  well  operated, 
foul  liquids  are  likely  to  be  discharged  from  them,  either  by  drainage  or  by 
overflow  at  times  of  rain.  On  the  whole,  however,  the  soda  process,  with  its 
recovery  methods,  destroys  a  large  part  of  the  lignins  and  wood  extractives  by 
burning,  and  the  pollution  of  streams  by  soda  pulp  mills  is  more  a  mineral 
than  an  organic  pollution. 

In  the  sulphite  process,  the  wood  fiber  is  disintegrated  by  the  use  of  the 
sulphites  of  calcium  and  magnesium  with  an  excess  of  free  sulphurous  acid. 
Spruce  and  hemlock  are  the  woods  commonly  used.  The  sulphite  is  manu- 
factured by  passing  sulphurous  acid  through  a  suspension  of  milk  of  lime, 
or  by  burning  sulphur  and  passing  the  fumes  into  an  acid  tower  packed  with 
crushed  limestone  or  dolomite,  water  being  allowed  to  trickle  down  as  the 
fumes  ascend.  The  sulphite  solution  runs  out  at  the  bottom  of  the  tower  and 
is  pumped  to  the  digesters  in  which  the  chipped  wood  is  packed.  After  digestion 
for  several  hours  under  high  pressure,  the  contents  are  delivered  into  a  pit 
from  which  the  waste  liquor  drains  off,  leaving  the  fiber.  This  waste  sulphite 
liquor  has  the  appearance  of  a  thin  molasses,  and  has  a  woody,  acrid,  sulphurous 
odor.  It  often  contains  as  much  as  10%  of  solid  matter,  consisting  of  wood 
fiber,  lignin,  resin,  and  wood  extractives  modified  by  the  process.  It  generally 
contains  sulphurous  acid,  sometimes  as  much  as  0.5  to  1  per  cent.  The  pulp 
is  screened,  washed,  and  perhaps  bleached,  and  is  worked  into  a  blanket  ready 
for  paper-making,  these  processes  yielding  waste  waters  which  contain  fiber  and 
other  impurities.  It  will  be  observed  that  in  the  sulphite  process  the  lignin, 
resin,  and  wood  extractives  are  wasted  to  the  stream,  whereas,  in  the  soda 
process,  they  are  mostly  burned.     For  this  reason,  the  pollution  of  streams 
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by  sulphite  pulp  mills  has  proved  a  more  serious  matter  than  that  caused  by- 
pulp  mills  using  the  soda  or  the  mechanical  process. 

The  volume  of  the  liquid  -waste  from  a  sulphite  pulp  mill  is  large  and 
may  be  as  much  as  800  to  1  000  gal.  per  ton  of  pulp.  It  is  said  that  for  each 
ton  of  finished  pulp  an  equal  quantity  of  organic  material  is  discharged  into 
the  stream  as  waste  liquor,  together  with  about  400  lb.  of  sulphur  in  acid  form 
or  organic  combination.  The  action  of  the  bisulphites  on  the  lignin  is  to 
produce  a  mixture  of  sulphonated  substances  which  give  rise  to  lignin- 
sulphonic  acid  or  the  calciiim  or  magnesium  salts  of  this  organic  acid. 

Earle  B.  Phelps,  Affiliate,  Am.  Soc.  C.  E.,  has  given  the  following  average 
analysis  of  two  samples  of  sulphite  liquor,  which  may  be  regarded  as  typical: 

Parts 
per  million. 

Total  solids 95  000 

Loss  on  ignition  (organic) 82  000 

Oxygen   consumed -ff-itri}  -> -  ^^  ^^^ 

Ash    (mineral) 13  000 

Analysis  of  ash : 

Calcium  (Ca) 2  200 

Magnesium   (Mg) 1  20O 

Sulphur  (S) 2  000 

Tree  SO^ 1  000 

Total  sulphur  (mineral  and  organic) 10  500 

Mr.  Melville  C.  Whipple,  who  analyzed  a  sample  of  the  waste  sulphite  liquor 
at  one  of  the  mills  on  the  Black  Eiver,  New  York,  found  that  it  had  an  iodine 
absorption  equivalent  to  224  parts  per  million  of  SO2. 

As  far  as  the  speaker  is  informed,  no  successful  method  of  utilizing  or 
treating  sulphite  wastes  has  yet  been  devised.  Its  acid  condition  precludes  the 
use  of  bacterial  methods  without  prior  neutralization  and  its  large  quantity  of 
soluble  matter  makes  settling  processes  of  little  avail.  Evaporation,  which  is 
an  expensive  process,  seems  to  be  a  necessary  preliminary  to  any  method  of 
utilization.  The  use  of  detention  tanks  for  equalizing  the  discharge  instead 
of  allowing  heavy  discharges  to  occur  at  intervals,  is  of  some  benefit  but  does 
not  solve  the  problem.  If  one  considers  the  damage  done  and  also  the  value 
of  the  substances  wasted,  it  is  evident  that  the  prevention  of  pollution  by  pulp- 
mill  wastes  is  worthy  of  careful  study  by  chemical  engineers.  Sutermeister 
states  that,  in  Europe,  mills  have  been  obliged  to  close,  because  it  has  been 
impossible  to  purify  the  waste  liquors  sufficiently  to  comply  with  legal  require- 
ments. Attempts  have  been  made  to  use  the  sulphite  liquor  as  a  road  binder, 
a  binder  for  moulding  sands,  a  binder  for  powdered  coal,  a  fertilizer,  a  sizing 
for  paper,  a  food  for  cattle,  a  source  of  dye-stuffs,  a  material  for  insulation  and 
artificial  leather,  or  a  source  of  alcohol.  The  speaker  has  no  practical  sug- 
gestions to  make  at  this  time  on  the  utilization  and  treatment  of  wastes  but, 
instead,  will  discuss  briefly  the  effect  of  sulphite  wastes  on  streams. 

The  peculiar  character  of  waste  sulphite  liquor  is  its  sulphur  content,  its 
acidity,  and  its  high  organic  content.  Sulphite  mills  and.  often  the  villages 
in  which  they  are  located,  reek  with  the  characteristic  odor.     Sulphurous  acid 
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escapes  into  the  air  in  such  quantities  that  the  water  supply,  used  for  process 
purposes,  when  exposed  to  the  air,  absorbs  it,  the  natural  alkalinity  of  the 
water  being  reduced  by  measurable  amounts.  Sulphur  in  other  forms  may 
also  be  absorbed  by  the  process  water,  partly  from  the  air,  but  even  more  from 
the  pulp  during  the  washing  processes.  One  consequence  of  this  is,  that  the 
troughs  and  channels  and  even  the  screens  and  wash-boxes  in  a  pulp  mill 
become  coated  with  slime  which  is  shown  by  the  microscope  to  consist  of 
Beggiotoa,  Sphcerotilris,  Leptomitus,  and  other  fungi  which  require  sulphur 
for  their  growth.  The  slime  problem  is  often  serious  in  pulp  mills  and 
frequent  shut-downs  for  cleaning  purposes  are  required.  The  slime  becomes 
dislodged  from  the  troughs  and  settles  on  the  pulp  blankets,  making  dirty 
spots  which  affect  the  sale  of  the  product  and  sometimes  require  the  pulp  to 
be  re-washed.  A  few  years  ago,  at  one  of  the  Canadian  pulp  mills,  the  speaker 
experimented  on  the  control  of  slime  growths  by  the  use  of  copper  sulphate 
coupled  with  other  chemical  treatments,  but  this  experimental  work  had  to  be 
given  up  on  account  of  the  World  War.  Svifficient  was  accomplished,  how- 
ever, to  warrant  the  statement  that  the  slime  growth  can  be  controlled  by 
proper  treatment. 

It  is  a  fact  which  is  more  than  a  mere  coincidence,  that  these  three  fila- 
mentous fungi,  Sphcerotilus,  Beggiotoa,  and  Leptomitus,  found  in  the  water 
of  pulp  mills,  are  also  found  in  sewage  polluted  waters.  Together  with 
Thiotrix  and,  perhaps,  Saprolegnia,  they  appear  to  require  sulphur  and,  either 
by  choice  or  effect,  are  found  in  waters  of  low  dissolved  oxygen  content.  These 
fungi  are  often  found  on  sticks  and  stones  in  the  streams  below  sulphite  mills, 
appearing  as  clumps  or  tufts  of  fibers,  sometimes  white  like  cotton,  but  more 
often  cream-colored,  gray,  or  salmon  pink.  Wlien  they  decay,  they  blacken  and 
become  foul  smelling,  a  condition  usually  associated  with  septicity,  that  is, 
with  lack  of  oxygen  and  bacterial  decomposition. 

Deposits  of  pulp  sometimes  occur  below  sulphite  mills  where  there  is  slack 
water.  The  shores  often  become  covered  not  only  with  the  fungi  mentioned, 
but  with  growths  of  Oscillaria,  the  long  bluish-green  filaments  of  which  enmesh 
the  pulp.  In  the  sunlight,  bubbles  of  oxygen  are  generated,  which  also  become 
enmeshed  and  float  great  masses  to  the  surface  of  the  water.  Various  animal 
forms  take  shelter  in  these  oxygenated  masses,  and  other  algae  grow  on  them 
until  they  become  great  centers  of  microscopic  life.  If  there  are  other  pulp 
or  paper  mills  down  stream,  the  quality  of  the  water  at  the  lower  mills  is  likely 
to  be  seriously  impaired  for  washing  purposes.  These  growths  can  be  kept 
down  by  the  proper  application  of  copper  sulphate. 

The  practical  effect  of  discharging  sulphite  wastes  into  rivers  depends  on 
the  various  factors  already  mentioned.  One  effect  is  to  make  the  stream  un- 
sightly by  reason  of  deposits  of  pulp  and  fungi  and  the  algae  growths  previously 
mentioned,  and  if  a  stream  once  becomes  foul  in  this  way,  it  tends  to  become 
a  catch-all  for  many  kinds  of  debris  and  filth.  Uncleanliness  is  contagious. 
M.  O.  Leighton,  M.  Am.  Soc.  C.  E.,*  described  the  effect  of  the  pollution  of 
Ausable  River  with  sulphite  wastes  for  a  distance  of  twenty  miles,  and  even 

•  "On  the  Pollution  of  Lake  Champlain",   Water  Supply  and  Irrigation  Paper  No.  121, 
U.  S.  Geological  Survey,  1905. 
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into  Lake  Champlain.  He  also  described  the  pollution  of  Bouquet  River  with 
soda  pulp  wastes.  Some  thought  at  one  time  that  it  increased  the  algae  growths 
in  the  lake,  but  this  was  never  definitely  proved.  Phelps*  has  also  written  on 
the  general  subject  of  sulphite  pulp  wastes  and  has  described  processes  and  pro- 
posed methods  of  treatment. 

Pulp-waste  pollution  tends  to  drive  away  fish.  The  fine  pulp  gets  into  their 
gills  and  the  sulphite  pollution  may  kill  them  by  exhausting  the  dissolved 
oxygen.  The  New  York  Conservation  Commission  has  recently  assembled 
data  showing  the  tolerance  of  certain  fish  to  industrial  wastes  and  among  them 
are  the  following:  Bass,  perch,  .iind  trout  were  killed  in  about  1  day  by 
sulphite  wastes  diluted  10  to  1  and  when  diluted  75  or  100  to  1  trout  fry  and 
bass  were  killed  in  several  days.  Dilutions  of  100,  200,  and  500  to  1  did  not 
kill  perch  in  several  days.  That  death  was  due  to  suffocation  rather  than 
poisoning  was  indicated  by  the  fact  that  a  50  to  1  dilution  of  the  sulphite 
liquor  artificially  aerated  did  not  kill  perch  or  bass  in  29  days.  Bleach  sludge 
diluted  500  to  1  failed  to  kill  perch  in  14  days,  and  aerated  bleach  sludge 
diluted  400  to  1  did  not  kill  perch  in  5  days.  Even  if  the  dilutions  are  far 
greater  than  these  figures,  sulphite  wastes  may  tend  to  drive  away  certain 
kinds  of  fish  which,  like  trout  and  salmon,  apparently  seek  pure  waters.  There 
can  be  no  doubt  that  there  are  selective  differences  among  fish  as  to  oxygen 
requirements.  It  is  said  that  certain  of  the  grosser  fish  are  capable  of  tolerat- 
ing pulp-mill  wastes,  but  acquire  disagreeable  tastes  which  make  them  non- 
edible. 

Sulphite  wastes  may  also  injure  the  water  of  a  stream  in  its  use  as  a  boiler 
water.  In  at  least  one  instance,  such  wastes  have  been  known  to  make  the 
water  of  a  large  stream  acid,  and  the  damage  done  by  them  is  often  more 
subtle  than  that  produced  by  the  gross  pollution  in  the  vicinity  of  the 
mill.  The  salts  of  lignin-sulphonic  acid,  or  whatever  the  compounds  may 
be  which  result  from  the  action  of  the  acid  bisulphite  on  the  lignous  and 
resinous  compounds  of  the  wood,  have  a  most  persistent  odor;  even  when  the 
sulphite  wastes  are  greatly  diluted,  it  can  still  be  recognized.  Formerly,  the 
water  supply  of  Augusta,  Me.,t  was  taken  from  the  Kennebec  River,  and  the 
imperfectly  filtered  water  often  had  a  noticeable  taste  and  odor  resulting  from 
the  pulp-mill  wastes  at  Winslow,  17  miles  up  stream.  The  water  supply  of 
Bangor,  Me.,  is  taken  from  the  Penobscot  River,  and  before  filtration  has  the 
same  characteristic  taste.  At  times,  the  alkalinity  is  materially  reduced  and 
the  coagulation  of  the  water  rendered  difficult.  At  Watertown,  N.  Y.,  the 
Black  River,  polluted  by  sulphite  wastes  at  Deferiet,  Herrings,  Carthage, 
and  Lyons  Falls,  has  the  same  taste  and  odor,  which  the  filter  has  never  been 
able  wholly  to  remove.  The  odor  is  not  removed  by  aeration  and  the  use  of 
chlorine  seems  at  times  to  intensify  it.  The  municipal  authorities  of  Augusta 
wisely  abandoned  the  Kennebec  River  supply  and  substituted  a  supply  from  a 
pond  not  far  away.  At  Bangor,  in  spite  of  advice  to  seek  another  source,  the 
Penobscot  supply  has  been  retained  and  improvements  made  in  the  filter  plant. 

*  "The  Pollution  of  Streams  by  Sulphite  Pulp  Wastes",  Water  Supply  and .  Irrigation 
Paper  No.  226,  U.  S.  Geological  Survey,  1909. 

t  "Quality  of  the  Kennebec  River  Water",  Water  Supply  and  Irrigation  Paper  No.  198, 
U.  S.  Geological  Survey,  1907. 
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Unfortunately,  it  is  not  the  odor  alone  which  causes  trouble  with  down- 
stream water  supplies.  The  sulpho-lignous  organic  matter  interferes  with 
the  coagulation  of  the  water,  reducing  the  efficiency  and  increasing  the  cost 
of  filtration.  The  exact  nature  of  the  reactions  has  not  yet  been  accurately 
determined,  but  some  studies  have  been  made  at  the  Watertown  filter,  which 
have  led  to  modifications  in  the  process  and  improvements  in  the  results. 

The  water  of  the  Black  River  is  deeply  stained,  its  average  color  being 
about  80  and  its  maximum  color  in  different  years  running  up  to  135.  The 
quantity  of  carbonaceous  organic  matter  in  the  water  is  greater  than  that 
represented  by  the  color.  In  a  discussion*  by  the  speaker  before  the  Society 
in  1901,  on  decolorization  of  water,  it  was  shown  that  in  stained  waters  the 
organic  matter,  as  indicated  by  the  "oxygen  consumed"  test,  was  0.125  part 
per  million  for  each  unit  of  color;  but,  at  Watertown,  tests  have  shown  that 
the  oxygen  consumed  corresponding  to  a  unit  of  color  is  often  double  this 
quantity.  The  oxygen  consumed  is  also  higher  at  seasons  of  low  stream 
flow,  when  the  dilution  is  less  than  at  other  times.  Some  of  the  colorless 
organic  matter  found  at  Watertown  may  be  due  to  sewage  pollution,  but 
inasmuch  as  sulphite  waste  shows  a  high  figure  for  oxygen  consumed,  it  is 
reasonable  to  suppose  that  these  wastes  are  an  important  factor  in  the  Black 
River.  There  are  visible  evidences  of  this  pollution  at  the  Watertown  filter, 
as  particles  of  woody  fiber  from  the  waste  pulp  can  be  easily  detected  by  the 
eye;  in  fact,  the  superintendent  of  the  filter  is  in  the  habit  of  making  a  daily 
record  of  the  approximate  quantity  of  pulp  observed  in  the  raw  water.  Phelps 
has  shown  that  the  "oxygen  consumed"  in  sulphite  waste  liquor  is  from  36  000 
to  60  000  parts  per  million ;  therefore,  evert  after  being  diluted  several  thousand 
times,  the  water  would  contain  as  much  organic  matter,  measured  in  terms 
of  "oxygen  consumed",  as  would  correspond  to  a  color  of  100  units.  It  has  been 
found,  as  a  result  of  filtration  experience,  that  the  quantities  of  alum  required 
for  the  coagulation  of  unstored  colored  waters  free  from  sewage  and  industrial 
wastes,  ordinarily  bear  a  fairly  definite  relation  to  the  color  of  the  water;  but 
in  the  case  of  the  Black  River  water,  the  quantity  of  alum  required  is 
relatively  great,  largely  because  of  the  organic  matter  from  the  sulphite  wastes. 
When  the  water  filters  were  designed  by  Allen  Hazen,  M.  Am.  Soc.  C.  E.,  in 
1903,  it  was  decided,  as  a  result  of  experiments  made  with  colored  waters, 
that  a  period  of  coagulation  of  4  hours  would  be  required,  a  time  considerably 
longer  than  previous  practice.  Experience,  however,  has  proved  that  even 
this  was  not  long  enough.  In  191Y,  an  existing  settling  basin  was  converted 
into  a  coagulation  basin  which  increased  the  period  of  coagulation  to  about  8 
days,  and  the  results  of  this  longer  period  have  proved  to  be  beneficial.  Better 
results  have  been  obtained,  although  the  quantity  of  alum  used  has  not  been 
lessened.  It  will  be  seen,  therefore,  that,  in  various  ways,  sulphite  waste 
pollution  increases  the  cost  of  water  purification. 

This  is  not  the  whole  story,  however.  Unless  coagulation  is  well  accom- 
plished, that  is,  unless  enough  alum  is  used  and  the  time  of  coagulation  is 
sufficiently  long,  some  of  the  alum  in  combination  with  the  organic  matter 
will  pass  through  the  filter.     Three  objectionable  results  follow,  namely,  the 

*  Transactions,  Am.   Soc.   C.  E.,  Vol.  XLVI    (1901),  p.   141. 
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filtered  water  retains  some  of  the  "pulp-mill  taste";  the  water  when  heated 
for  ordinary  domestic  service  becomes  corrosive,  attacks  iron,  and  causes  red- 
water  troubles;  and  the  bacterial  removal  by  filtration  is  not  complete.  These 
are  all  serious  matters.  Even  with  what  is  regarded  as  good  coagulation,  the 
sulphite  taste  may  persist  in  filtered  water. 

At  one,  time,  as  a  result  of  experiments  at  Watertown,  it  was  thought  that 
basic  alum  was  generally  preferable  to  acid  alum  for  water-filtration  purposes. 
Later  studies  have  made  this  doubtful.  There  are  times,  perhaps,  when  an 
acid  alum  may  give  better  results  than  a  basic  alum,  waters  differ  in  this 
respect.  With  alum  made  at  the  filtration  plant,  as  is  now  often  the  case, 
it  may  be  possible  to  modify  its  character  so  as  to  obtain  the  best  results  for 
any  particular  water. 

Engineers  once  thought  that  they  had  obtained  a  fairly  complete  under- 
standing of  this  problem  of  coagulation,  but  experience  with  mechanical 
filters,  although  on  the  whole  successful,  has  shown  that  there  are  many  things 
to  learn  about  coagulation,  especially  the  coagulation  of  soft,  colored  waters 
and  waters  polluted  with  such  wastes  as  those  from  ]Dulp  mills.  The  nature 
of  the  colloidal  substances,  the  possible  protective  effect  of  colloids  on  bacteria, 
the  relations  between  chlorine  and  organic  matter,  and  the  reaction  between 
sulphate  of  alumina  and  organic  colloids,  are  some  of  the  subjects  which 
chemists  and  biologists  now  have  under  consideration. 

Enough  has  been  said,  perhaps,  to  show  that  the  pollution  of  streams 
by  pulp-mill  wastes  is  a  matter  which  may  cause  damage  to  down-stream 
riparian  owners  and  affect  the  health  and  comfort  of  many  people  in  com- 
munities which  take  their  public  water  supply  from  polluted  rivers.  It  also 
has  a  bearing  on  the  general  problem  of  conservation  of  natural  resources. 
Pulp  mills  not  only  spoil  the  rivers,  but  they  despoil  the  forests.  Wood  pulp 
is  a  useful  substance,  but  there  is  hardly  any  raw  material  that  is  wasted 
so  lavishly.  Without  doubt,  chemical  engineers  can  solve  the  pulp-mill  pollu- 
tion problem  if  capitalists  will  provide  the  means,  the  laws  are  ample  to  protect 
the  down-stream  riparian  owners  if  they  are  enforced  but,  in  the  speaker's 
opinion,  a  better  solution  of  the  problem  lies  in  preventive  measures,  that  is, 
in  measures  which  will  protect  the  forests.  Conservation  demands  that  tree 
trunks  suitable  for  lumber  be  used  for  that  purpose.  It  is  necessary  to  find 
methods  of  obtaining  cellulose  such  that  the  newspaper  which  is  in  use  a  day 
and  the  paper  towel  which  serves  the  purpose  of  a  moment  are  not  made  at  the 
expense  of  a  tree  which  has  taken  twenty  years  to  grow. 

The  speaker  may  be  wrong,  but  it  appears  to  him  that  there  is  now  a  greater 
indifference  to  stream  pollution,  a  greater  laxity  in  enforcing  laws,  than  was 
the  case  before  the  World  War.  Probably,  this  is  merely  a  part  of  the  wide- 
spread lapse  from  law  and  order  unfortunately  so  prevalent  at  this  time.  It 
is  a  condition  which  must  not  be  allowed  to  continue.  The  pendulum  may 
swing,  perhaps,  from  too  much  laxity  to  too  much  rigidity.  The  present  is 
a  good  time,  therefore,  to  consider  carefully  in  a  broad  spirit  of  co-operation 
and  in  a  scientific  manner,  the  best  way  of  dealing  with  the  whole  subject  of 
stream  pollution.  Certain  things  have  been  demonstrated  by  experience.  The 
pollution  of  a  stream  may  steadily  increase  without  serious  offense  and  with- 
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out  attracting  much  attention,  until  suddenly  a  crisis  is  reached,  the  dissolved 
oxygen  disappears  from  the  water  and  the  river  is  wrecked.  It  has  been 
learned  that  it  is  cheaper  and  safer  to  protect  a  down-stream  water  supply 
by  filtration  than  by  up-stream  treatment  of  sewage,  but  that  a  single  line  of 
defense  is  not  enough.  It  has  been  learned  that  many  kinds  of  manufacturing 
wastes  impart  tastes  and  odors  to  waters,  which  cannot  be  readily  removed 
by  water  filtration  and  that  chlorination  sometimes  accentuates  them,  and  that 
these  tastes  and  odors  may  be  produced  even  when  the  polluting  substances 
are  very  dilute.  It  has  been  learned  that  river-pollution  problems  are  not  all 
related  to  the  public  health.  It  has  been  learned  thet  because  rivers  flow  be- 
tween States  and  from  one  State  into  another,  the  control  of  pollution  by 
independent  State  action  is  not  adequate  to  meet  the  situation,  and  yet  the 
police  power  resides  in  the  sovereign  States.  It  is  evident  that  some  new  mode 
of  procedure  is  necessary  to  deal  with  the  situation ;  yet  it  is  doubtful  whether 
any  better  legal  remedies  will  ever  be  devised  than  the  application  of  the 
principles  of  common  law  and  the  exercise  of  police  power  by  the  separate 
States.  The  speaker  does  not  favor  delegation  of  the  police  power  to  the 
Federal  Government  in  this  matter,  and,  at  present,  the  powers  of  the  Federal 
Government  are  limited  to  navigable  streams. 

A  uniform  policy  throughout  the  country  is  much  needed.  To  secure  this, 
a  thorough  scientific,  economic,  and  legal  study  of  the  whole  subject  of  stream 
pollution  should  be  made  on  a  National  scale  by  a  joint  committee  representing 
the  National  bodies  interested  in  the  different  phases  of  the  subject,  under 
the  sponsorship  of  one  of  the  Federal  Departments  with  Congressional 
authority  and  an  adequate  appropriation.  This  committee,  after  several 
years  of  investigation,  should  formulate  a  policy,  suggest  model  laws,  and 
recommend  their  adoption  by  the  several  States.  It  may  be  possible  to  organize 
river  districts  independent  of  State  boundaries,  with  commissioners  whose 
duties  would  be  to  secure  co-operative  efforts  to  keep  the  rivers  clean  and  to 
utilize  the  waters  of  the  streams  to  the  best  advantage  of  all  the  people  living 
within  the  districts,  leaving  all  legal  actions  where  they  now  are  and  where, 
in  the  interest  of  good  government,  they  should  remain.  The  whole  subject 
at  present  is  in  a  chaotic  state.  Some  State  Departments  of  Health  attempt 
to  exercise  almost  despotic  powers  over  the  streams;  in  other  States,  their 
action  is  chiefly  advisory;  and,  in  some  States,  there  are  pollution  commissions 
independent  of  the  health  authorities.  Although  there  has  been  a  recent  laxity 
in  law  enforcement,  it  is  hoped  that  the  next  move  will  not  be  toward  a  too 
arbitrary  enforcement  of  ill-considered  laws,  but  that  means  will  be  found 
to  accomplish  by  co-operative  effort  what  is  so  difficult  to  accomplish  by  law. 
It  would  appear  that  the  Society  is  one  of  the  organizations  which  should  take 
the  lead  in  this  important  matter  of  conservation. 
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WASTES  FROM  PULP  AND  PAPER  MILLS 

CHEMICALLY  CONSIDERED 

By  H.  W.  Clark,*  Esq. 


There  are  two  main  points  of  view  concerning  pulp  and  paper-mill  wastes: 
(1)  That  of  the  owner  of  the  mill  who  wishes  to  discharge  wastes  of  no  value 
into  the  streams  on  which  the  mill  is  located;  and  (2)  that  of  the  sanitary  engi- 
neer who  wishes  to  keep  the  stream  in  as  unpolluted  a  condition  as  can  be  rea- 
sonably required. 

Where  industrial  streams  are  not  used  for  water  supply,  about  all  that  is 
necessary  in  the  treatment  of  industrial  wastes  is  purification  sufficient  to 
prevent  the  stream  from  becoming  a  nuisance  to  the  community,  on  account  of 
its  appearance,  deposits  on  its  banks,  and  odors.  If  possible,  it  should  be  kept 
clean  enough  to  be  a  source  of  enjoyment  to  this  community.  Where  streams 
are  polluted  by  pulp  and  paper-mill  wastes  too  large  in  volume  to  be  properly 
diluted  and  cared  for  by  the  volume  of  water  into  which  they  go,  and  this 
stream  must  be  used  farther  down  on  its  course  as  a  water  supply  after  filtra- 
tion, efficient  treatment  of  these  wastes  is  not  only  desirable,  but  necessary. 

The  speaker  began  to  investigate  the  pollution  of  streams  by  wastes  from 
pulp  and  paper  mills  about  twenty-seven  years  ago  and  has  been  obliged  to 
consider  the  subject  of  paper-mill  wastes  both  from  the  viewpoint  of  the 
sanitary  engineer  and  the  manufacturer  who  hesitates  to  expend  large  sums 
to  satisfy  extravagant  demands  for  the  prevention  of  stream  pollution. 

Many  kinds  of  wastes  result  from  the  making  of  paper  and  a  more  or  less 
complete  classification  of  them  is  as  follows:  (1)  The  wastes  from  pulp  mills 
where  wood,  either  poplar  or  spruce,  is  treated;  (2)  the  wastes  from  digesters 
in  mills  making  paper  from  material  other  than  wood  pulp,  that  is,  from  old 
rope,  carpets,  bagging,  old  paper,  etc.,  and  as  this  stock  is  treated  in  digesters, 
the  wastes  resemble  those  from  wood-pulp  mills;  (3)  the  waste  liquor,  very 
polluted,  produced  by  washing  and  beating  such  stock  before  it  is  treated  in 
digesters  and  made  into  paper ;  (4)  the  waste  from  mills  in  which  rags  only  are 
the  stock  treated  with  milk  of  lime  in  rotary  boilers;  and  (5)  the  wastes  from 
making  pulp  of  all  kinds  into  paper. 

At  present,  the  wood-pulp  mills  treat  either  poplar,  spruce,  or  hemlock,  the 
poplar  being  treated  by  the  soda  process  and  the  spruce  and  hemlock  by  the 
sulphite  process.  Owing  to  the  decrease  in  the  supply  of  poplar,  the  sulphite 
process  is  pterhaps  gaining  materially  over  the  soda  process.  Two  classes  of 
waste  liquor  are  produced,  one  from  each  process.  At  many  mills,  the  digester 
liquor  from  the  soda  process  is  evaporated  and  the  used  chemicals  recovered, 
thus  preventing  the  discharge  of  much  waste  liquor.  The  liquors  from  the 
sulphite  process  generally  go  to  waste,  that  is,  are  discharged  into  the  stream 
on  which  the  mill  is  located.  The  following  statements  concerning  two  typical 
pulp  mills  in  Massachusetts,  one  using  the  soda  process  and  the  other  the  sul- 
phite process,  can  be  made. 

*  Chf.   Chemist,  Massachusetts  Dept.   of  Public  Health,  Boston,   Mass. 
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In  the  pulp  mill  using  the  soda  process,  2  500  lb.  of  soda  ash  are  used  for 
each  charge  in  the  digester,  this  soda  being  causticized  90%  before  use  and 
the  residual  calcium  carbonate  resulting  from  this  process  used  in  sizing.  Of 
the  2  500  lb.  of  soda  used  in  each  charge,  about  500  lb.  is  new,  whereas  the 
remainder  has  been  recovered  from  the  black  ash  of  previous  digestions,  the 
digester  liquor  having  been  evaporated  and  calcined.  At  this  mill,  about 
5  000  000  gal.  of  this  digester  liquor  is  produced  annually,  of  which  only  about 
10%  is  wasted,  being  lost  during  the  washing  of  pulp  after  digestion,  the 
remainder  being  evaporated  for  this  recovery  of  chemicals.  The  analysis  of 
this  waste  liquor  from  the  soda  process  is  as  follows: 

Parts 
per  million. 

Total  solids  (no  suspended  solids  present) 132  000 

Loss  on  ignition 72  100 

Fixed  solids 59  900 

Alkalinity  (methyl  orange) 39  000 

Free  ammonia 34.00 

Albuminoid  ammonia 72.00 

Oxygen  consumed 27  600 

Volume  for  volume,  this  liquor  is  perhaps  one  hundred  times  as  deleterious 
to  a  stream  as  domestic  sewage.  It  contains  a  large  quantity  of  organic  matter 
and  its  oxygen  demand  while  comparatively  slow,  is  enormous,  perhaps  twenty 
times  that  of  average  domestic  sewage.  In  24  hours,  1  gal.  of  this  waste  will 
absorb  10.78  grammes,  or  7  544  cu.  cm.,  of  oxygen.  It  is  so  alkaline — prac- 
tically 4% — that  it  destroys  bacterial  life  in  the  water  into  which  it  flows,  and 
it  is  deadly  to  fish.  Fortunately,  the  volume  wasted  is  small  and  will  probably 
decrease  as  the  recovery  of  chemicals  increases  in  favor. 

A  different  story  must  be  told  of  the  liquor  from  the  sulphite  process.  At 
the  plant  under  discussion  none  of  the  digester  liquor  is  recovered,  about 
17  000  000  gal.  being  discharged  annually  into  the  stream  on  which  the  mill  is 
located. 

The  speaker  believes  that  in  a  few  cases  this  liquor  is  concentrated  by 
evaporation  or  is  treated  so  that  it  becomes  useful  for  certain  piirposes.  It 
contains  4  000  parts  per  million  of  organic  acid,  which  should  make  its  recovery 
of  value.  During  the  World  War,  experiments  were  made  looking  to  the 
recovery  or  manufacture  of  alcohol  from  it.  An  analysis  of  this  waste  from 
the  sulphite  process  is  as  follows: 

Parts 
per  million. 

Total  solids  (no  suspended  solids  present) 74  100 

Loss  on  ignition 66  300 

Fixed  solids 7  800 

Alkalinity    (methyl   orange) — 800 

"         (phenolphthalein)   —5  000 

Sulphur  dioxide  (as  sulphurous  acid  or  sulphites) 400 

Free  ammonia 146 

Albuminoid  ammonia 62 

Oxygen   consumed 34  600 
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This  waste  is  acid  and  contains  practically  as  mucli  organic  matter  as  the 
soda-process  waste.  Its  oxygen  demand  on  the  stream  it  enters,  appears 
to  be  somewhat  less,  and  it  is  slightly  less  deadly  to  bacteria  and  to  fish.  In 
24  hours,  1  gal.  of  this  waste  will  absorb  8.71  grammes,  or  6  088  cu.  cm.,  of 
oxygen.  There  is  no  reason  why  the  treatment  of  this  liquor  should  not  be 
demanded  where  sanitary  conditions  require  it,  as  it  probably  can  be  evaporated 
and  products  recovered  which  would  pay  at  least  for  the  cost  of  treatment- 
Neither  of  these  liquors  can  be  satisfactorily  treated  by  any  known  method  of 
purification  other  than  evaporation  and  recovery  of  bodies  of  value.  They  are 
exceedingly  inimical  to  bacterial  life,  and  if  mixed  with  sewage,  or  other 
liquors,  and  passed  to  filters,  they  destroy  the  value  of  such  filters. 

As  stated  previously,  wastes  from  certain  paper  mills  consist  of  the  liquors 
from  washing  old  stock  worked  up,  from  treating  this  stock  in  digesters,  and 
from  the  paper  machines.  In  such  mills,  soda  ash,  lime,  bleaching  powder, 
white  clay,  etc.,  are  used  and  a  large  part  of  these  chemicals  are  wasted.  There 
is  generally  no  saving  of  soda  ash  or  other  chemicals  in  mills  using  mixed 
stock.  The  true  wastes,  however,  are  largely  carbonaceous,  and  in  order  to 
purify  or  clarify  them  satisfactorily,  dependence  must  be  had  on  straining, 
sedimentation  with  or  without  the  use  of  precipitants,  and  filtration  through 
filters  of  sand,  cinders,  or  like  material.  In  the  treatment  of  domestic  sewage, 
nitrification  by  bacterial  action  is  depended  on  where  a  high  degree  of  purifica- 
tion is  required,  but  the  small  amount  of  nitrogen  in  paper-mill  waste  renders 
this  process  of  little  value. 

Investigations  at  the  Lawrence  Experiment  Station  showed  that  when  a 
liquor  to  be  treated  contained  an  x  amount  of  nitrogen  and  from  10  a;  to  12  re 
of  carbon,  nitrification  would  still  take  place  in  a  filter,  but  that  it  was  prac- 
tically killed  when  the  amount  of  carbon  was  13  x  or  14  x,  or  greater.  In  this 
investigation,  studies  of  the  behavior  of  paper-mill  wastes  under  certain  con- 
ditions of  filtration  were  made,  together  with  complete  analyses  of  such  wastes, 
to  determine  the  relative  amount  of  nitrogen  and  carbon  present  in  them. 
Some  bacterial  action,  however,  does  take  place  in  filters  receiving  carbonaceous 
wastes,  this  purification  without  nitrification  being  due  to  certain  bacteria 
which  are  active  under  conditions  that  prevent  nitrification,  but  which  cause 
chemical  actions  that  break  down  organic  matter  and  result  in  the  setting  free 
of  carbon  dioxide  and  nitrogen. 

Much  of  the  organic  pollution  in  paper-mill  wastes  is  in  suspension,  and  a 
considerable  part  is  quite  readily  removed  by  passing  the  liquors  throiigh  fine 
wire  screens.  In  some  mills,  a  large  part  of  the  pulp  formerly  wasted  from  the 
paper  machine  is  saved  in  this  way,  and  a  large  part  of  the  dirt  in  various 
wash  waters  can  also  be  screened  out.  Besides  screening,  sedimentation  is 
depended  on  at  many  mills  to  save  pulp,  and  at  such  places  aluminum  sulphate 
is  also  generally  used  to  aid  sedimentation.  The  paper  fiber  saved  in  this  way 
much  more  than  repays  the  cost  of  construction  and  operation  of  sedimentation 
tanks  and  the  aluminum  sulphate  used.  The  aluminum  hydrate  produced  and 
unavoidably  mixed  with  the  pulp  used,  is  of  value,  generally  speaking,  in  the 
weighting  of  paper  and  often  as  much  as  4  or  5  grains  per  gallon  of  sulphate  is 
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used  ill  this  saving  of  fiber.  The  quantity  of  oxygen  absorbed  in  24  hours  by 
wastes  from  a  mill  representing  the  class  using  mixed  stock  is  shown  by 
Table  2. 

TABLE  2. 


Sample. 

Dissolved  Oxygen  Absorbed  by  1  Gal. 
IN  24  Hours. 

Grammes. 

Cubic  centimeters. 

2.2720 
0.4920 
0.2272 
0.1136 
0.0304 

1  589.0 

844  2 

158.9 

79  5 

Settled  machine  wastes 

21  2 

Wihen  the  speaker  first  began  to  study  paper  mills  and  their  wastes,  hardly  a 
"save-all"  was  in  use  and  none  of  the  elaborate  sedimentation  and  precipita- 
tion tanks  that  are  in  common  use  to-day.  Besides  the  saving  of  machine 
wastes  by  the  tanks,  etc.,  the  pollution  of  streams  is  prevented  by  screens  and 
sedimentation  tanks  through  which  are  passed  the  waste  liquors  from  the 
washing  of  old  stock.  About  30%  of  the  matters  in  suspension  is  generally 
eliminated  in  this  way  by  4  hours  of  sedimentation  and  from  90%  to  practically 
all  the  matter  in  suspension  can  be  removed  if  75  to  100  grains  of  aluminum 
sulphate  per  gallon,  are  used.  This  means  from  10  000  to  14  000  lb.  per 
1  000  000  gal.  and  is  a  large  amount  of  precipitant,  but  it  is  being  used  in  some 
mills  where  it  is  necessary  to  prevent  the  pollution  of  streams.  Where  several 
million  gallons  of  waste  are  produced  by  one  mill,  the  removal  by  sedimentation 
alone  of  even  30%  of  the  matter  in  suspension  means  much  reduction  of  river 
pollution.  More  than  this,  sedimentation  and  filtration  can  be  depended  on  to 
treat  the  mixed  wastes  for  further  purification.  The  rates  of  filter  operation 
vary  with  the  quality  of  the  liquor  being  treated,  but  rates  of  from  200  000  to 
500  000  gal.  per  acre  per  day  are  used  with  good  results.  By  a  combination  of 
all  these  methods — screening,  sedimentation,  and  filtration — it  is  often  possible 
to  remove  70%  or  more  of  the  primary  polluting  matters  of  paper-mill  wastes. 
Apparently,  however,  the  only  wastes  recovered  with  profit  as  yet  are  those  from 
the  soda-pulp  process  and  the  wastes  from  the  paper  machine.  Much  research 
work  is  being  done,  and  it  is  probable  that  valuable  discoveries  will  be  made. 
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THE   TKEATMENT  AND  DISPOSAL  OF   STEAWBOARD   WASTES 

By  H.  B.  Hommon,*  Esq. 


This  paper  gives  a  complete  account  of  the  studies  made  at  the  Ameri- 
can Strawboard  Mill,  Noblesville,  Ind.,  for  developing  methods  to  treat  wastes 
resulting  from  the  manufacture  of  paper  from  straw.f 

Process  of  MaJcing  Paper  from  Straw. — Strawboard  mills  are  generally 
located  in  wheat-growing  districts.  The  straw  is  purchased  from  the  farmers, 
baled,  and  shipped  to  the  mills  where  it  is  stacked  in  large  piles.  The  first 
step  in  the  process  of  making  paper  is  to  cook  the  straw  in  large  ellipsoidal 
rotating  steel  boilers  with  steam  and  lime,  about  1  ton  of  the  mixture  to  6 
tons  of  straw,  until  the  woody  fiber  is  softened,  and  the  whole  mass  has  been 
reduced  to  a  dark  yellow  pulpy  consistency.  The  yield  of  pulp  at  this  point  is 
about  75  to  80%  of  the  weight  of  the  original  stock.  The  pulp  is  removed 
from  the  boilers,  allowed  to  drain,  and  then  placed  in  beaters  and  washers, 
where  it  is  broken  up  and  the  lime,  fine  particles  of  straw,  and  other  foreign 
material  washed  out. 

From  the  washing  machines,  the  pulp  is  carried  by  water  to  the  paper 
machines,  where  it  is  taken  up  on  felts  and  delivered  to  a  train  of  hot  rolls 
that  turn  out  the  finished  product. 

Volume  of  Wastes  Produced. — Of  the  many  sources  of  wastes  from  a  straw- 
board  mill,  only  two  produce  large  quantities,  namely,  the  washing  and  the 
paper  machines.  These  two  wastes  come  from  separate  parts  of  the  mill  and 
differ  widely  in  composition,  but  they  are  approximately  the  same  in  quantity. 
While  the  tests  were  being  conducted  at  JSToblesville,  a  survey  was  made  of 
seven  other  strawboard  mills,  in  order  to  determine  how  far  the  analyses  and 
flow  data  obtained  at  the  experiment  station  were  representative  of  the  entire 
strawboard  industry. 

As  already  stated,  the  pulp  from  the  cookers  or  rotaries  is  washed  to  remove 
the  lime,  fine  particles  of  strawboard,  and  other  foreign  material.  The 
quantity  of  water  used  for  washing  the  pulp  varied  considerably  at  the  dif- 
ferent mills  where  measurements  were  made,  but  the  average  was  18  200  gal. 
per  ton  of  strawboard  made.  This  figure  checks  closely  the  average  for  a 
long  period  at  the  mill  where  the  experiments  were  conducted. 

The  waste  from  the  paper  machines  consists  of  the  water  used  to  carry  the 
pulp  to  the  train  of  rolls.  The  measurements  obtained  at  the  various  mills 
visited,  showed  variations,  but  the  average,  19  900  gal.  per  ton  of  finished 
product,  was  almost  identical  with  that  obtained  from  the  flow  data  at  the 
experiment  station.  Therefore,  about  38  500  gal.  of  waste  was  produced  for 
each  ton  of  strawboard  made. 

Composition  of  Wastes. — The  waste  from  the  beaters  or  washing  machines 
was  by  far  the  more  concentrated  of  the  two,  as  it  contained  the  chaff,  minute 
particles  of  straw,  and  small  particles  of  other  organic  matter  washed  from 

*  San.  Bngr.,  U.  S.  Public  Health  Service,  San  Francisco,  Calif, 
t  Data  taken  from  Bulletin  No.  97,  U.  S.  Public  Health  Service. 
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the  pulp  after  digestion  in  the  boilers.  This  waste  also  contained  the  lime 
washed  from  the  digested  pulp. 

"When  the  survey  was  made  of  the  seven  strawboard  mills  to  determine  the 
volume  of  wastes  produced,  a  series  of  composite  samples  were  collected  from 
the  wastes  from  the  washing  and  paper  machines  and  shipped  to  the  central 
laboratory  in  Cincinnati,  Ohio,  for  analysis.  The  results  of  the  analyses 
of  the  washing  machine  wastes  showed  that  the  total  suspended  matter  varied 
from  3  000  to  almost  9  000  parts  per  million ;  the  suspended  matter  in  the 
supernatant  liquor,  after  24  hours  of  settling,  varied  from  450  to  2  400  parts  per 
million ;  the  organic  nitrogen,  from  47  to  105  parts  per  million ;  the  alkalinity 
as  carbonates,  computed  as  CaCo,,  amounted  to  1870  parts  per  million; 
the  oxygen  consumed  varied  from  1  480  to  3  400  parts  per  million ;  and  the 
oxygen  demand,  10  days  at  20°  cent.,  from  1  850  to  3  600  parts  per  million. 

The  waste  from  the  paper  machines  contained  only  the  small  quantity  of 
fiber  and  other  finely  divided  material  that  passed  through  the  screens,  to- 
gether with  the  lime  left  from  the  washing  process.  The  analyses  from  the 
mill  where  the  tests  were  made  and  from  the  other  seven  mills  covered  in  the 
survey,  varied  within  the  following  limits:  Total  suspended  matter,  range 
440  to  991  parts  per  million ;  suspended  matter  in  supernatant  liquor  after  24 
hours  of  settling,  60  to  460  parts  per  million ;  total  organic  nitrogen,  10  to  43 
parts  per  million ;  carbonate  alkalinity  found  in  only  three  wastes  of  the  eight 
reported ;  oxygen  consumed,  191  to  970  parts  per  million ;  and  oxygen  demand, 
10  days  at  20°  cent.,  Ill  to  890  parts  per  million. 

The  analyses  of  the  composites  of  the  two  wastes  at  the  experiment  sta- 
tion for  the  pefiod  of  the  tests  checked  the  averages  of  the  results  from  the 
mixed  wastes  at  the  other  seven  mills,  -nathin  reasonable  limits. 

On  the  basis  of  the  figures  given  for  the  average  total  volume  of  waste  per 
ton  of  strawboard  manufactured,  and  on  the  rated  capacity  of  the  mills  in  the 
United  States  in  1918*,  there  were  approximately  20  000  000  000  gal.  of  waste 
discharged  from  the  various  plants  during  the  year.  Computed  on  the  basis 
of  the  average  suspended  matter  in  the  mixed  wastes  from  all  the  plants  visited, 
there  were  approximately  161 000  tons  of  dry  suspended  solids  discharged 
from  the  strawboard  mills  in  1918.  Much  of  the  material  was  short  fibers 
of  straw,  which  the  type  of  machinery  in  use  at  that  time  could  not  save. 

Treatment  of  Wastes. — The  experiment  station  was  operated  at  the  Ameri- 
can Strawboard  Mill  from  January  1,  1915  to  June  ZO,  1916.  The  test 
units  consisted  of  two  settling  tanks  each  8  ft.  in  diameter  by  10  ft.  deep ;  one 
chemical  reaction  tank,  6  ft.  in  diameter  and  10  ft.  deep;  one  chemical  settling 
tank,  8  ft.  in  diameter  and  10  ft.  deep;  one  chemical  solution  tank,  5  ft.  in 
diameter  and  6  ft.  deep;  one  mechanical  filter,  8  ft.  in  diameter  and  6  ft.  deep; 
two  filters,  8  ft.  in  diameter  and  10  ft.  deep;  one  filter,  6  ft.  in  diameter  and 
10  ft.  deep;  and  one  filter,  8  ft.  in  diameter  and  6  ft.  deep. 

From  January  1  to  July  1,  1915,  the  plant  was  operated  on  the  prin- 
ciple of  mechanical  filtration.  Alum  alone  and  lime  and  iron  were  used  as 
coagulants.  The  results  obtained  were  unsatisfactory,  due  mainly  to  the  large 
*  Lockwood's  "Directory  of  th^  Paper  and  Stationery  Trades",  1918. 
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quantities  of  chemicals  required  for  efficient  coagulation,  tlie  very  low  rates 
of  filtration  through  the  mechanical  filter,  and  the  high  percentage  of  water 
required  to  wash  the  filter.  As  this  method  of  treating  the  waste  was  im- 
practical, further  description  of  the  plant,  or  discussion  of  the  analyses  of  the 
various  effluents,  will  be  omitted  for  this  period  of  operation. 

During,  July,  1915,  the  plant  was  remodeled  and  operated  until  the  close 
of  the  tests  on  the  principle  of  biological  treatment  of  the  wastes.  The  two 
settling  tanks  were  retained  and  operated  as  during  the  first  period,  but  all 
the  other  tanks  were  turned  into  filters.  The  filters  were  constructed  as  fol- 
lows: One,  6  ft.  in  diameter,  having  5  ft.  of  limestone  screenings;  one,  8  ft. 
in  diameter,  having  SJ  ft.  of  IJ-in.  limestone;  one,  8  ft.  in  diameter,  with  5  ft. 
of  unscreened  cinders;  one,  8  ft.  in  diameter,  with  5  ft.  of  screened  cinders; 
and  one  small  screened  cinder  filter,  4J  ft.  deep. 

Results  Obtained  at  the  Experiment  Station  DuHng  Period  2. — The  test 
units  were  operated  for  about  one  year  in  this  period,  and  the  results  showed 
that  strawboard  wastes  of  the  character  produced  at  the  American  Strawboard 
Mill  in  making  paper  from  straw  could  be  treated  so  that  the  final  effluent 
could  be  discharged  into  a  stream  of  water  having  a  dilution  factor  of  at 
least  5  or  6,  without  creating  a  nuisance  in  the  stream,  or  killing  fish. 

The  weighted  average  for  the  suspended  matter  in  the  mixed  raw  waste 
for  Periods  1  and  2  was  1  760  parts  per  million.  During  Period  2,  the  averages 
for  total  nitrogen  and  oxygen  consumed  were  29  and  910  parts  per  million, 
respectively.  The  carbonates  and  bi-carbonates  were  141  and  598  parts  per 
million,  respectively.  The  oxygen  demand  at  room  temperature  for  24  hours 
was  40  parts  per  million. 

The  raw  waste  was  settled  in  tanks  for  about  2  hours,  and  the  average 
suspended  matter  in  the  effluent  was  680  parts  per  million,  which  is  q.  reduc- 
tion of  53  per  cent.  This  was  computed  on  the  suspended  matter  in  the  raw 
waste  during  Period  2.  The  advantage  of  longer  storage  periods  than 
2  hours  was  practically  negligible.  The  total  nitrogen  averaged  about  the 
same  for  the  tank  effluent  as  for  the  raw  waste.  The  carbonate  alkalinity 
was  reduced  by  the  tanks  from  119  parts  per  million  in  raw  waste  to  63,  and 
the  bi-carbonate  was  increased  from  533  to  558  parts  per  million.  The  average 
for  the  oxygen  consumed  was  reduced  from  720  to  575  parts  per  million. 

The  effluent  from  the  tanks  was  treated  on  filters  of  the  different  sizes, 
kinds,  and  depths  of  filtering  material  already  described.  Filters  of  coarse 
and  fine  limestone  and  of  unscreened  cinders  did  not  give  satisfactory  results 
and  discussions  of  them  will  be  omitted.  Two  filters  of  screened  cinders,  one 
8  ft.  in  diameter  and  5  ft.  deep,  and  the  other,  4.5  sq.  ft.  in  area  and  4.5  ft.  deep, 
produced  satisfactory  effluents.  The  smaller  of  the  two  filters  was  in  opera- 
tion 11  months  and  the  larger,  9  months. 

The  average  analyses  of  the  effluent  of  the  large,  screened,  cinder  filter  com- 
pared with  the  average  results  from  the  influent  are  given  in  the  Table  3. 

The  suspended  matter  in  the  effluent  of  the  large,  screened,  cinder  filter 
had  none  of  the  characteristics  of  that  in  the  effluent  of  the  settling  tanks  or  in 
the  raw  waste.     It  was  more  like  humus.     The  final  effluent  had  a  slig-ht 
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yellow  cast  and  there  was  no  odor.     The  nitrification  was  low,  but  samples 
diluted  1 :  3  with  tap-water  were  stable  by  the  methylene  blue  test  for  90  hours. 

TABLE  3. 


Effluent,  in  parts 
per  million. 


Suspended  matter 

Carbonates  as  CaCOg 

Bi-carbonates  as  CaCOa 

Oxygen  consumed 

Oxygen  demand  (24  hours,  room  temperature) 

Nitrogen,  total  organic 

Nitrogen  as  nitrites 

Nitrogen  as  nitrates 

Hours  to  reduce  methylene  blue  at  room  temperature,  dilu 
tions,  1:10  and  1:3,  respectively 


115 

aft 

417 

i:« 

9.5 
9.1 
0.035 
1.3 

90 


In  considering  the  results  of  the  analyses  of  this  filter  effluent,  it  should  be 
borne  in  mind  that  the  organic  matter  of  the  waste  was  mostly  cellulose  that  had 
been  worked  over  in  the  bed,  and  that  in  its  final  condition  it  was  not  different 
from  the  material  washed  from  woods  or  lands  covered  with  decayed  vegeta- 
tion. When  the  filter  was  examined  at  the  close  of  the  tests,  the  top  layer  of 
material  had  a  deposit  resembling  the  original  pulp;  but  below  the  upper  half 
of  the  bed,  the  color  of  the  deposit  was  dark  and  it  was  alive  with  earth  worms 
and  other  small  organisms.  The  odor  was  much  the  same  as  that  noted  when 
digging  into  soil  rich  with  decayed  organic  matter. 

The  filter  contained  considerable  organic  matter,  but  it  did  not  have  the  same 
effect  on  the  effluent  that  an  equal  amount  would  have  on  a  sewagfe  filter,  prob- 
ably for  the  reason  that  the  clogging  material  was  of  uniform  composition 
and  the  life  in  the  filter  was  capable  of  reducing  it  before  anaerobic  action 
could  be  established.  After  the  filter  was  examined,  it  was  flushed  with  water 
and  the  filtering  material  thrown  out  of  the  beds.  The  first  water  from  the 
flushing  carried  out  large  quantities  of  black  flocculent  matter  and  masses 
of  earth  worms  and  other  organisms,  and,  later,  the  accumulation  from  the 
top  layers  came  through.  While  digging  out  the  cinders,  it  was  observed  that 
the  voids  were  fairly  clear  and  that  the  material  remaining  after  flushing 
was  gathered  around  the  filter  media.  It  is  believed  that  cinders  screened  over 
a  1-in.  screen,  or  thoroughly  washed  with  water,  can  be  used  for  many  years 
to  treat  settled  strawboard  wastes,  but  it  may  be  necessary  to  flush  the  beds 
about  once  a  year  to  remove  the  clogging  material  from  the  lower  haK  of 
the  bed.  There  probably  would  be  no  objections  to  using  settled  waste  for 
flushing,  but  if  water  is  available  it  should  be  used,  as  it  would  freshen  the 
filter  and  not  add  the  same  burden  of  organic  matter  to  the  receiving  body 
of  water  that  would  result  from  using  the  settled  waste. 

Settling  Period  and  Rates  on  Filters. — The  settling  periods  in  the  tanks 
at  the  experiment  station  varied  from  2  to  8  hours.  The  suspended-matter 
results  for  the  various  periods  showed  conclusively  that  2  hours  of  settling 
was  sufficient  to  remove  practically  all  the  settleable  matter  that  could  be 
removed  by  tank  treatment  in  an  economical  period  of  time.     The  screened 
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cinder  filters  were  operated  for  several  months  at  a  net  rate  of  400  000  gal. 
per  acre  per  day,  and  the  results  obtained  were  satisfactory.  This  rate  has 
been  set  as  the  maximum  for  settled  strawboard  wastes,  and  it  is  believed 
that  it  can  be  maintained  for  many  years,  provided  the  filters  are  flushed 
with  water  or  tank  effluent  whenever  they  become  clogged  so  that  the  influent 
does  not  flow  readily  through  the  beds. 

Treatment  of  the  Wastes  hy  the  Activated  Sludge  Process. — Laboratory 
tests  were  made  to  determine  whether  this  process  would  be  applicable  to  this 
class  of  wastes.  Air  was  blown  through  sewage  in  large-bore,  glass  tubing 
until  a  satisfactory  floe  had  been  obtained  and  then  waste  was  added  grad- 
ually to  replace  the  sewage.  The  results  obtained  after  prolonged  aeration 
were  not  satisfactory,  as  the  supernatant  liquor  after  settling  30  min.  invari- 
ably contained  about  105  parts  per  million  of  suspended  matter  and  the  color 
was  only  slightly  less  than  that  of  .the  raw  waste.  The  analyses  did  not  show 
as  high  degree  of  purification  as  that  obtained  by  the  tanks  and  filters. 

Accumulation,  Composition,  and  Disposal  of  Sludge. — Careful  measure- 
ments and  analyses  were  made  of  the  sludge  deposited  in  the  tanks.  The  meas- 
urements showed  that  about  2.75  tons  of  dry  solids  were  deposited  per  1  000  000 
gal.  of  waste  treated  and  this,  computed  to  87%  wet  sludge,  gives  24  cu.  yd., 
or  0.9  cu.  yd.  per  ton  of  product. 

The  analyses  of  the  sludge  in  different  stages  of  decomposition,  and  of 
horse  manure,  are  given  in  Table  4. 

TABLE  4. — Analyses  of   Strawboard  Waste  Sludge  and  Horse  Manure. 


Percentage  (Dry  Basis  100°  Cent.) 

Source. 

Total 
nitrogen. 

Calcium  as 
CaCOs. 

Total 

phosphorus 

as  P2O5. 

Total 

potassium  as 

KoO. 

Fresh  sludge  from  settling  tank 

Digested  sludge  from  settling  tank 

0.69 
1.0 
0.66 
1.7 

21 
23 
37 

0.38 
0.48 
0.29 
0.26 

0.54 
0.42 
0  2.5 

Horse  manure*  (including  litter.) 

1.50 

*  Data  from  Bulletin  No.  2Jf6,  Ohio  Agricultural  Station,  p.  726. 


The  disposal  of  the  sludge  presents  a  rather  difficult  and  expensive  prob- 
lem. On  the  basis  of  the  data  obtained  in  the  tests,  there  would  be  pro- 
duced at  the  American  Strawboard  Mill  about  3  tons  of  dry  solids  per  24 
hours,  or  about  26  cu.  yd.  of  wet  sludge.  The  only  practical  method  developed 
for  disposing  of  the  sludge  was  to  dry  it  on  shallow  beds  of  cinders  and 
apply  it  to  land  under  cultivation  for  grain  grown  in  sections  where  wheat 
is  raised.  Field  tests  were  made,  using  the  dried  sludge  as  a  fertilizer,  and 
satisfactory  increases  in  yield  were  found  for  corn  when  8  tons  per  acre  were 
used.  As  nearly  as  could  be  determined,  the  sludge  had  about  the  same  value 
as  a  fertilizer  as  ordinary  yard  manure.  In  small  box  tests,  the  dried  sludge 
invariably  increased  the  yield  of  wheat,  oats,  and  vegetables. 
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Effect  of  Filtered  Waste  on  Fish  Life. — A  small  box,  3§  ft.  long  by  2^  ft. 
wide  by  1  ft.  deep,  was  placed  under  the  outlet  from  the  large,  screened 
filter  bed.  The  effluent  discharged  into  this  box  was  diluted  with  1  part  of 
fresh  water,  and  into  this  mixture  20  minnows  were  placed.  In  this  dilution, 
the  fish  lived  from  May  8th  to  July  1st,  when  the  experiment  station  was 
dismantled. 

Treatment  Plant  Recommended. — On  the  basis  of  the  data  obtained  in  the 
tests,  it  was  recommended  in  the  report  that  settling  and  sludge  storage 
capacity  of  about  975  cu.  ft.  per  ton  of  daily  output  from  the  strawboard  mill 
be  provided  in  ordinary  plain  settling  tanks.  For  drying  the  sludge,  it  was 
recommended  that  875  sq.  ft.  of  filter  area  be  provided  for  every  ton  of  straw- 
board  made  and  that  the  beds  be  made  of  unscreened  cinders  about  10  in.  deep. 

The  filters  used  in  the  tests  that  were  most  satisfactory,  were  made  of 
screened  cinders  5  ft.  deep,  and  the  highest  rate  of  treatment  that  gave  satis- 
factory results  was  400  000  gal.  per  acre  per  day.  On  the  basis  of  these  data, 
it  was  recommended  that  4  171  sq.  ft.  of  filter  area  be  provided  for  each  ton 
of  product  made,  or  772  cu.  yd.  of  cinders  per  ton. 

Conclusion. — At  the  time  the  experiment  station  was  placed  in  operation, 
no  practical  method  was  known  for  treating  wastes  produced  from  the  manu- 
facture of  paper  from  straw.  Where  this  type  of  waste  had  caused  serious 
nuisance  in  the  receiving  bodies  of  water,  dikes  had  been  constructed,  some- 
times enclosing  as  many  as  50  acres  of  land,  and  the  ponds  thus  made  were 
used  as  a  means  of  storing  wastes.  Evaporation  and  seepage  into  the  ground 
were  taking  care  of  the  waste. 

The  testing  station  was  planned  and  operated  to  modify  the  character 
of  the  waste  so  that  the  organic  matter  in  the  final  effluent,  whether  in  sus- 
pension or  solution,  would  not  draw  heavily  on  the  oxygen  supply  of  the 
receiving  body  of  water  or  kill  fish,  and  would  not  form  offensive  sludge 
deposits. 

It  was  believed  that  this  was  as  far  as  the  first  studies  should  go,  leaving 
the  subject  open  for  further  investigation,  with  particular  reference  to  the 
effect  of  the  treated  waste  on  water  filtration  plants  purifying  water  from 
bodies  of  water  containing  the  waste.  This  phase  of  the  problem  can  be  studied 
only  after  large  treatment  plants  have  been  placed  in  operation. 

The  results  obtained  in  the  tests  showed  that  strawboard  waste  can  be 
treated  at  a  reasonable  cost,  so  that  a  body  of  water  affording  a  dilution  factor 
of  at  least  5  or  6  can  receive  the  final  effluent  without  danger  of  causing  a 
nuisance  or  killing  fish.  In  low  dilutions,  there  will  be  some  increase  in 
color  from  the  treated  waste  and  an  increase  in  the  alkalinity,  but  no  harm- 
ful bacteria  will  be  added,  and  it  is  believed  that  domestic  sewage  from 
sprinkling  filters  will  have  more  effect  on  a  stream  of  water  than  an  equal 
volume  of  the  treated  waste. 

A  complete  description  of  the  experiment  station,  together  with  a  large 
amount  of  analytical  data  and  the  final  recommendations  in  detail  are  given 
in  the  report  of  the  tests. 
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RELATION  OF  WATER  POWER  TO  THE  PULP  AND  PAPER 

INDUSTRY  IN  CANADA 

By  J.  B.  Challies,*  M.  Am.  Soc.  C.  E.,  and  I.  J.  Johnston,!  Esq. 


The  purpose  of  this  paper  is  to  illustrate  the  important  assistance  con- 
tributed by' various  branches  of  engineering  to  the  development  of  pulp  and 
paper  manufacture  in  solving  the  unusually  large  power  requirements  of 
this  industry.  Motive  power  for  the  production  of  pulp  and  paper  is  vital, 
being  almost  as  important  as  the  raw  material.  The  importance  of  cheap 
power  may  be  judged  from  the  fact  that  it  requires  practically  100  h.  p.  to 
make  1  ton  of  paper  per  day.  In  the  various  processes  followed,  the  average 
figures  of  a  large  Canadian  mill  show  that  mechanical  pulp  requires  73  h.  p. 
per  ton  of  daily  output,  of  which  67  h.  p.  is  for  grinding  alone;  sulphite  pulp 
requires  8.7  h.  p.  per  ton  of  daily  output,  and  in  other  large  mills  as  high 
as  from  20  to  30  h.  p.,  whereas  the  production  of  newsprint  from  pulp  con- 
sumes 12  h.  p.  for  the  same  unit  output.  The  continuous  operation  of  mills 
in  this  industry,  usually  24  hours  per  day,  permits  an  advantageous  use  of 
power,  and  direct  water  power  or  hydro-electric  energy  further  allows  a  cheap 
unit  cost  for  the  amount  consumed. 

Importance  of  Pulp  and  Paper  Industry  in  Cfinada. — The  development  of 
this  industry  in  Canada  has  been  rapid  and  the  cheap  power  required  brings 
it  in  close  touch  with  the  hydraulic  resources.  These  facts  recently  led  to  a 
special  survey  of  conditions  by  the  Dominion  Water  Power  Branch  of  the 
Department  of  the  Interior,  Ottawa,  and  the  various  data  here  presented  are 
based  largely  on  the  information  thus  gathered.  The  remarkable  expansion 
during  the  last  generation  may  be  judged  from  pulp  and  paper  export  trade 
of  Canada,  which  is  said  to  have  amounted  to  only  $120  in  1890  as  compared 
with  more  than  $100  000  000  in  1922.  According  to  the  figures  of  the 
Bureau  of  Statistics,  for  1920,  the  pulp  and  paper  industry  in  Canada  rep- 
resented a  total  capital  investment  of  $347  553  333,  found  employment  for 
31  298  persons  whose  yearly  wages  and  salaries  amounted  to  $45  253  893,  and 
the  value  of  the  products  totaled  $214  421  546.  The  fact  that  this  industry 
requires  large  quantities  of  cheap  power  practically  restricts  it  to  hydraulic 
energy  and  the  position  acquired  by  Canada  in  this  field  rests  on  adequate 
and  abundant  water  powers  well  distributed  among  extensive  forest  resources. 
The  importance  of  cheap  power  in  the  manufacture  of  pulp  and  paper  may 
further  be  gauged  by  a  comparison  with  other  Canadian  industries,  the  power 
requirements  of  which  are  also  large.  Census  figures  for  1920  show  that  for 
every  100  h.  p.  installed  in  the  pulp  and  paper  industry,  lumbering  had  only 
60  h.  p. ;  flour  mills,  20  h.  p. ;  and  cotton  mills,  10  h.  p. 

Total  Power  Installation. — In  this  paper  and  in  Tables  5  and  6,  the  general 
term  "pulp  and  paper  mills"  refers  to  all  mills,  whether  they  produce  only 
pulp  or  paper  or  both  these  products. 

Fig.  1  is  a  map  of  Canada  showing  the  location  of  pulp  and  paper  mills 
operated  by  water  power  or  hydro-electric  energy. 

*  Director,   Dominion  Water  Power  Branch,  Dept.  of  the  Interior,  Ottawa,  Ont.,  Canada. 
t  Ottawa,  Ont.,  Canada. 
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The  energy  derived  directly  or  indirectly  from  water  power  for  the  oper- 
ation of  pulp  and  paper  mills  in  Canada  amounts  to  G37  080  h.  p.,  of  which 
476  503  h.  p.  is  controlled  directly  by  the  pulp  and  paper  organizations  and 
the  additional  160  577  h.  p.  represents  purchased  hydro-electric  energy.  This 
paper  deals  with  only  the  important  relation  of  water  power  to  the  pulp  and 
paper  industry  and  does  not  include  data  on  mills  in  which  steam  is  used  as 
motive  power.  In  Canada,  the  use  of  steam  power  in  this  industry  is  very 
limited,  being  prompted  in  most  cases  by  special  conditions,  such  as  operations 
in  which  refuse  from  the  manufacture  of  lumber  can  be  used  as  fuel.  The  cen- 
sus returns  of  1920  show  a  total  steam-power  installation  in  pulp  and  pai)er 
mills  of  only  62  400  h.  p.,  and  if  the  capacity  of  the  three  or  four  larger  steam- 
operated  mills  in  which  special  conditions  obtain,  is  excluded,  the  remaining 
unit  capacity  is  small. 

Electric  Drive  in  the  Inditstry. — The  electric  drive  is  an  important  con- 
sideration. Of  the  entire  water-power  installation  for  the  various  mills,  a 
total  of  178  911  h.  p.  is  converted  into  electrical  energy  before  it  is  used  to 
operate  the  pulp  and  paper  machinery.  The  advantages  of  the  electric  drive 
are  many;  a  uniform  speed  is  assured,  which  is  of  primary  importance  in  gov- 
erning the  quality  of  the  product;  it  also  allows  the  centralized  operation  of 
a  large  mill  receiving  power  from  several  hydro-electric  sources,  and  a  closer 
study  of  power  conditions,  adjustment,  and  consumption  is  permitted.  In  a 
number  of  cases,  the  hydro-electric  power  is  generated  quite  a  distance  from 
the  mill  in  which  it  is  used.  In  most  instances,  the  mill  is  located  at  a 
water-power  site  and  when  gradual  expansion  has  necessitated  additional 
power,  another  near-by  hydraulic  site  has  been  developed  and  hydro-electric 
energy  is  transmitted  to  the  mill  to  permit  centralized  operation. 

TABLE  5. — Character  of  Hydraulic  Motive  Power  in  Pulp  and  Paper 

Mills  in  Each  Province. 


Number 

of 

mills. 

(3) 

Horse- Power  Installed  and  Purchased. 

Province. 

Turbine  installation. 

Purchased 
hydro- 
electric 
power. 

(6) 

Total 
hydro- 
electric 
Columns 

4-1-6 

(7) 

Total 
from  all 
sources. 

(8) 

(I) 

Direct 
drive. 

(3) 

Hydro- 
electric 
drive. 

(4) 

Total. 
(S) 

British  Columbia... 

5 
41 

54 
3 
10 

27  975 

89  4.S0 

159  900 

2  368 

17  919 

20  825 
81  194 
64  512 
12  300 
80 

48  800 

170  624 

2-.'4  412 

'      14  668 

17  999 

72'i23 
88  455 

20  825 
153  316 
152  967 

12  300 
80 

48  800 
242  746 

Quebec  

312  867 

New  Brunswick 

Nova  Scotia 

14  668 
17  999 

Canada 

113 

297  592 

178  911 

476  503 

160  577 

339  488 

637  080 

Operation  from  Purchased  Energy. — In  the  Provinces  of  Quebec  and 
Ontario,  large  power  organizations  supply  considerable  power  to  the  pulp  and 
paper  industry.     In  Quebec,  the  Shawinigan  Water  and  Power  Company  and 
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its  allied  organizations  supply  about  80  000  h.  p.,  and  in  Ontario,  the  Hydro- 
Electric  Power  Commission  and  Toronto  Power  Company  together  supply 
about  55  000  h.  p. 

Motive  Power  by  Provinces. — The  method  of  producing  power  for  the 
operation  of  pulp  and  paper  mills  is  summarized  by  Provinces  in  Table  5. 
Although  a  large  amount  of  water  power  is  still  used  to  drive  the  mill  equip- 
ment directly  from  turbines,  a  considerable  part  is  utilized  by  first  converting 
it  to  electric  energy  for  the  more  convenient  electric-motor  drive. 

Characteristics  of  Geographic  Groups. — Table  6  illustrates  the  predominat- 
ing features  in  certain  districts  into  which  Canadian  mills  may  be  arbitrarily 
grouped.  Perhaps  the  greatest  contrast  exhibited  in  this  table  is  between 
the  class  of  mills  found  in  the  Niagara  and  Toronto,  Eastern  Ontario,  Mon- 
treal, and  Quebec  groups,  where  a  large  number,  the  average  capacity  of 
which  is  small,  produce  much  of  the  miscellaneous  kinds  of  paper,  whereas 
the  British  Columbia  and  more  northerly  groups  in  Ontario  and  Quebec 
comprise  mills  of  large  capacity,  requiring  much  power  to  produce  principally 
pulp  and  newsprint. 

TABLE  6. — Hydraulic  Power  in  Pulp  and  Paper  Mills,  Characteristics 

OF  Various  Groups. 


Groups. 


British  Columbia 

North  and  Western 

Ontario 

North  Lake  Huron 

Niagara  and  Toronto 

District 

East  ern  Ontario 

Montreal  District  and 

Western  Quebec 

Eastern  Townships 

St.  Maurice  Valley  and 

ThreeRiversDistrict. 
Quebec  City  District. . 
Lake  St.  John  and 

Sagruenay  District. . . 
Lower  St.  Lawrence 

andGulf 

New  Brunswick 

Nova  Scotia 


Number 

of  mills 

in  group. 


Horse-Power. 


Own 
turbine 
instal- 
lation. 


48  t<00 

81  150 
48  810 

6  943 
33  721 

36  558 
30  153 

21  110 
15  982 

87  900 

32  710 
14  668 
17  'j99 


Purchased 
hydro- 
electric. 


16  3,50 


42  142 
13  630 


3  345 

8  500 


66  350 
3  760 


6  500 


Total 

for 

group. 


48  800 

97  500 

48  810 

49  085 
47  351 

39  903 
88  652 

87  460 
19  742 

94  400 

33  710 
14  668 
17  999 


Total 
per  mill 
in  group. 


9  760 

13  930 
16  270 

2  890 

3  880 

2  660 
6  440 

14  570 
1  410 

13  490 

5  450 

4  890 
1  800 


Average  Daily 

Producing  Capacity, 

IN  Tons  per  Mill  in 

Group. 


Pulp. 


173 

268 


42 


15 

176 

72 
93 
23 


Paper. 


News. 


223 


111 
10 


44 


Others. 


General  Conditions  in  Each  Province. — The  Province  of  Quebec  is  slightly 
ahead  of  Ontario  in  the  pulp  and  paper  industry.  British  Columbia  ranks 
next,  followed  by  New  Brunswick  and  Nova  Scotia.  This  industry  has  yet 
to  be  introduced  in  the  prairie  Provinces. 

The  Province  of  Quebec  has  54  mills  with  a  total  of  312  867  h.  p.  The 
three  largest  mills  are  at  Grand  Mere,  Kenogami,  and  Shawinigan,  each  of 
which  requires  about  25  000  h.  p.    Among  other  large  mills  requiring  between 
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10  000  and  25  000  h.  p.,  are  those  at  Hull,  East  Angus,  Brompton,  Chicoutimi, 
Clark  City,  and  Cap  Magdelaine. 

The  Province  of  Ontario  has  41  mills  with  a  total  of  242  746  h.  p.,  in- 
cluding that  at  Iroquois  Falls,  reputed  to  be  the  largest,  which  requires  52  000 
h.  p.  Another  mill  is  located  at  Ottawa  with  28  789  h.  p.,  and  mills  requiring 
between  10  000'  and  20  000  h.  p.  are  located  at  Sault  Ste.  Marie,  Espanola, 
Sturgeon  Falls,  Thorold,  Fort  Frances,  and  Fort  William. 

British  Columbia  has  5  mills  with  a  total  of  48  800  h.  p.,  the  two  largest 
being  at  Powell  Eiver  and  Ocean  Falls  with  respective  installations  of  24  000 
and  20  650  h.  p. 

New  Brunswick  has  3  mills  with  a  total  installation  of  14  668  h.  p.,  and 
Nova  Scotia  has  10  mills  with  17  999  h.  p. 

Future  Power  Requirements  of  the  Industry. — It  has  recently  been  esti- 
mated that  the  present  demand  for  pulp  wood  requires  about  20  000  acres  of 
Canadian  forests  per  year  and,  following  the  trend  of  other  commodities,  this 
consiimption  will  probably  increase  rapidly.  Although  the  reforestation  now 
being  extensively  conducted,  will  help  later  to  remedy  this  depletion,  it  must 
be  noted  that  from  50  to  100  years  are  required  for  suitable  growth.  Until 
fuU  results  are  realized,  it  will  doubtless  be  necessary  to  extend  wood  pulp 
operations  farther  and  farther  north  and  the  bountiful  supply  of  Canadian 
water  power  in  these  regions  will  facilitate  the  fullest  development  of  this 
industry. 
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MAEINE  BOEERS 
By  W.  G.  Atwood/  M.  Am.  Soc.  C.  E. 


Regardless  of  the  enormous  damage  done  by  marine  borers  for  centuries, 
they  have  been  given  very  little  systematic  study.  The  Transactions  of  the 
Society  contain  four  papers  on  the  subjcct.f 

The  paper  by  Mr.  Snow  is  a  scientific  study  of  the  various  borers  them- 
selves, vphereas  the  other  papers  treat  largely  of  methods  of  protection  from 
their  action.  In  various  papers  on  harbor  construction,  many  references  to 
the  subject  are  also  made. 

As  far  as  is  known,  the  studies  now  being  carried  on  in  the  United  States 
by  the  National  Research  Council,  and  in  Great  Britain  by  the  Institution 
of  Civil  Engineers,  are  the  first  attempts  to  solve  the  economic  problems 
involved  in  harbor  construction  in  salt  water  by  the  close  co-operation  of  biolo- 
gists, chemists,  and  engineers.  Both  organizations  are  studying  the  borers 
as  well  as  materials,  methods  of  construction,  and  methods  for  the  protection 
of  existing  structures  threatened  with  attack  by  them. 

Marine  borers  are  found  in  fossil  form  and  have  been  the  source  of  great 
economic  loss  ever  since  the  first  structures  were  built  in  or  floated  on  salt 
water.  They  are  mentioned  in  the  Bible  where,  according  to  a  German  biolo- 
gist, F.  Moll,  the  following  passage  occurs:  "As  the  worm  the  wood 
so  an  ugly  wife  destroyeth  her  husband,"  and  the  writings  of  many  of  the 
early  Greek  and  Roman  scientists  contain  references  to  them.  In  early  times, 
the  true  classification  of  the  borers  was  not  recognized,  and  those  of  the  teredo 
type  were  thought  to  be  worms. 

The  destructive  borers  so  far  as  identified,  belong  to  two  families,  the 
Mollusca  and  the  Crustacea,  shown  on  Fig.  2.  The  teredo  group  belongs  to 
the  family  of  mollusks,  as  do  the  oyster  and  clam,  whereas  the  crustacean 
group,  allied  to  the  lobster  and  crab,  are  represented  by  the  limnoria,  sphseroma, 
and  other  similar  organisms.  The  mollusks  are  also  represented  by  the  pholas, 
martesia,  and  other  forms  in  which  the  body  of  the  animal  is  inside  the  shell 
like  that  of  the  oyster,  instead  of  outside  of  it,  like  the  teredo. 

Of  the  two  families  of  borers,  the  mollusks  are  probably  the  more  danger- 
ous, because  they  enter  the  structure  through  minute  holes  and  do  their  exca- 
vating out  of  sight,  whereas  the  crustaceans  bore  comparatively  shallow  holes 
of  small  diameter,  honeycombing  the  surface.  The  work  of  the  latter  group, 
therefore,  can  readily  be  discovered  by  inspection. 

The  beginning  of  modern  literature  and  study  of  these  organisms  dates 
back  to  the  Sixteenth  Century.  This  study  was  first  brought  about  by  the 
destruction  of  the  dikes  of  Holland,  just  as  the  beginning  of  the  study  now 
going  on  in  the  United  States  can  be  traced  to  the  rapid  destruction  between 
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t  "Teredo  Navalis,  or  Ship-Worm",  by  the  late  G.  W.  R.  Bayley,  M.  Am.  Soc.  C.  E., 
Transactions,  Am.  Soc.  C.  E.,  Vol.  Ill  (1875),  p.  155;  "The  Preservation  of  Timber",  by 
the  late  J.  W.  Putnam,  Assoc.  Am.  Soc.  C.  E.,  Vol.  IX  (1880),  p.  206;  "Protecting  Piles 
Against  the  Teredo  Navalis  on  the  Louisville  and  Nashville  Railroad  Company's  Lines", 
by  Richard  Montfort,  M.  Am.  Soc.  C.  E.,  Vol.  XXXI  (1894),  p.  221;  and  "Marine  Wood- 
Borers",  by  Charles  H.  Snow,  M.  Am.   Soc.  C.  E.,  Vol.  XL   (1898),  p.  178. 


Pig.  2. — Molluscan  and  Crustacean  Borers. 


Fig.   3. — Some   Rock  and  Wood-Boring  Mollusks. 
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1918  and  1921  of  the  structures  in  the  upper  part  of  San  Francisco  Bay.  The 
destruction  in  Holland  was  caused  by  the  species.  Teredo  Navalis,  and,  unfor- 
tunately, the  name  of  this  particular  species  covers,  in  the  minds  of  most 
engineers  and  many  scientists,  all  molluscan  borers  of  this  type.  For  this 
reason,  statements  as  to  the  presence  of  this  most  destructive  species  must  be 
looked  on  with  doubt,  unless  the  identification  has  been  made  by  a  competent 
biologist. 

It  is  thought  that  the  molluscan  borers  do  not  obtain  any  nutriment  from 
wood  or  stone,  but  that  they  bore  only  to  oblain  shelter.  Their  food  is  obtained 
from  the  plankton  of  the  sea  in  the  same  manner  as  that  of  the  oyster  and 
clam.  The  source  of  the  food  supply  of  the  crustaceans  is  more  obscure,  but 
it  seems  probable  that  some  of  them  obtain  nutriment  from  the  wood.  The 
facts  as  to  the  food  supply  of  these  animals  have  an  important  bearing  on  the 
measures  to  be  taken  for  protection  from  their  activities.  If  chemical  means 
are  used,  some  poisons  would  be  valueless  if  the  organism  did  not  digest  the 
impregnated  wood. 

The  teredo  and  Xylotrya  (Banhia)  are  the  most  destructive  of  the  boring 
organisms  of  wide  distribution  in  the  United  States.  They  excavate  and  line, 
with  a  calcareous  shell,  burrows  in  the  wood  as  shelters  for  their  long  worm- 
like bodies.  The  excavating  is  done  with  the  shells  which  are  on  the  head 
of  the  animal  at  the  inner  end  of  the  burrow.  These  shells  are  actuated  by 
powerful  muscles  and  differ  in  thickness,  shape,  and  character  with  the  species. 
Some  species  have  file-like  teeth,  whereas  others  have  teeth  like  a  wood  rasp. 
The  gills  and  digestive  organs  are  immediately  behind  the  shells,  and  the  body 
reaches  back  to  the  minute  hole  through  which  the  animal  entered  the  timber. 
This  end  of  the  animal  is  equipped  with  two  organs,  the  pallets  and  the 
syphons.  The  structure  and  shape  of  the  pallets  differ  in  the  different  species, 
and  the  characteristics  of  these  organs  form  the  most  important  means  of 
identification.  The  pallets  of  all  species  have  some  common  characteristics 
of  form  and  all  serve  the  same  purpose.  Each  pallet  is  concave  on  the  inner 
and  convex  on  the  outer  surface,  and  when  brought  together  they  form  a  cone 
with  the  point  outward.  Ordinarily,  the  pallets  project  from  the  wood  into 
the  water  and  are  separated.  When  disturbed,  the  animal  brings  the  pallets 
together  and  pulls  them  in,  thus  closing  the  hole  and  shutting  out  enemies  and 
harmful  material. 

The  syphons  are  two  muscular  tubes  normally  extended  between  the  pallets 
outside  the  timber.  When  in  this  position,  a  constant  stream  of  water  carry- 
ing food  passes  in  through  the  incurrent  syphon  and  a  corresponding  stream 
carrying  the  body  wastes  and  the  saw-dust  resulting  from  the  boring,  passes 
out  through  the  excurrent  syphon.  The  syphons  of  the  Teredo  Navalis  extend 
from  1  in.  to  li  in.  outside  the  timber,  and  a  badly  infested  pile  looks  as  if  it 
was  covered  with  grey  moss.  When  the  animal  is  disturbed,  its  syphons  are 
retracted  inside  of  and  protected  by  the  pallets  when  they  are  closed,  and  no 
sign  of  the  presence  of  the  animal  is  shown  outside  the  timber. 

The  rate  of  boring  and  of  growth  of  the  body  of  the  animal  is  the  same, 
so  that  the  burrow  is  always  filled.  This  rate  varies  normally  from  1  in.  to 
2i  in.  per  month  for  the  more  common  species.    In  the  float  of  the  New  Jersey 
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Oyster  Commission  that  was  destroyed  in  Barnegat  Bay  in  1921  by  tlie  Teredo 
Navalis,  there  were  80  teredo  per  cubic  inch.  They  were  so  crowded  that  they 
could  not  grow,  but  at  6  weeks  of  age  they  were  about  I  in.  in  length  and 
sexually  mature. 

The  food  of  these  animals  consists  principally  of  the  countless  marine 
organisms  known  to  zoologists  as  "plankton."  Dr.  C.  A.  Kofoid,  Professor 
of  Zoology  of  the  University  of  California,  states: 

"The  ocean  in  common  with  lakes  and  rivers  produces  each  year  a  crop 
or  rather  a  succession  of  crops  of  microscopic  food  known  as  plankton  on 
the  ocean  meadows  whose  tonnage  per  acre  and  whose  chemical  composition 
compares  with  the  forage  crops  of  wild  and  cultivated  lands." 

The  molluscan  borers  feed  on  this  exclusively,  appropriating  it  as  it  passes 
their  doors.  They  never  go  foraging,  except  in  the  case  of  the  free-swimming 
larvae.  The  variation  in  the  supply  of  this  food  is  seasonable  and  is  largely 
responsible  for  the  variation  in  the  activity  of  the  borers.  Although  in 
infested  territory  there  is  generally  sufficient  food  supply  for  the  maintenance 
of  life,  there  is  not  always  enough  to  enable  the  borers  to  maintain  maximum 
activity.  The  period  of  reproduction  generally  corresponds  to  that  of  ample 
food  supply. 

The  life  history  of  the  Teredo  N avails  and  Xylotrya  (BanJcia)  is  fairly  well 
known.  The  young  of  the  Teredo  Navalis  are  born  as  free-swimming  larvae, 
whereas  the  eggs  of  the  Xylotrya  are  ejected  by  the  female,  fertilized,  and 
the  larvae  hatched  in  the  water.  From  this  time,  the  history  of  the  larvae  of 
both  species  is  the  same.  The  Dutch  naturalist,  Sellius,  states  that  in  the 
body  of  a  medium  sized  Teredo  Navalis,  he  found  1 874  000  larvae.  The 
Xylotrya  (Bankia)  does  not  produce  so  many  eggs  and  as  its  method  of  repro- 
duction results  in  a  much  low^er  rate  of  survival,  the  Xylotrya  (Bankia)  is  not 
as  destructive  as  the  Teredo  Navalis.  The  larvae  of  both  species  are  free-swim- 
ming for  about  a  month,  or  until  the  weight  of  the  shell  is  sufficient  to  sink 
them.  When  they  come  in  contact  with  a  satisfactory  piece  of  timber,  they 
attach  themselves  to  it  by  a  sticky  thread  and  commence  boring. 

The  rapidity  with  which  these  types  of  borers  spread,  can  be  readily  appre- 
ciated when  it  is  realized  that  a  single,  thoroughly  infested  pile  may  contain 
from  50  000  to  100  000  females,  each  producing  more  than  1  000  000  larvae  per 
year.  The  depth  in  which  these  borers  work  is  not  known  exactly,  but  it  prob- 
ably varies  with  the  species.  Both  species  under  consideration  will  work  to 
a  depth  in  excess  of  10  fathoms,  and  some  species  were  dredged  from  great 
depths  by  the  Challenger  Expedition. 

The  martesia  is  another  type  of  molluscan  borer  which  is  present,  as  far 
as  known,  only  in  the  Gulf  of  Mexico.  It  greatly  resembles  the  clam  in 
appearance,  the  body  of  the  animal  being  inside  the  shell,  and  is  seldom  more 
than  1  in.  in  length.  This  organism  is  very  destructive,  but  as  far  as  known, 
its  range  is  limited.  It  differs  from  most  of  the  other  borers  in  the  fact  that 
thorough  creosoting  gives  no  protection.  Yery  little  is  known  of  its  life 
history. 

The  pholas,  known  on  the  Pacific  Coast  as  the  "rock-boring  clam",  some- 
what resembles  the  martesia,  except  that  it  reaches  a  greater  size.     It  bores 


Fig.   4. — Results  of  Limnokia  and  Teredo  Action  on  Piling. 


Fig.  5. — LiMNORiA  ArrACK  on  Piles  on  Atlantic  Seaboard. 
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in  wood  little  if  any.  It  does  bore,  however,  freely  in  limestone,  sanrlstone, 
and  granite,  as  shown  on  Fig.  3,  at  the  right  and  left,  above.  The  fragments 
of  a  pine  pile  in  the  center  show  the  attack  of  the  martesia,  and  at  the  bottom 
are  burrow  linings  of  the  Teredo  Navalis.  The  board  on  which  the  specimens 
are  placed  is  mahogany  bored  by  teredo  on  the  West  Coast  of  Africa.  The 
presence  of  pholas  in  concrete  has  not  been  reported  with  certainty  sufficient  to 
indicate  that  it  is  a  menace,  but  if  it  does  attack  concrete,  it  will  readily  be 
seen  that  a  few  holes  in  the  vicinity  of  reinforcing  rods  will  result  in  great 
damage.  There  are  a  number  of  other  moUuscan  borers  in  American  waters, 
but  thus  far  there  is  little  to  indicate  that  they  have  any  great  economic  im- 
portance. 

Next  to  the  Teredo  Navalis  and  Xylotrya  (Banlia),  the  limnoria  of  the 
crustacean  group  is  of  the  greatest  economic  importance.  This  animal  has  a 
flat  body  with  fourteen  segments  and  is  about  the  size  of  a  grain  of  rice.  It 
has  stout  legs,  some  of  which  are  equipped  with  claws  like  young  lobsters.  The 
eggs  are  carried  on  the  abdomen  of  the  female  and  the  young,  when  born,  are 
able  to  swim  and  walk  as  well  as  to  bore.  Although  the  rate  of  reproduction 
is  much  lower  than  in  the  teredo  group,  the  proportion  of  young  reaching 
maturity  is  much  greater. 

The  limnoria  chews  the  wood  with  its  mandibles,  making  small  galleries 
about  iW  in.  in  diameter  and  i  in.  deep.  In  one  specimen  examined  in  San 
Francisco,  there  were  from  200  to  240  burrows  per  square  inch.  It  appears 
probable  that  the  limnoria  uses  the  excavated  wood  as  food  to  a  limited  extent. 
On  Fig.  4,  A  is  a  fragment  of  a  Southern  pine  pile  showing  Xylotrya  attack, 
cut  between  medium  and  low  tide,  after  three  years  of  service  at  Biloxi,  Miss. 
B  shows  the  results  of  limnoria  on  an  untreated  pile  after  two  years  of  service 
at  Boca  Grande,  Fla.  C  shows  the  results  of  limnoria  and  teredo  action.  The 
last  specimen  was  secured  in  March,  1922,  at  Manhattan  Beach,  N.  Y. 

The  sphseroma  is  another  crustacean  borer  similar  to  the  limnoria  in  its 
bodily  structure  and  method  of  work.  It  is  olive  or  reddish  brown,  marked 
with  yellow,  whereas  the  limnoria  is  greyish.  This  species  reproduces  in  the 
same  manner  as  the  limnoria;  there  is,  however,  little  knowledge  of  the  life 
history  of  either  species.  The  sphseroma  is  larger  than  the  limnoria,  and  its 
burrows  are  frequently  i  in.  in  diameter.  Its  activities  are  generally  in  the 
tidal  plane,  and  it  is  not  often  found  at  the  greater  depths  in  which  the 
limnoria  and  teredo  work.  This  species  does  much  less  damage  than  the 
limnoria,  but  its  activities  are  not  confined  to  salt  water. 

The  chelura,  another  species  of  the  crustacean  borer,  is  of  less  importance 
than  the  limnoria  or  sphseroma.  Its  work  has  the  same  appearance  as  that  of  the 
linonoria,  and  the  two  species  are  frequently  found  together.  Thus  far,  the 
chelura  has  only  been  identified  on  the  South  Atlantic  and  Gulf  Coasts. 

Marine  borers  of  one  species  or  another  exist  in  salt  water  practically  all 
over  the  world,  and  there  are  some  species  which  work  in  fresh  water.  They 
are  of  various  sizes  and  differ  as  to  their  living  requirements  and  capacity  for 
destruction,  but  all  of  them,  identified  so  far,  are  classified  in  either  the 
molluscan  or  crustacean  groups.     The  species  of  teredo  living  in  the  open 
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sea  in  ships  bottoms,  grows  to  be  6  ft.  in  length  and  1  in.  in  diameter,  whereas 
the  Teredo  Navalis  is  seldom  more  than  i  in.  in  diameter  and  8  in.  long. 
The  Xylotrya  (Bankia)  is  sometimes  |  in.  in  diameter  and  3  ft.  long. 

The  living  requirements  of  the  different  species  are  not  known  with  cer- 
tainty. It  is  thought  that  the  Xylotrya  {Bankia)  requires  a  salinity  of  at  least 
20  parts  per  thousand  and  will  not  work  effectively  where  there  is  considerable 
pollution  by  sewage  or  industrial  wastes,  although  recent  reports  from  Seattle, 
Wash.,  seem  to  indicate  that  it  may  have  greater  resistance  to  pollution  than 
has  been  supposed. 

According  to  the  older  European  reports,  it  appeared  that  the  Teredo  Navalis 
would  not  live  in  water  with  a  salinity  less  than  9  parts  per  thousand,  but  the 
exhaustive  experiments,  under  the  direction  of  the  San  Francisco  Bay  Marine 
Piling  Committee  indicate  that  this  species  will  maintain  a  fairly  active  life 
with  a  salinity  as  low  as  4  or  5  parts  per  thousand,  and  this  result  has  been 
confirmed  by  experiments  in  the  biological  laboratory  at  Plymouth,  England. 
It  has  also  been  demonstrated  that  this  species  will  live  at  least  28  days  in 
fresh  water,  although  it  will  not  work  under  this  condition.  If  salt  water  is 
supplied  after  this  28-day  period,  the  animal  will  open  its  pallets,  extend  its 
syphons  and  begin  work.  In  fresh  running  water,  it  does  not  seem  to  survive 
much  longer  than  a  week.  Experiments  in  the  San  Francisco  Laboratory  have 
also  shown  that  the  Teredo  Navalis  will  live  and  work  with  full  efficiency  in 
water  so  polluted  by  sewage  that  there  is  no  free  oxygen,  and  putrefaction  is 
taking  place.  These  experiments  are  corroborated  by  the  activity  of  this 
species  in  Oakland  Creek  which  is  very  foul,  and  its  immunity  from  the  effect 
of  industrial  wastes  is  shown  by  its  destruction  of  the  wharves  of  the  Standard 
and  Shell  Oil  Companies  where  refinery  wastes  were  discharged  into  the  vpater 
which,  with  the  piles,  was  covered  by  a  scum  of  oil.  The  wharves  of  the  Shelby 
Smelter  Company,  under  which  there  was  a  discharge  of  copper  sulphate,  were 
also  destroyed. 

The  crustacean  borers  have  not  been  thoroughly  studied,  but  it  seems  prob- 
able that  the  limnoria  requires  a  fairly  high  salinity  and  is  not  seriously 
affected  by  pollution.  The  sphaeroma  is  likewise  little  affected  by  pollution, 
but  it  will  live  and  work  in  either  salt  or  fresh  water.  The  requirements  of 
the  chelura  are  little  known.  Fig.  5  shows  the  typical  appearance  of  piles 
attacked  by  limnoria. 

The  distribution  of  the  more  common  borers,  as  far  as  is  known,  is  as 
follows : 

The  Xylotrya  (Bankia  fimhriata)  is  found  from  Nova  Scotia  to  Florida, 
throughout  the  Gulf  of  Mexico,  and  from  California  to  Alaska. 

The  Teredo  Navalis  is  reported  by  many  writers  on  all  coasts,  but  many 
reports  are  of  doubtful  accuracy.  It  has  been  identified  in  the  vicinity  of 
New  York  City  and  San  Francisco,  and  in  Europe,  from  Norway  to  Italy, 
except  in  the  Baltic  Sea  east  of  Kiel.  Some  species  exist  in  the  Eastern 
Mediterranean  and  Black  Sea.  It  is  reported  that  ships  on  the  blockade  of 
Sebastopol  during  the  Crimean  War,  were  damaged  and  some  of  them  sunk 
by  the  Teredo  Navalis. 
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Fig.  6. — Action  of  Teredo  on  Douglas  Fir  Test  Piecb. 


MARINE   BORERS  427 

The  limnoria  is  found  on  all  the  coasts  of  North  America  and  in  prac- 
tically the  same  locations  as  the  Teredo  Navalis  in  Europe.  Its  maximum 
activity  occurs  near  the  North  Cape  as  well  as  at  points  farther  south. 

The  limits  of  the  sphaeroma  are  not  absolutely  defined,  but  it  seems  to  be 
of  general  distribution. 

The  chelura  has  been  identified  so  far  only  in  the  South  Atlantic  and  Gulf 
of  Mexico. 

Some  harbors  seem  to  be  immune  from  the  activities  of  some  or  all  of  the 
borers,  and  the  reasons  for  this  immunity  are  among  those  facts  which  the 
National  Research  Council  is  trying  to  develop  by  its  investigation.  Boston 
Harbor,  for  example,  has  been  generally  immune  from  teredo  attack  and 
although  limnoria  is  present,  no  great  damage  has  been  done.  In  the  paper 
presented  by  Mr.  Bayley  in  1874,  previously  mentioned,  it  is  stated  that 
a  marked  reduction  in  the  activity  of  teredo  had  taken  place  in  the  Port  of 
New  York,  in  the  three  or  four  preceding  years.  It  was  thought  by  Mr.  Bayley 
that  this  was  due  to  an  increase  in  the  sewage  pollution.  If  this  was  the 
correct  explanation,  it  is  probable  that  the  Xylotrya  {Bankia)  was  the  species 
present,  as  it  has  been  demonstrated  that  the  Teredo  Navalis  lives  in  water 
with  a  much  higher  sewage  content  than  that  of  New  York  Harbor.  The 
activities  of  the  teredo  may  be  influenced  by  many  other  factors,  about  which 
nothing  is  known  at  present. 

The  rate  of  destruction  by  the  molluscan  borers  does  not  seem  to  be  greatly 
affected  by  the  different  kinds  of  timber  in  common  use  for  construction 
purposes  in  the  United  States. 

Fig.  6  shows  the  destructive  action  of  the  Teredo  Navalis  on  a  6  by  8-in. 
Douglas  fir  test  piece  planted  on  July  1,  1920,  at  the  Southern  Pacific  Wharf 
at  Port  Costa,  Calif.  The  first  larvae  were  discovered  on  August  4,  and  the 
timber  was  removed  on  December  8,  1920.  Section  a  was  10  ft.  2  in..  Sec- 
tion h  was  6  ft.  6  in.,  and  Section  c  was  6  in.,  above  the  mud-line.  The 
contrast  between  inshore  (right)  and  offshore  (left)  in  the  intensity  of 
attack  may  be  noted.  The  speaker  had  a  wharf  completely  destroyed  by 
Xylotrya  in  18  months  in  Resurrection  Bay,  Alaska.  W.  H.  Courtenay,  M.  Am. 
Soc.  C.  E.,  reports  that  a  platform  for  carrying  test  pieces  under  a  wharf 
at  Pensacola,  Fla.,  was  destroyed  in  30  days.  Under  favorable  conditions, 
either  the  Teredo  Navalis  or  the  Xylotrya  will  destroy  a  14-in.  pile  in  3 
months. 

The  rate  of  destruction  by  the  crustacean  group  is  lower  than  that  by  the 
Mollusca.  In  waters  where  the  limnoria  is  active,  it  seldom  destroys  a  yellow 
pine  or  fir  pile  in  less  than  a  year. 

The. outbreak  in  San  Francisco  Bay  is  fully  described  in  the  valuable 
reports  of  the  San  Francisco  Bay  Marine  Piling  Committee  issued  in  1921 
and  1922.  As  history  repeats  itself,  one  may  reasonably  assume  that  similar 
outbreaks  may  occur  at  other  places  formerly  immune. 

Borers,  probably  the  Xylotrya  (BanJda),  had  existed  in  the  Lower  Bay  for 
many  years,  but  were  unknown  in  the  vicinity  of  Mare  Island  and  Carquinez 
Straits.    The  Teredo  Navalis  was  first  identified  in  1914  in  the  long  pile  dikes 
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protecting  the  channel  to  the  Mare  Island  Navy  Yard,  and  the  borers  apparently 
spread  slowly  through  these  dikes  in  the  following  years.  Their  activities 
became  noticeable  at  other  points  in  1919  and,  by  the  end  of  1920,  they  had 
destroyed  many  structures  near  Mare  Island  and  in  Carquinez  Straits,  over  a 
distance  of  about  8  miles,  and  had  been  found  at  Antioch,  25  miles  up  the 
Sacramento  River.  There  is  a  strong  tidal  current  through  Carquinez  Straits, 
which  undoubtedly  aided  materially  in  the  distribution  of  the  larvae. 

Previous  trouble  with  borers  had  not  been  experienced  at  the  Mare  Island 
Navy  Yard  and,  consequently,  the  Navy  Department  had  started  to  build 
a  pile  highway  bridge  between  Mare  Island  and  Vallejo,  using  unprotected 
timber.  A  few  days  before  this  bridge  was  to  be  opened  for  traffic,  it  was 
discovered  that  a  number  of  the  piles  were  eaten  off  and  hanging  from 
the  drift-bolts.  It  was  necessary  to  re-drive  the  entire  structure  with  creosoted 
piles.  Engineers  for  corporations  owning  structures  in  this  territory  estimate 
that  the  cost  of  repairs  of  damage  caused  by  borers  to  the  end  of  1921  was 
more  than  $15  000  000.  The  history  of  this  attack  clearly  shows  that  previous 
immunity  does  not  justify  the  assumption  that  such  immunity  is  permanent. 
Eternal  vigilance  is  the  price  of  safety. 

Since  the  beginning  of  history,  efforts  have  been  made  to  protect  structures 
from  these  organisms.  The  Phcenicians  and  the  Vikings  charred  their  ships 
and  painted  them  with  pitch,  and  the  galleys  of  Troy  were  sheathed  with 
lead.  The  writer  has  recently  received  letters  from  inventors  and  others  who 
think  they  have  discovered  something  new.  Frequently,  investigation  shows 
that  these  "new"  ideas  have  been  tried  by  the  Ancients.  It  is  necessary, 
therefore,  that  harbor  engineers  seeking  to  protect  structures  from  the  ravages 
of  borers  should  thoroughly  familiarize  themselves  with  the  history  of  the 
borers  and  the  attempts  to  secure  protection  from  them. 

The  Forest  Products  Laboratory  of  the  U.  S.  Department  of  Agriculture 
collected  a  great  amount  of  data  on  methods  of  protection  and,  in  1913,  an  ex- 
haustive report  was  prepared  by  Mr.  A.  K.  Armstrong,  which,  unfortunately, 
was  not  published.  The  Committee  on  Marine  Piling  Investigations  of  the 
National  Research  Council  is  continuing  this  study  and  hopes  to  publish  the 
results  soon.  This  report  divides  protective  methods  into  three  general  classes: 
The  first  includes  reports  on  the  charring  of  timber,  the  use  of  built-up  piles 
and  of  unbarked  piles.  None  of  these  methods  has  any  permanent  value.  The 
second  includes  protection  by  mechanical  means  and  the  third  by  impregnation 
with  various  chemicals. 

The  second  method  is  subdivided  into  painting  or  coating  with  paint  com- 
pounds, protection  by  metal  sheathing,  earthenware  pipe,  pipe  manufactured 
of  other  material,  concrete,  or  an  elastic  or  supposedly  elastic  coating.  On 
Fig.  7,  yl  is  a  section  of  a  Douglas  fir  pile  taken  from  Seattle  Harbor  after  4 
years  of  service.  This  pile  was  creosoted,  but  very  imperfectly.  B  shows  a 
section,  3  ft.  above  the  mud-line,  of  an  untreated  Douglas  fir  pile,  after  IJ 
years  of  service  at  Vancouver,  B.  C,  Canada.  The  pile  had  tight  bark  when 
driven.  C  shows  a  section  of  an  untreated  Douglas  fire  pile,  6  ft.  above  the 
mud-line,  after  1  year  of  service  at  Vancouver.    Surface  treatment  with  paint 
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or  other  material  is  damaged  or  destroyed  by  checking  from  rough  handling 
during  construction  or  by  the  abrasion  or  impact  of  floating  material  after 
it  is  in  place.  This  method,  although  it  may  give  temporary  protection,  is 
not  permanent. 

The  metals  used  for  sheathing  have  generally  been  lead,  rolled  iron,  copper, 
zinc,  several  alloy  metals,  cast  iron,  and  the  process  of  nailing  developed  in 
Holland.  All  these  metals  corrode,  and  some  of  them,  like  copper,  are  of 
sufficient  value  to  render  them  liable  to  theft.  Any  of  these  sheathings  is  effi- 
cient as  long  as  there  are  no  openings  in  the  coating,  but  as  soon  as  holes 
appear,  the  covering  loses  its  value.  The  nailing  process  consists  of  driving  the 
pile  full  of  large-headed  nails  so  that  the  surface  is  covered  by  the  heads. 
Like  other  sheathing  methods,  it  is  expensive  and  although  reported  to  have 
value  as  protection  from  the  teredo,  the  limnoria  is  reported  to  dig  out  the 
nails  and  open  a  way  for  the  teredo. 

Concrete  and  the  various  pipe  coverings  are  effective  as  long  as  no  breaks 
in  the  surface  occur  and  the  pile  is  covered  from  the  mud-line  to  a  little 
above  high  water.  A  number  of  concrete  coatings  have  failed,  some  on 
account  of  defective  concrete  and  others  because  the  mud-line  was  lowered 
and  the  borers  cut  off  the  pile  between  the  new  mud-line  and  the  bottom  of  the 
covering. 

The  process  of  wrapping  piles  with  a  fabric  impregnated  with  asphalt  or 
similar  material  results  in  a  pile  that  will  resist  attack  until  an  opening  is 
made  in  the  coating.  It  is  difficult  to  drive  a  pile  without  breaking  such 
a  coating  and  still  more  difficult  to  prevent  damage  by  floating  objects  after 
it  is  driven. 

Impregnation  has  been  tried,  many  metallic  salts  and  other  supposedly 
poisonous  chemicals,  as  well  as  creosote  and  mixtures  of  creosote  and  other 
materials,  having  been  used.  Thus  far,  creosote  seems  to  give  the  best  pro- 
tection, but  creosote  is  a  trade  name  and  does  not  indicate  a  product  of 
fixed  character.  It  is  not  known  what  constituent  or  fraction  gives  the 
protection,  nor  why  good  creosote  protects  timber  for  a  time.  There  are 
two  theories  as  to  the  cause  of  immunity  from  attack  of  some  creosoted  piles, 
one  that  the  creosote  contains  a  poison  and  the  other  that  there  is  some 
constituent  the  emanations  from  which  prevent  the  larvse  from  landing  on  the 
timber.  These  theories  are  now  being  studied  at  two  or  three  college  labora- 
tories and  the  Forest  Products  Laboratory. 

If  the  reason  for  immunity  can  be  discovered,  a  distinct  step  will  have 
been  made  toward  the  solution  of  the  problem  as  far  as  creosote  is  concerned. 
Those  who  believe  in  the  inhibition  theory,  point  to- the  fact  that  the  teredo 
will  bore  freely  in  creosoted  timber  after  it  reaches  a  little  size  and  that 
the  martesia  does  not  seem  to  be  affected  by  it. 

Some  structures  built  with  creosoted  piles  have  had  a  life  of  30  years  or 
more  in  badly  infested  water,  but  such  cases  are  rare.  Many  structures 
have  had  short  life  when  both  the  creosote  and  the  treatment  were  good,  but 
the  surface  was  damaged  in  construction.  Careless  handling  of  creosoted  piles 
is  probably  responsible  for  a  large  number  of  failures. 
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An  investigation  of  the  resistance  of  various  timbers  was  also  made  by 
the  Forest  Products  Laboratory.  It  was  not  found  that  any  indigenous  woods 
would  resist  borer  action,  except,  perhaps,  Palmetto  and  some  of  its  relatives. 
These  timbers  have  little  strength  and  decay  rapidly  above  water  level,  so 
the  fact  that  they  resist  borers  is  of  little  importance  from  the  construction 
standpoint.  A  number  of  foreign  timbers,  principally  from  the  Tropics,  are 
reported  to  withstand  attack,  but  great  confusion  exists  as  to  the  botanical 
identification  of  the  species  and  it  is  difficult  to  obtain  facts. 

The  Greenheart  of  Demarara  is  shown,  by  many  reports  from  foreign  harbors, 
to  have  long  life,  whereas  others  report  its  failure  after  a  few  years  of  service. 
It  was  used  in  the  lock-gate  sills  and  similar  places  in  the  Panama  Canal, 
but  was  a  failure  and  has  been  removed.  Many  reports  regarding  Australian 
turpentine  wood  are  favorable.  A  small  quantity  of  this  wood  was  used  in 
a  wharf  at  Victoria,  B.  C,  and  has  given  excellent  results  for  about  8  years. 
A  number  of  favorable  reports  have  also  been  received  from  the  British 
Colonial  harbors.  There  are  also  a  few  unfavorable  reports.  In  regard  to 
experience  with  certain  kinds  of  Eucalyptus,  it  may  be  stated  that  the  report 
mentioned  does  not  indicate  that  Eucalyptus  is  immune  from  attack. 

The  Committee  on  Marine  Piling  Investigations  of  the  National  Research 
Council,  with  the  assistance  of  Engineering  Foundation  and  the  co-opera- 
tion of  the  various  Government  departments  and  the  owners  of  water- 
front property,  is  endeavoring  to  determine  the  biological  and  chemical 
factors  of  the  problem.  It  is  planned,  first,  to  discover  what  species 
exist  and  where;  what  the  salinity,  temperature,  oxygen  content,  and 
hydrogen  ion  concentration  are,  and  their  effect  on  the  different  species  of 
borers.  With  the  assistance  of  Government,  university,  and  commercial  labora- 
tories, the  Committee  is  trying  to  discover  why  one  creosote  protects  and 
another  does  not.  The  possibility  of  securing  protection  by  the  use  of  other 
substances  is  also  being  studied.  It  is  hoped  that,  when  these  investigations 
are  completed,  it  will  be  possible  to  draw  a  specification  for  creosote  that  will 
permit  the  removal  of  all  constituents  not  necessary  for  protection  and  of  value 
for  other  purposes,  and  to  leave  a  substance  that  will  be  efficient. 

The  Committee  is  also  making  a  study  of  substitutes  for  timber  construction 
with  the  hope  of  issuing  reports  which  will  be  of  economic  value  to  all  builders 
and  owners  of  water-front  structures. 


ST.    MAURICE   RIVER   FLOW   REGULATION  433 

THE  ST.  MAURICE  RIVER  FLOW  REGULATION 
By  O.  LeFebvre,*  Esq. 


In  1912,  the  Government  of  tlie  Province  of  Quebec  adopted  the  policy  of 
regulating  the  flow  of  the  rivers  of  the  Province,  where  storage  reservoirs  could 
be  economically  built  and  the  stored  water  used  for  power  purposes.  The  St. 
Maurice  River  was  the  first  stream  on  which  this  policy  was  practiced. 

The  St.  Maurice  River  rises  in  a  series  of  lakes  about  1  300  ft.  above  mean 
sea  level,  and  flows  from  the  northwest  across  the  Laurentian  Mountains  into 
the  St.  Lawrence  at  Three  Rivers.  The  river  is  about  367  miles  long,  has 
a  drainage  area  of  17  000  sq.  miles,  and  is  broken  by  many  falls  and  rapids, 
the  principal  ones  of  which  are  the  following: 

Height, 
Name.  in  feet. 

Le3  Forges 12 

La  Gabelle 10 

Les  Gres 44 

Shawinigan  150 

Grand  'Mere 78 

La  Tuque ^     88 

Rapid  Blanc 212 

Rapid  des  Coeurs 93 

Rapid  AUard  . . . ,  .^. 45 

The  Shawinigan  and  Grand  'Mere  Falls  are  fully  developed,  and  that  at 
La  Tuque  is  partly  utilized.  It  is  expected  that  the  falls  at  Les  Gres  and 
La  Gabelle  will  be  developed  shortly. 

Timber  is  the  principal  resource  on  the  St.  Maurice.  Logs  are  floated 
down  the  streams  to  the  main  river,  and  down  the  latter  to  the  different  mills. 
The  number  of  logs  cut  has  been  steadily  on  the  increase  until  1921. 

Natural  Flow  of  the  River. — The  flow  of  the  river  has  been  recorded  at 
Shawinigan  by  the  Shawinigan  Water  and  Power  Company,  and  daily  dis- 
charge records  are  available  from  1900  to  date.  The  average  low-water 
discharge  is  6  000  sec-ft.  The  lowest  discharge  recorded  is  5  200  sec-ft.  for 
about  a  week  in  March,  1901,  and  the  highest,  which  was  recorded  May  16th, 
1904,  was  166  000  sec-ft. 

The  average  depth  of  yearly  run-off  from  the  water-shed  at  Shawinigan 
for  the  period  1900-21  was  21.6  in.,  the  maximum  being  26.9  in.,  in  1907-08, 
and  the  minimum,  15.33  in.,  in  1906, 

Power. — The  power  at  Shawinigan  is  generated  under  a  head  of  150  ft.  and 
the  low-water  capacity  of  the  plant  was  82  000  continuous  h.  p.  The  machin- 
ery was  designed  for  the  discharge  available  during  eight  months  of  the  year 
and  the  Company  was  disposing  of  the  power  as  primary  and  secondary 
power.  The  total  power  possibilities  on  the  river  at  natural  low-water  periods 
was  estimated  at  40  000  continuous  h.  p.,  which  could  be  almost  doubled  if 

•  Chf.  Engr.,  The  Quebec  Streams  Comm.,  Montreal,  Que.,  Canada. 
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secondary  power  was  used,  but  secondary  power  is  seldom  satisfactory  to  the 
customer  and  must  be  disposed  of  at  a  low  price.  As  the  demand  increases, 
the  companies  on  the  St.  Maurice  look  for  additional  power  by  a  more  regu- 
lated flow  of  the  river. 

In  1909,  the  power  and  lumbering  interests  organized  the  St.  Maurice 
Hydraulic  Company  which  was  authorized  by  the  Government  to  complete 
certain  storage  schemes  on  the  Manouane  River.  Three  small  dams  were 
constructed  from  1909  to  1911  and  the  reservoirs  thus  created  have  a  total 
capacity  of  590  sq.  mile-ft.  The  water  from  these  reservoirs  was  used  during 
summer  low  water  and  during  the  winter.  The  minimum  flow  at  Shawinigan 
was  thereby  raised  to  nearly  8  000  sec-f  t. 

These  Manouane  reservoirs  proved  the  feasibility  of  obtaining  water  from 
reservoirs  200  miles  from  the  generating  plant,  even  under  most  severe  winter 
conditions.  In  1912,  the  St.  Maurice  Hydraulic  Company  applied  to  the 
Legislature  for  authority  to  carry  out  storage  on  a  much  larger  scale  in  the 
series  of  lakes  which  form  the  upper  reaches  of  the  St.  Maurice  River.  The 
Quebec  Government  decided,  however,  that  it  would  be  better  policy  for  the 
Province  to  complete  the  scheme,  and  the  Quebec  Streams  Commission,  there- 
fore, was  asked  to  investigate  and  report  on  the  possibilities  of  storage  in  the 
upper  lakes. 

Two  alternative  schemes  were  considered :  Five  small  dams,  each  controlling 
a  series  of  lakes  and  giving  partial  control,  or  one  big  dam  giving  complete 
control.     The  latter  scheme  was  favored  and  recommended  by  the  Commission. 

It  was  found  that  by  building  a  dam  near  the  head  of  La  Loutre  Falls,  and 
raising  the  water  47  ft.  above  natural  low  water,  the  capacity  of  the  reservoir 
would  be  5  722  sq.  mile-ft.  The  area  of  the  water-shed  was  3  650  sq.  miles, 
and  the  proposed  reservoir  would  have  capacity  for  19  in.  of  run-oflf  from  the 
basin. 

After  investigations  at  the  site,  plans  were  prepared  and  several  types  of 
dams  were  considered.  The  gravity  type  was  recommended  by  Edward  Weg- 
mann,  M.  Am.  Soc.  C.  E. 

The  design  provided  for  50  000  lb.  per  lin.  ft.  of  ice  pressure,  acting  at  the 
spillway  level.  No  ice  has  formed  opposite  the  gate  section  within  50  ft. 
from  the  dam,  and  it  is  doubtful  whether  any  great  ice  thrust  has  been 
exerted  against  the  structure. 

The  dam  is  240  miles  from  the  St.  Lawrence  River  and  controls  the  water 
from  a  drainage  area  of  3  650  sq.  miles.  The  aggregate  area  of  the  lakes  form- 
ing the  reservoir  was  209  sq.  miles  under  natural  conditions.  To-day,  they 
form  one  single  body  of  water  with  an  area  of  more  than  300  sq.  miles. 

The  dam  was  completed  in  December,  1917,  and  has  been  operated  to  regu- 
late the  flow  of  the  St.  Maurice  at  12  000  sec-ft.  at  Shawinigan  since  January 
1,  1918. 

Additional  Power. — The  benefits  to  be  derived  from  regulation  were  calcu- 
lated from  the  flow  curve  of  1906,  which  was  the  lowest  year  for  the  period, 
1900  to  1912.  A  duration  curve  was  made  and  the  water  necessary  to  make  up 
the  deficit  for  a  minimum  flow  of  12  000  sec-ft.  was  calculated.     Distributed 
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uniformly  over  the  whole  year,  the  power  increase  at  Shawinigan  totals  32  250 
h.  p. -years.  At  Grand  'Mere,  where  the  water  is  being  used  under  a  head  of 
75  ft.,  the  power  increase  is  one-half  that  at  Shawinigan. 

In  order  to  ascertain  whether  the  quantity  of  water  available  in  the  Gouin 
Reservoir  would  be  sufficient  for  a  regulation  of  12  OOO  sec-ft.  at  Shawinigan, 
investigations  have  been  conducted  since  the  latter  part  of  April,  1913,  when 
flow  records  were  kept  at  the  site  of  the  Gouin  Dam.  The  quantity  of  water 
measured  at  the  dam  site  was  taken  as  the  supply  from  the  dam  and  that 
required  at  Shawinigan  to  increase  the  flow  to  12  000  sec-ft.  was  taken  as 
the  demand. 

As  it  requires  from  10  to  12  days  for  the  water  from  the  reservoir  to  reach 
Shawinigan  the  calculations  were  based  on  a  loss  of  25%  from  evaporation 
and  on  other  losses.  Similar  calculations  were  made  for  a  regulation  to  14  000 
sec-ft.  The  curves  show  that  such  regulation  is  possible,  but  if  a  loss  of 
25%  should  occur,  the  reservoir  would  not  be  large  enough.  Since  the  dam 
has  been  in  operation,  it  has  been  noted  that  the  loss  is  negligible,  being  only 
about  5%  in  the  winter. 

Discharge  Control. — The  discharge  of  the  river  is  controlled  at  three  points, 
namely,  at  Weymontachingue,  50  miles  below  the  dam,  at  La  Tuque,  155  miles 
from  the  dam,  and  at  Shawinigan.  The  water  level  at  Weymontachingue  and 
at  La  Tuque  is  recorded  daily  and  the  information  wired  to  the  office  of  the 
Quebec  Streams  Commission.  •  Similar  information  is  obtained  from  the 
Shawinigan  Water  and  Power  Company  regarding  the  conditions  at  Shawini- 
gan and  Grand  'Mere.  The  points  of  control  are  also  provided  with  rain 
gauges.  In  this  way,  a  good  idea  may  be  gained  as  to  the  period  it  will  be 
necessary  to  draw  on  the  storage. 

Ground  Storage. — By  raising  the  water  40  ft.  above  natural  high  water 
at  La  Loutre,  the  different  lakes  form  one  body  of  water,  more  than  300  sq. 
miles  in  area.  As  a  great  deal  of  the  area  covered  is-  pervious,  much  ground 
storage  must  take  place.  The  natural  run-off,  as  a  rule,  is  a  minimum  in 
March.  Before  the  water  was  raised,  the  average  for  the  winter  months  of 
three  years  was  as  follows : 

January    291  sq.  mile-ft. 

February 219  "      "    " 

March  215  "      "     " 

Since  the  reservoir  has  been  operated,  the  run-off  in  March  and  February 
is  much  larger  than  in  previous  years,  as  shown  by  the  comparison  given  in 
Table  7.     This  cannot  be  explained  otherwise  than  by  ground  storage. 

TABLE  7. 


Months. 

1919. 

1920. 

Average  of  3  years  before 
operations  began. 

March 

450  sq.  mile-ft. 

284 

785  sq.  mile-ft. 
751 

215  sq.  mile-ft. 
219 

February  
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Land  Clearing. — The  area  flooded  by  the  reservoir  has  been  estimated  at 
100  sq.  miles,  most  of  which  is  forest.  This  flooded  area  was  not  cleared  on 
account  of  the  cost,  but  it  is  not  expected  that  much  of  the  floating  dead  wood 
will  reach  the  dam. 

Manouane  Dams. — Mention  has  been  made  of  the  three  dams  on  the  Manou- 
ane  River.  These  dams  have  been  acquired  by  the  Commission  and  are  being 
operated  together  with  the  Gouin  Dam  for  the  regulation  of  the  St.  Maurice. 
The  dams  are  of  the  ordinary  wooden  crib  type,  filled  with  stone,  their  sluice 
openings  being  controlled  by  stop-logs.  The  combined  capacity  of  the  reser- 
voirs formed  is  nearly  590  sq.  mile-ft.  The  combined  drainage  area  is  1  250 
sq.  miles.  The  supply  of  water  from  the  basin  is,  therefore,  much  larger 
than  the  capacity  of  the  three  reservoirs,  which  overflow  in  the  spring  and  are 
generally  emptied  during  the  dry  summer  months. 

Cos^.— The  cost  of  the  whole  work  was  $2  500  000,  or  $400  per  sq.  mile-ft. 
of  water.  The  yearly  revenue  is  at  present  $215  000,  which  will  be  increased 
when  new  water  power  is  developed. 

This  regulation  work  has  been  a  success  and,  the  amount  of  power  now 
generated  on  the  St.  Maurice  River  is  almost  500  000  h.p.  Nearly  500  000 
additional  h.p.  could  be  developed.  It  is  believed  that  these  works  will  make 
the  St.  Maurice  River  one  of  the  most  important  sources  of  water-ix)wer  on 
this  Continent. 
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SHORE  PROTECTION  AND  HARBOR  DEVELOPMENT  WORK  ON 

THE  NEW  ENGLAND  COAST. 

By  Frank  W.  Hodgdon,*  M.  Am.  Soc.  C.  E. 


The  New  England  coast  consists  of  ledges,  sand  beaches,  and  bluffs  com- 
posed of  glacial  drift,  and  the  beaches  and  bluffs  are  gradually  washing  away. 

The  sea  acts  in  two  ways:  First,  sand  and  gravel,  stirred  up  by  the  waves, 
are  carried  over  the  top  of  the  beach,  thus  filling  the  low  land  back  of  it  and 
forcing  the  shore  line  inland. 

Where  the  land  back  of  the  beach  is  high,  the  waves  drift  the  material 
along  the  shore  until  a  low  beach  with  low  land  back  of  it  is  reached.  Here, 
the  material  is  either  washed  over  the  beach  on  to  the  low  land,  or  gradually 
drifts  into  the  sea  and  forms  shoals,  as  at  the  southeasterly  part  of  Cape 
Cod  Bay  where  they  extend  more  than  a  mile  from  the  shore. 

Many  different  forms  of  protective  work  have  been  used  in  the  endeavor  to 
prevent  further  erosion.  In  some  places,  timber  bulkheads  were  built  at 
or  above  the  high-water  mark.  A  number  have  been  back-filled,  but  in  almost 
every  case  the  timber  structures  have  been  either  broken  down  or  under- 
mined. The  large  islands  which  form  much  of  the  protection  to  Boston 
Harbor,  were  early  protected  with  heavy  granite  sea-walls  and  rip-rap  by 
the  Federal  Government. 

In  1828,  a  wall  was  built  to  protect  the  headlands  of  Deer  Island  and,  in 
1843,  one  was  built  at  Lovells  Island.  Walls  were  built  later  at  the  Brewster 
Islands.  In  1871,  walls  were  built  at  Point  Allerton,  Long,  and  Gallops 
Islands.  These  later  Avails  on  the  outer  shore  are  about  at  the  high-water 
line  and  their  foundations  are  about  at  mean  sea  level.  The  tidal  range  is 
about  9.5  ft.  and  the  top  of  the  wall  is  about  22.5  ft.  above  mean  low  water. 
The  wall  is  5  ft.  thick  at  the  top  and  9  ft.  at  the  base,  with  a  footing  12.5  ft. 
wide.  The  face  is  of  granite  and  the  backing  and  footing  are  of  concrete. 
Adjoining  the  wall  at  the  level  of  its  top  a  pavement,  15  ft.  wide,  of 
granite  slabs  has  been  placed  on  the  fill  to  prevent  wash  from  waves  which 
break  over  the  top.  The  beach  in  front  of  the  wall  is  also  protected  with  a 
rip-rap  of  granite  grout.  These  walls,  although  requiring  repairs  from  time 
to  time,  have  effectively  protected  the  cliffs  from  erosion. 

At  the  bluffs  in  Scituate  and  Chatham,  the  Commonwealth  has  deposited 
heavy  granite  grout  from  the  high-water  mark  to  12  or  15  ft.  above  it.  Sec- 
tions of  this  protection  at  the  Scituate  Third  Cliff  have  been  in  place  for 
14  years.  At  Chatham,  at  the  bluffs  in  front  of  the  lighthouses  at  East  and 
West  Chop,  on  Martha's  Vineyard,  ridges  of  stone  have  been  placed  about 
at  high-water  mark  for  a  considerable  distance  on  each  side  of  the  lighthouse. 
This  has  been  an  effective  protection. 

At  Cotuit  and  Osterville,  on  the  southerly  shore  of  Massachusetts,  facing 
Nantucket  Sound,  the  bluff  which  is  about  10  ft.  high,  is  being  eroded 
rapidly  by  the  action  of  the  sea.  The  owners  have  constructed  timber  bulk- 
heads along  the  shore  just  above  high  water  and,  at  intervals  of  30  to  50  ft., 

•  Chf.   Engr.,   Div.   of  Waterways,   Massachusetts  Dept.   of  Public  Works,   Boston.   Mass, 
Mr.  Hodgdon  died  on  January  26,  1923. 
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short  timber  spurs  or  jetties  have  been  extended,  which  have  prevented  the 
sand  from  drifting  along  the  beach,  and  a  barrier  has  been  formed,  which  has 
stopped  the  sea  from  making  further  inroads.  These  structures  require 
constant  attention  as  they  are  usually  built  of  2-in.  plank  spiked  to  4-in. 
square  stakes,  the  posts  of  the  bulkhead  being  of  cedar,  6  or  8  in.  in  diameter. 
This  work,  although  costing  considerable  for  upkeep,  has  been  effective.  The 
water  in  front  of  these  bulkheads  is  shallow  for  i  or  i  mile.  The  range 
of  the  tide  is  generally  less  than  5  ft.,  and  the  waves  are  not  heavy. 

To  protect  the  beaches  at  various  points  along  the  shore,  walls  with  spur 
jetties  from  50  to  100  ft.  apart,  have  been  built  of  concrete.  The  walls  are 
located  on  the  crest  of  the  beach  or  between  the  crest  and  the  high-water  mark 
and  the  jetties  project  1  to  2  ft.  above  the  level  of  the  beach.  These  walls 
extend  about  22  ft.  above  low  water  or  12  ft.  above  high  water  and  are  built 
with  a  lip  projecting  about  6  in.  at  the  top  to  deflect  the  sea.  On  the  Scituate 
shore,  some  of  the  first  walls  had  no  lip  and  extended  only  18  to  20  ft. 
above  mean  low  water.  At  this  elevation,  the  sea  broke  over  the  top  and  in 
places,  large  quantities  of  sand  and  shingle  were  washed  over  the  wall.  The 
beach  was  thus  reduced,  enabling  the  sea  to  undermine  the  wall  in  places 
so  that  it  collapsed.  It  has  been  rebuilt  to  the  elevation  of  22  ft.  with  a 
projecting  lip. 

The  harbor  improvements  may  be  divided  into  two  parts:  The  improve- 
ment and  protection  of  the  channels,  and  the  construction  of  wharves  and 
docks.  In  the  larger  harbors,  the  U.  S.  Government  has  enlarged  and  deep- 
ened the  channels  and  protected  the  entrances. 

Boston  Harbor. — In  Boston  Harbor,  the  principal  work  has  been  the 
dredging  of  the  channels  and  the  removal  of  isolated  rocks  and  extensive 
ledges.  The  material,  which  is  mostly  clay,  gravel,  hardpan,  and  rock,  has 
been  excavated  largely  with  scoop  dredges.  At  first,  the  excavated  material 
was  deposited  in  the  harbor,  but  recently  most  of  it  has  been  dumped  in  deep 
water  outside  the  harbor.  Inside  the  harbor,  a  large  quantity  of  material 
was  used  for  filling  at  South  and  East  Boston  where  the  Commonwealth  has 
undertaken  large  reclamation  plans.  There  are  three  entrance  channels  in 
Boston  Harbor.  The  original  or  southerly  channel  just  south  of  Boston  Light 
crosses  the  entrance  of  the  harbor  about  at  right  angles  to  the  direction  of 
the  current  caused  by  the  tide.  It  originally  had  a  depth  of  about  18  ft.  at 
low  water  and  was  partly  obstructed  by  rock  or  large  boulders  which  have 
been  removed.  This  channel  has  been  dredged  to  a  depth  of  27  ft.  at  mean 
low  water,  with  a  width  of  nearly  1 000  ft.  The  Broad  Sound  Channel, 
which  was  next  opened,  has  a  depth  of  30  ft.  and  a  width  of  1  200  ft. 

The  third  or  northwesterly  channel  extends  straight  from  the  sea  into  Presi- 
dent Roads  and  has  a  depth  of  35  ft.  at  mean  low  water  and  a  width  of  1  500  ft. 
President  Roads  is  a  large  area  with  a  depth  of  water  exceeding  40  ft.  at  low 
tide,  into  which  these  three  channels  lead.  Extending  from  President  Roads 
to  the  wharves  at  the  city  is  a  channel  35  ft.  deep  and  1  200  ft.  wide,  which 
originally  was  not  more  than  18  ft.  deep  at  low  tide.  The  excavation  was 
mainly  of  silt  and  clay  with  some  hardpan  and  Qpjt^^iderable  ledge,  most  of 
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the  rock  being  slate.  The  character  of  the  bottom  of  the  harbor  is  such 
that  there  is  very  little  shoalinj?  caused  by  shifting  material.  The  currents 
generally  are  less  than  1^  miles  per  hour. 

Leading  to  various  points  in  the  harbor  are  a  number  of  subsidiary 
channels  which  have  been  dredged  to  depths  ranging  from  6  to  30  ft.  at  mean 
lovsr  water.  In  the  inner  harbor,  a  large  number  of  wharves  were  constructed 
at  an  early  date  and  until  about  1870  were  practically  all  owned  by  private 
individuals.  Since  that  time,  the  Commonwealth  has  improved  the  flats  at 
South  Boston  and,  later,  those  at  East  Boston. 

About  600  acres  of  flats  extend  from  the  shore  of  South  Boston  from  ^  to  1 
mile  and  about  2  miles  in  length  from  the  city  to  Castle  Island.  This  area 
has  been  filled  by  the  Commonwealth  and  its  grantors,  mainly  with  material 
excavated  from  the  harbor  channels,  and  on  it  are  the  wharf  terminals  of 
the  New  York,  New  Haven  and  Hartford  Railroad,  and  the  Commonwealth  Dry 
Dock,  1  200  ft.  long,  35  ft.  over  the  sill  at  low  tide  and  120  ft.  wide  in  the 
entrance,  which  was  built  by  the  Commonwealth  and  sold  to  the  United 
States  Navy  Department  in  1919.  Alongside  this  dock  is  the  area  sold  to 
the  United  States  Army  on  which  the  Army  Base  was  erected  at  a  cost  of 
about  $25  000  000.  The  Commonwealth  Pier,  which  is  used  by  the  largest 
merchant  ships,  and  the  Fish  Pier,  on  which  is  the  greatest  fish  industry  in 
the  United  States,  are  also  located  here. 

The  Commonwealth  Pier  is  1  200  ft.  long  and  400  ft.  wide  with  a  depth  of 
40  ft.  in  the  slips  at  low  tide,  the  mean  range  of  tide  being  nearly  10  ft. 
The  pier  •  itself  is  constructed  of  a  granite  sea-wall,  16  ft.  high,  founded  on 
piles  which  are  cut  oil  at  mean  low  water.  The  area  enclosed  by  this  wall, 
which  is  2  700  ft.  long,  is  filled  with  material  excavated  from  the  docks. 
Outside  the  sea-wall  is  a  pile  platform,  50  ft.  wide,  covering  the  slope  of  the 
excavation  from  the  bottom  of  the  dock  to  the  foundation  of  tlie  sea-wall  at 
low  water.  This  slope,  which  is  1  :  1.5,  is  covered  with  rip-rap.  On  this,  as  a 
foundation,  has  been  built  a  steel  and  concrete  two-story  shed  with  a  heavy 
masonry  front  or  head-house.  On  this  pier,  in  addition  to  the  spaces  devoted 
to  cargo,  are  accommodations  for  handling  from  1  000  to  2  000  passengers  at 
a  time,  with  facilities  for  all  the  necessary  examinations  of  the  passengers 
and  baggage.  The  passenger  facilities  are  on  the  second  floor,  from  which 
a  viaduct  leads  to  Summer  Street. 

The  Fish  Pier  is  a  solid-fill  wharf.  The  filling  is  retained  by  a  granite 
wall,  41  ft.  high,  founded  on  rip-rap  deposited  in  a  trench  in  the  bottom  of 
the  harbor.  The  water  in  the  slips  alongside  is  23  ft.  deep  at  mean  low 
water.  The  pier  is  1  200  ft.  long  and  300  ft.  wide.  The  vessels  lie  up  against 
the  granite  wall,  on  the  face  of  which  are  oak  fenders.  The  surface  of  the 
wharf  outside  the  buildings  is  paved  with  granite  blocks  on  a  concrete  base 
and  the  buildings  are  of  concrete.  In  addition  to  the  stores  for  handling 
fresh  fish,  a  large  cold  storage  plant  has  been  built  in  which  the  surplus  fish 
are  stored  awaiting  a  market. 

The  wharves  at  the  New  Haven  Terminal  are  similar  to  the  Common- 
wealth Pier,  except  that  the  floors  of  the  sheds   are  of  timber  instead  of 
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concrete  and  the  sheds  are  of  wood  instead  of  steel  and  concrete.  All  piles  of 
the  platforms  in  both  terminals  are  of  oak. 

At  the  Army  Base,  the  piles  of  the  wharf,  which  support  a  heavy  concrete 
floor,  are  of  pine.  The  buildings  are  of  concrete  and  steel.  Those  on  the 
solid  portions  are  supported  on  concrete  cylinders  sunk  into  the  clay,  and  the 
two-story  sheds  on  the  wharf  are  on  the  pine  pile  foundations.  The  sheds 
on  the  wharf  are  connected  with  the  building  on  the  solid  portion  by  bridges 
over  the  driveway  and  tracks  between  the  buildings.  This  wharf  is  equipped 
with  four  cranes  of  the  semi-portal  bridge  type,  each  of  which  has  a  capacity 
of  4  tons  at  a  distance  of  29  ft.  from  the  face  of  the  wharf. 

The  early  wharves  in  Boston  Harbor  were  built  of  stone-filled  timber 
cribs  enclosing  areas  which  were  filled  with  earth.  Granite  walls  were  used 
later  in  place  of  cribs  and,  in  order  to  secure  a  greater  depth  of  water  along- 
side, the  solid  wharves  were  extended  by  building  pile  piers.  In  some  cases, 
the  granite  walls  were  built  on  pile  foundations.  Some  of  the  pile  piers  or 
platforms  were  built  with  timber  floors,  but,  in  others,  the  piles  were  capped 
near  high-water  level.  Round  poles  were  laid  on  the  caps  and  covered  with 
marsh  sods.  On  this,  gravel  was  filled  to  the  level  of  the  wharf  which  was 
14  to  16  ft.  above  mean  low  water.  The  filling  was  held  in  at  the  face  of 
the  wharf  by  timber  bulkheads  tied  back  to  the  capping  of  the  piles.  Thus, 
the  timber  work  and  piles,  except  the  bulkheads  which  retained  the  filling, 
were  kept  wet  and  did  not  decay,  and  the  cost  of  maintenance  was  small.  A 
few  wharves  were  built  with  granite  walls  extending  about  20  ft.  below  low 
water,  but  most  of  the  walls  were  founded  on  hard  bottom  or  on  piles  at  about 
low-water  level, 

Other  Harbors. — Massachusetts  has  a  number  of  small  harbors  which  have 
been  improved  by  dredging  the  channels  and  anchorage  basins  and  by  building 
breakwaters  and  jetties  to  protect  their  entrances.  The  principal  work  which 
was  undertaken  by  the  Federal  Government  was  the  construction  of  a  harbor 
of  refuge  at  Cape  Ann,  where  a  heavy  granite  breakwater  was  built  to  enclose 
a  large  deep-water  bay,  known  as  Sandy  Bay,  at  the  outer  end  of  the  Cape. 
Up  to  low  water,  the  breakwater  consists  of  a  ridge  of  large  blocks  of  granite 
quarry  grout.  The  superstructure  consists  of  a  facing  of  large  split  dimension 
stone  backed  up  with  quarry  grout.  About  6  000  ft.  of  the  substructure  has 
been  built  and  about  900  ft.  of  the  superstructure. 

The  slope  of  the  faces  of  the  substructure  is  1  :  2  and  of  the  superstructure 
1  : 1.  The  facing  of  the  superstructure  consists  of  blocks  weighing  more  than 
20  tons  each.  The  top  of  the  finished  breakwater  is  22  ft.  above  mean  low 
water  and  is  20  ft.  wide.  As  the  stones  are  somewhat  displaced  in  heavy 
weather,  the  maintenance  of  the  superstructure  may  be  costly.  Owing  to 
changes  in  means  of  navigation,  there  is  now  much  less  need  of  a  breakwater 
in  this  locality,  and  it  is  probable  that  this  one  will  not  be  completed  soon. 

On  the  sandy  shores  like. those  at  the  mouth  of  the  Merrimac  River,  stone 
jetties  have  been  built  to  confine  the  current  and  direct  it  so  that  a  channel 
will  be  scoured  through  the  bar.  To  confine  the  current  and  prevent  the 
waves  from  washing  sand  through  the  jetty  into  the  channel,  these  jetties 
have  been  built  of   a   facing  of  granite  quarry  grout  with  a   core  of   chip 
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stone.  They  extend  out  to  deep  water,  in  order  that  the  sand  scoured  out 
will  be  deposited  there. 

The  Commonwealth  has  built  a  number  of  breakwaters  to  protect  small 
harbors,  such  as  Apponaganset  near  New  Bedford  and  at  Vineyard  Haven 
on  Martha's  Vineyard.  These  breakwaters  are  ridges  of  granite  quarry  grout 
5  ft.  wide  on  top,  with  side  slopes  of  1  :  1.5,  the  top  being  from  4  to  5  ft.  aliovc 
high  water.  These  breakwaters  protect  anchorage  areas  used  by  small  boats 
and  yachts. 

Because  of  insufficient  funds,  most  of  the  work  done  by  the  Common- 
wealth cannot  be  completed  at  one  time  and,  in  a  number  of  cases,  it  has  been 
practically  abandoned  after  being  partly  completed.  This  has  given  an  oppor- 
tunity to  study  the  effect  of  the  work  in  various  stages. 

In  some  cases,  channels  constructed  through  sandy  beaches,  as  at  the 
easterly  end  of  the  Cape  Cod  Canal,  have  a  long  jetty  on  the  side  of  the 
opening  from  which  the  sand  drifts,  and  a  short  jetty  on  the  opposite  side. 
The  sand  is  thus  prevented  from  entering  the  channel,  and  the  beach  back 
of  the  jetty  is  built  up. 

In  some  instances,  the  funds  were  small,  and  a  jetty  was  built  on  the  leeward 
side  of' the  opening,  in  which  case,  the  current  was  relied  on  to  scour  a  channel. 
This  has  resulted  in  a  narrow  channel  through  the  beach,  which  to  the  leeward 
has  built  out  and  up,  and  shoals  have  formed  in  front  of  the  channel.  The 
practice  of  placing  the  jetty  on  the  windward  side  of  the  opening  and  dredging 
the  channel  has  been  more  satisfactory. 

Cape  Cod  Canal. — The  largest  private  undertaking  in  Massachusetts  was 
the  construction  of  the  Cape  Cod  Canal.  This  project  had  been  under  con- 
sideration almost  since  the  settlement  of  the  country.  Surveys  were  made 
from  time  to  time  up  to  1860,  when  an  exhaustive  report  was  presented  to  the 
State  Legislature.  From  1870  to  1889,  many  charters  were  granted  by 
Massachusetts  to  build  canals  from  Buzzards  Bay  to  Barnstable  Bay  and, 
about  1880,  two  attempts  were  made  to  excavate  a  canal,  both  of  which 
failed  for  lack  of  financial  support.  In  1889,  the  Boston,  Cape  Cod,  and  New 
York  Canal  Company  was  incorporated,  which  later  secured  the  co-operation 
of  Mr.  August  Belmont  of  New  York  City.  On  August  19th,  1907,  the  con- 
struction of  a  canal  was  begun,  which  was  opened  to  traffic  on  July  29th,  1914. 

The  canal  is  8  miles  long,  has  a  depth  of  25  ft.  at  mean  low  water,  a 
bottom  width  of  100  ft.,  and  side  slopes  of  1:2  in  the  main  part  of  the 
canal.  The  bottom  width  of  the  easterly  approach  channel  is  300  ft.  and  that  of 
the  westerly,  or  Buzzards  Bay,  approach  is  150  ft.  The  sides  of  the  canal  are 
rip-rapped  from  6  ft.  below  mean  low  water  to  6  ft.  above  mean  high  water 
to  protect  the  banks  from  the  wash  of  passing  vessels. 

The  canal  is  spanned  by  three  draw-bridges  having  openings  140  ft.  wide. 
The  two  highway  bridges  have  a  clearance  of  30  ft.  above  extreme  high 
water,  that  of  the  railroad  bridge  being  2.5  ft.  The  canal  is  electrically 
lighted  throughout,  and  the  draws  in  the  bridges  are  operated  by  electricity. 

The  tidal  currents  in  the  canal  are  quite  strong,  the  mean  tidal  range 
at  the  easterly  end  being  9.4  ft.  and  at  the  westerly  end,  4.2  ft.    High  water 
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at  the  westerly  end  is  about  three  hoiirs  later  than  at  the  easterly  end  so  that 
the  direction  of  flow  changes  quickly.  The  velocity  of  the  current  is  from 
3  to  5  miles  per  hour  in  the  narrow  section. 

The  easterly  entrance  is  protected  by  a  stone  jetty  about  3  000  ft.  long  on 
the  northerly  side.  The  westerly  end  is  so  well  protected  at  the  head  of 
Buzzards  Bay  that  no  jetties  were  required,  but  a  channel  about  6  miles  long 
had  to  be  dredged  in  the  Bay  to  reach  deep  water,  thus  making  the  distance 
from  deep  water  in  Barnstable  Bay  to  deep  water  in  Buzzards  Bay  about 
14  miles. 

At  each  end  of  the  canal,  where  the  section  widens,  shoals  occur,  which 
are  removed  by  dredging.  That  part  of  the  canal  above  tide  level  was  largely 
excavated  by  steam  shovels  and  drag-line  scrapers.  The  lower  part  was 
excavated  mostly  by  dipper  dredges  as  the  material  contained  many  boulders. 
This  material  was  dumped  in  deep  water  outside  the  canal.  A  small  part 
was  excavated  by  hydraulic  dredges.  This  material  was  dumped  on  the 
marshes  and  other  low  lauds  on  the  banks  of  the  canal. 

Because  of  the  swift  current,  the  advisability  of  placing  a  lock  in  the 
canal  was  discussed.  It  was  decided,  however,  not  to  install  it,  and  the  canal 
is  being  operated  successfully. 


FOUNDATION  PROBLEMS   FOR  PI8CATAQUA  BRIDGE  443 

DIFFICULT  FOUNDATION  PEOBLEMS  FOR  PISCATAQUA  BRIDGE 

AT  PORTSMOUTH,  K  H. 

By  J.  W.  Rollins,  Jr.,*  M.  Am.  Soc.  C.  E. 


The  Piscataqua  River  is  not  very  long,  but  has  great  possibilities  for 
trouble.  The  tidal  flow  through  the  900-ft.  channel  at  Portsmouth  is  very  great, 
the  ebb  tide  having  at  times  a  velocity  of  8  miles  per  hour. 

In  1917,  the  New  Hampshire  Legislature  authorized  the  appointment  of 
a  commission  to  investigate  the  feasibility  of  the  construction  of  a  highway 
bridge  across  the  river. 

The  Commission  made  a  favorable  report  to  the  Legislature  of  1919,  and 
Governor  John  H.  Bartlett  of  New  Hampshire,  advocated  the  construction  of 
a  bridge  in  accordance  with  the  report.  The  Legislature  appropriated  $500  000 
for  its  share  of  the  cost  of  the  bridge.  The  Maine  Legislature  of  1919  appro- 
priated $500  000  for  the  work,  and  the  Federal  Government  was  also  induced 
to  appropriate  $500  000. 

Under  the  legislation  enacted,  a  new  commission  was  organized  consisting 
of  Secretary  of  the  Navy  Daniels,  Governor  John  H.  Bartlett,  of  New  Hamp- 
shire, and  Governor  Carl  E.  Milliken,  of  Maine.  Each  of  the  Commissioners 
appointed  an  engineer  to  represent  him.  Secretary  Daniels  appointing  Com- 
mander E.  H.  Brownell,  U.  S.  N.,  M.  Am.  Soc.  C.  E.;  Governor  Bartlett, 
W.  A.  Grover,  M.  Am.  Soc.  C.  E.  of  Dover,  N.  H. ;  and  Governor  Milliken, 
Mr.  Lewis  B.  Jones,  Bridge  Engineer  of  the  Maine  Highway  Commission. 
Mr.  Jones  was  killed  later  in  an  elevator  accident  in  Portsmouth,  and  Walter 
H.  Norris,  Assoc.  M.  Am.  Soc.  C.  E.,  Bridge  Engineer  of  the  Maine  Central 
Railroad,  was  appointed  to  take  his  place. 

The  Board  of  Engineers  decided  that  the  Portsmouth  end  of  the  bridge 
should  be  at  Daniel  and  State  Streets,  and  that  it  should  cross  the  river  at 
approximately  right  angles  to  the  Kittery  side,  on  Badgers  Island.  In  Sep- 
tember and  October,  1919,  investigations  were  made  of  the  bottom  of  the 
river  at  the  selected  site,  and  this  work  was  continued  in  May,  June,  and 
July,  1920. 

Owing  to  the  contour  of  the  channel,  the  flood  tide  is  on  the  Kittery  side 
of  the  river,  and  the  ebb  tide  on  the  Portsmouth  side.  These  tides,  acting  in 
different  channels,  form  great  eddies  the  force  of  which  cannot  be  estimated. 
The  normal  rise  and  fall  of  the  tide  is  9  ft.,  and  this  may  be  greatly  affected 
by  heavy  winds. 

The  river  bottom  is  covered  with  a  layer  of  cobble-stones  and  gravel  under 
which  is  a  stratum  of  soft  clay  or  mud,  3  to  10  ft.  thick;  next,  there  is  a  layer 
of  hardpan  from  6  to  10  ft.  thick,  overlying  rock.  The  hardpan  is  so  dense 
that  a  5-ton  orange-peel  bucket  would  not  touch  it,  and  in  the  excavation  in 
caissons  it  had  to  be  loosened  with  pneumatic  hammers. 

The  borings  for  the  piers  and  abutments  were  made  with  drills,  by  wadh- 
borings,  and  with  well  drills,  the  latter  being  used  for  the  final  determination 
*  Pres.,   Holbrook,  Cabot  and  Rollins  Corporation,  Boston,  Mass. 
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of  the  piers.  The  borings  and  soundings  for  the  Portsmouth  Abutment  and 
the  North  Pier  were  close  to  actual  conditions  as  determined  by  excavation, 
the  North  Pier  being  on  rock  at  Elevation  —  80. 

On  September  14,  1920,  proposals  were  asked  for  the  construction  of  the 
foundations  and  superstructure,  in  two  separate  bids.  The  two  bids  exceeded 
the  amount  available,  $1  500  000,  and  the  contracts  were  not  awarded. 

The  original  plans  called  for  piers  about  100  ft.  long,  with  large  sloping 
ice-breakers  on  the  up-stream  end,  with  a  double  Strauss  lift  bridge  of  300  ft. 
span.  As  the  authorities  were  anxious  to  complete  the  bridge,  further  studies 
were  made  to  reduce  the  cost.  A  Waddell  lift  span  was  substituted  for  the 
Strauss  lift,  and  the  piers  were  re-designed  and  made  symmetrical  by  omitting 
the  ice-breaker.  The  result  of  these  studies  was  that  contracts  were  let,  the 
substructure  being  awarded  to  the  Holbrook,  Cabot  and  Rollins  Corporation, 
and  the  superstructure  to  the  American  .Bridge  Company.  The  work  was 
awarded  in  November,  1920,  and  the  speaker's  firm  began  immediately  to  get 
plant  and  material  on  the  site. 

The  great  problem  on  this  job  was  the  moorings  and  anchors.  No  informa- 
tion as  to  the  force  of  tides  or  water  could  be  found,  so  the  opinions  of  ship- 
builders were  obtained.  The  result  of  these  inquiries  was  that  a  force  of  80 
tons  might  result  from  the  worst  tidal  condition.  No  anchors  would  hold 
against  such  a  force;  therefore,  for  the  main  up-stream  and  down-stream 
anchors,  cribs  about  20  ft.  square  and  15  ft.  high  were  built  and  filled 
with  gravel. 

The  cables  used  were  of  galvanized  plow  steel,  2J  in.  in  diameter,  having  a 
breaking  strength  of  200  tons.  For  the  side  anchors,  two  40-ft.  concrete 
piles,  weighing  10  tons  each,  were  used,  with  l^-in.  steel  cables.  Each  anchor 
had  two  cables  to  the  caisson,  one  fastened  to  the  concrete  air  caisson,  the 
other  at  the  top  of  the  first  ^et  of  caisson  sides,  making  a  total  of  twelve  cables. 

The  general  design  of  the  caisson  was  a  concrete  air  chamber,  27  by  75  ft., 
with  a  7-ft.  clearance.  The  walls  were  5  ft.  above  the  deck  of  the  chamber,  and, 
above  that,  regular  wooden  caisson  side  construction  was  used.  The  caissons 
were  built  on  shore,  where  the  launching  space  was  very  narrow  and  the 
water  only  9  ft.  deep  at  low  tide.  The  launchways  were  placed  on  a  grade  of 
2  in.  to  1  ft.,  and  it  was  planned  to  launch  the  caisson  sidewise. 

As  no  one  seemed  to  know  how  the  caisson  would  behave  if  it  was  launched 
with  the  7-ft.  air  chamber  open,  it  was  decided  to  plank  it  solid  across  the 
bottom.  No  special  provision  for  water-tightness  was  made,  except  to  use 
matched  planking. 

The  launchway  had  four  double  lines  of  12  by  12-in.  hard  pine  timbers  as 
fixed  ways,  with  a  double  set  of  12  by  12-in.  hard  pine  timbers  as  sliding  ways. 
The  fixed  ways  were  spaced  4  in.  apart,  and  the  movable  ways  had  a  4-in.  guide 
bolted  between  them,  thus  forming  a  fixed  guide  to  keep  the  caisson  straight. 
The  fixed  and  movable  ways  were  bolted  together  with  4  by  12-in.  splices  on 
the  inshore  end.     The  caisson  was  launched  by  cutting  these  4  by  12-in.  strips. 

The  concrete  air  chambers  were  designed  as  the  foundations  of  the  piers, 
and  on  account  of  the  great  depth  of  the  water,  the  relation  between  the  mass 
of  masonry  in  the  pier  and  the  cubic  area  of  the  caisson,  was  very  close.    Eor 
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this  reason,  it  was  not  considered  safe  to  build  the  piers  solid  above  the  roof 
of  the  air  chamber  designed  to  carry  the  hydrostatic  pressure  to  the  full  depth 
of  water  at  the  pier  site.  Consequently,  the  piers  were  built  with  side-walls 
5  ft.  thick  at  the  bottom  and  3  ft.  thick  at  Elevation  —  80,  with  three  lateral 
cross-walls  and  one  longitudinal  wall  in  the  center.  Excessive  pressure  on  the 
caisson  sides  was  avoided  with  this  distribution  of  concrete.  This  form  of 
construction  later  proved  to  be  a  great  aid  in  sinking  the  caissons.  After 
some  experiments,  the  caissons  were  built  to  their  full  height,  66  ft.  above 
the  concrete.  They  were  loaded  to  draw  40  ft.  of  water  before  being  towed 
to  the  bridge  site. 

It  was  decided  to  build  the  North  Pier  first,  owing  to  its  more  favorable 
position  as  to  depth  of  water  and  tidal  current.  At  this  pier,  the  ledge  was 
at  Elevation  dz  25  at  the  high  corner  and  Elevation  -}-  18  at  the  low  corner, 
and  was  overlaid  by  8  to  12  ft.  of  clay,  with  some  hardpan.  This  overburden 
was  dredged  to  the  hardpan,  about  3  ft.  above  the  ledge.  The  caisson  for  this 
pier  was  built  with  one  set  of  caisson  sides,  22  ft.  above  the  concrete  air 
chamber.    It  was  loaded  to  draw  about  25  ft.  of  water  and  towed  to  the  site. 

The  northerly  side  anchorages  were  on  the  ledge  of  Badgers  Island,  whereas 
all  the  others  were  crib  or  concrete  anchors  in  the  river.  The  flood  tide  struck 
the  caisson  about  at  right  angles  to  its  down-stream  northerly  side.  Ko  great 
strain  was  anticipated  for  the  side  anchors,  as  the  ebb  tide  apparently  was 
clear  of  the  caisson.  However,  it  was  soon  noted  that  the  direction  and  force 
of  the  ebb  tide  had  to  be  considered.  The  caisson  would  rest  peacefully  for 
a  long  time,  and  then  some  great  swirl  or  eddy  would  strike  it,  and  send  it 
inshore,  dragging  the  40-ton  anchors  on  the  river  side.  With  the  outside 
line  slacked,  the  flood  tide  would  send  the  caisson  back,  bringing  up  hard  on 
the  inshore  cables  fastened  to  the  ledge. 

With  2  000  tons  moving  and  "bringing  up"  hard  on  the  inshore  cables,  it 
was  evident  that  something  must  give  way,  as  the  side  cables  were  not  fastened 
to  the  caisson  in  a  manner  to  withstand  these  shocks.  The  caisson,  therefore, 
v^as  taken  back  to  the  wharf  and  another  set  of  sides  22  ft.  high  were  built. 
A  second  set  of  fastenings  was  also  built  in  it,  and  a  second  trip  to  the  site 
was  made. 

The  second  attempt  to  land  the  caisson  brought  the  same  troubles  as  the 
first.  The  eddies  on  the  ebb  tide  carried  away  the  outboard  anchors,  moving 
the  caisson  50  ft.  inshore  and  landing  it  on  the  bottom  of  the  river.  It  was 
finally  decided  that  the  bottom  of  the  river  was  the  only  safe  place  for  it. 

With  a  hollow  caisson,  it  was  possible  to  flood  the  pockets  with  water  and 
keep  it  on  the  bottom,  and  then,  at  low  tide,  pump  out  the  water  in  one  pocket 
and  place  the  concrete.  When  a  greater  depth  of  water  was  needed  to  float 
the  caisson,  it  was  moved  at  high  tide  out  into  the  deeper  water.  When  the 
walls  were  built  to  Elevation  80,  and  concrete  sufficient  to  hold  the  caisson 
in  its  true  position  on  the  bottom  had  been  placed,  it  was  moved  out  at  high 
tide,  and  then  sunk  by  filling  the  pockets  with  water.  On  the  following  slack 
tide,  all  the  lines  were  "hitched  up"  and,  at  the  next  high  tide,  the  caisson  was 
floated  by  pumping  out  the  water,  lined  up,  and  sunk  again  in  its  true  position, 
which  was  within  3  in.  of  the  line.  Afterward,  the  caisson  was  kept  on  the 
bottom  and  sunk  to  rock. 
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The  Portsmouth  Abutment  was  built  at  the  same  time  as  the  North  Pier. 
A  pier  design  was  substituted  for  the  Kittery  Abutment.  It  looked  simple 
on  the  plan — a  sloping  foundation  on  rock  at  an  angle  of  about  30°,  the  front 
edge  being  shown  at  Elevation  74.  Steel  sheeting  was  driven  below  Elevation 
74,  5  ft.  in  front  of  the  line  of  the  foundation,  and  the  excavation  was 
begun.  Trouble  soon  developed,  as  the  rock  "dropped  off"  almost  perpendicu- 
larly in  the  middle  of  the  coffer-dam. 

The  sheeting  was  undermined  and  then  driven  down  to  low  water.  The 
excavation  was  made  with  a  bucket,  a  sand-pump,  and  divers.  The  ledge 
was  finally  cleaned  over  the  greater  part  of  the  area.  Concrete  was  deposited 
under  water,  the  entire  excavation  being  filled  to  the  sheeting.  The  excava- 
tion having  been  sealed,  the  coffer-dam  was  unwatered  after  a  supplementary 
wooden  dam  had  been  built  from  the  steel  sheeting.  The  masonry  was  finished 
after  a  delay  of  several  weeks. 

At  the  South  Pier,  the  bottom  of  the  river  sloped  from  about  1  ft.  to  8  ft., 
and  the  rock,  according  to  the  soundings  and  borings,  was  at  Elevations  29  and 
26  on  the  inshore  side,  and  Elevations  23.7  and  19.8  on  the  outer  side.  It  was 
intended,  therefore,  to  land  the  caisson  on  rock  at  about  Elevation  25.  Mean- 
while, all  the  soft  material  possible  had  been  dredged  and  the  site  of  the 
pier  had  been  leveled  at  about  Elevation  30;  this  meant  that  the  inner  side 
would  be  hardpan  and  the  outer  side,  the  original  bottom,  that  is,  soft 
material. 

It  was  feared  that  the  caisson,  when  landed,  would  either  go  out  of  level 
toward  the  river,  or  would  slide  out  of  position  into  the  river.  To  avoid  this, 
a  windrow  of  crushed  stone,  about  3  ft.  wide  and  2  ft.  higher  than  the  hardpan 
bottom  on  the  inside,  was  deposited  along  the  outside  edge.  The  caisson 
was  towed  to  its  site  and  sunk  very  near  to  position.  On  the  next  high  tide, 
it  was  floated  and  pulled  into  a  position  1  ft.  inside  of  its  true  Hne.  Within 
24  hours  after  it  had  been  landed,  it  had  slid  about  12  in.  out  into  the  river. 
It  was  again  floated  and  placed  24  in.  inshore  and  landed.  It  again  moved 
about  12  in.  and  stopped.  Eip-rap  weighing  1  000  tons  was  then  piled  on  the 
outside  and  no  further  movement  took  place.  The  water  was  pumped  out 
and  the  concrete  put  in.  The  caisson  was  permanently  landed  about  8  in. 
out  of  position  inshore. 

The  crushed  stone  kept  the  caisson  about  1  ft.  out  of  level  inshore,  until  it 
was  landed  on  hard  bottom.  At  Elevation  26,  the  supposed  rock  level,  no 
rock  appeared.  The  sinking  was  continued  to  Elevation  20,  and  still  no 
rock.  The  sides  of  the  caisson  were  not  high  enough,  and  the  shafting,  locks, 
air,  and  other  pipes,  had  to  be  built  up. 

The  contract  did  not  require  excavation  to  rock,  and  it  was  contended  that 
at  Elevation  20,  the  foundation  on  hardpan  was  suitable.  The  caisson  was 
then  19  ft.  below  the  original  bottom  on  the  up-stream  end,  and  12  ft.  on  the 
down-stream  end. 

The  excavation  was  continued,  and  the  cutting  edge  sunk  to  Elevation 
16,  10  ft.  below  the  designed  level.  The  rock  was  cleared  off  in  places  to  Eleva- 
tion 9.  As  this  additional  work  was  done  under  an  air  pressure  of  40  lb.,  the 
cost  was  excessive,  being  about  $3  000  per  ft.  However,  the  entire  contract 
was  finished  in  March,  1922,  seven  months  ahead  of  requirements. 
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TESTS  OF  CONCRETE  IN  SEA  WATER 
By  L.  C.  Wason  *  M.  Am.  Soc.  C.  E. 


In  the  summer  of  1901,  the  writer  was  frequently  at  the  Charlestown  Navy 
Yard,  and  observed  the  building  of  Pier  No.  1.  The  concrete,  of  which  this 
pier  was  constructed,  was  mixed  so  dry  that,  when  it  was  tamped  in  place, 
no  water  showed  on  the  surface.  In  a  few  years,  this  pier  showed  serious 
defects,  and  the  writer  and  his  associates  discussed  with  various  engineers 
the  cause  of  this  early  failure.  Many  reasons  were  advanced,  but  no  con- 
clusion was  reached.  This  discussion  was  broadened  through  the  technical 
press  without  obtaining  a  satisfactory  answer,  and  it  was  finally  decided  to 
investigate  the  cause.  After  extended  publicity  and  correspondence,  a  series 
of  twenty-four  test  specimens,  16  in.  sq.  by  16  ft.  long,  were  made  of  various 
qualities  of  cement.  Three  different  proportions  of  cement,  sand,  and  broken 
stone,  and  three  different  quantities  of  water  were  used.  These  specimens 
were  made  during  the  first  two  weeks  of  January,  1909,  and  were  immersed 
in  the  sea  at  the  Charlestown  Navy  Yard,  in  the  last  week  of  February,  1909. 

They  were  suspended  so  that  more  than  3  ft.  of  each  specimen  at  the  top 
would  seldom  be  wet  and,  presumably,  never  be  immersed,  whereas  about 
3i  ft.  projected  below  mean  low  water,  and,  therefore,  would  never  be  uncovered. 

The  details  of  the  making,  the  progress,  and  the  reports  of  the  condition 
of  these  specimens  have  been  described  in  two  pamphlets  entitled,  "Aberthaw 
Tests  on  Concrete  in  Sea  Water",  issued  in  1914  and  1920,  respectively,  in 
a  number  of  articles  in  the  technical  press,  and  most  fully  by  R.  E.  Bakenhus, 
M.  Am.  Soc.  C.  E.f  Reference  is  made  to  these  sources  for  full  details.  Only 
such  extracts  from  those  data  will  be  given  as  are  necessary  to  make  this  paper 
intelligible. 

After  13^  years  of  study  of  these  specimens,  the  writer  believes  it  is  possible 
to  make  some  tentative  deductions  on  the  cause  of  failure  and  suggestions  for 
design  so  as  to  make  future  structures  as  nearly  as  possible  proof  against 
disintegration  by  sea  water. 

The  conditions  in  Boston  Harbor  are  probably  as  severe  as  in  any  harbor 
of  the  United  States.  The  specimens  are  subjected  to  considerable  tide  run, 
attacked  by  waves,  abrasion  from  floating  objects,  freezing  during  severe 
winters,  and  attack  from  impurities,  chemical  or  otherwise,  present  in  sea 
water. 

In  April,  1914,  the  Navy  Department  put  into  commission  fuel-oil  pipes 
adjoining  these  specimens.  Oil  spilled  on  the  sea  has  heavily  coated  them 
from  near  their  tops  to  low  tide.  The  writer  believes  this  coating  retards 
the  action  by  the  sea  water  and,  therefore,  will  lengthen  the  time  required 
for  this  test,  which,  however,  will  not  destroy  its  value. 

At  low  tide,  on  May  22,  1922,  the  writer  made  an  examination  of  the 

specimens.     No  appreciable  change  could  be  observed  from  the  condition  as 

•  Pres.,  Aberthaw  Constr.  Co.,  Boston,  Mass. 

^Transactions.  Am.  Soc.  C.  E.,  Vol.  LXXXI   (December,  1917),  p.  645. 
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described  in  the  1920  report  of  the  Aberthaw  Company,  and  the  order  of 
deterioration  was  the  same  as  that  given  by  Capt.  Bakenhus  in  his  report 
of  1917. 

Two  of  the  twenty-four  original  specimens,  Nos.  19  and  21,  have  been  lost; 
and  five  are  in  poor  condition  and  may  -be  considered  to  have  failed.  These  five, 
which  are  Nos.  7,  11,  13,  22,  and  23,  were  made  of  1:3:6  concrete.  Capt. 
Bakenhus  makes  nine  classes,  or  degrees,  of  failure,  placing  No.  7  in  the 
worst  class,  Nos.  22  and  23  next  to  the  worst,  that  is,  in  Class  8,  and  Nos.  11 
and  13  in  Class  6,  fair  condition. 

Specimen  No.  7  was  mixed  dry,  whereas  the  other  specimens  were  mixed  wet. 
Specimens  Nos.  1,  4,  8,  and  9  show  some  deterioration.  Nos.  1  and  4  are  of  rich 
proportions,  but  mixed  dry,  whereas,  Nos.  8  and  9  are  of  plastic  and  wet 
mixtures,  but  of  lean  proportion.  The  remainder,  Nos.  2,  3,  5,  6,  10,  12,  14, 
15,  16,  17,  18,  20,  and  24  are  in  fairly  good  condition. 

On  May  24,  1922,  Specimens  Nos.  7,  11,  22,  and  23  shown  on  Fig.  8,  were 
removed  for  testing.  No.  7  was  made  of  three  average,  normal  Portland 
cements,  Vulcanite,  Alpha,  and  Giant,  in  equal  parts,  thoroughly  mixed,  and 
then  repacked  in  bags  for  use  in  mixing  the  concrete.  No.  11  was  made  of 
Blanc  (white  Portland  cement),  very  wet.  No.  22  was  made  of  90%  of  the 
same  cement  as  No.  7  and  10%  of  hydrated  lime,  very  wet.  No.  23  was 
made  of  cement  like  that  of  No.  7,  plus  Sylvester  solution  of  soap  and  alum, 
very  wet. 

When  the  specimens  were  removed  from  the  water  they  had,  at  the  tops, 
about  i  in.  of  gummy,  sticky  adhesion  of  fuel  oil  and  dirt,  which,  to^vard 
the  low-water  mark,  became  thinner  with  a  harder,  somewhat  glossy,  surface. 

No  oil  could  be  noted  below  the  low  water-line,  but  the  specimens  were 
coated  with  live  mussels,  which  indicated  that  the  impurities  of  the  water  were 
chiefiy  on  the  surface  and  were  not  sufficient  to  kill  marine  life. 

Some  of  the  specimens  had  previously  been  cracked  in  being  removed  from 
the  water  and  some  pieces  that  broke  off  at  the  cracks  showed  a  slight 
brownish  discoloration,  which  indicated  that  the  oil  had  not  penetrated  very 
deeply  or  in  any  volume  into  the  cracks.  No  evidence  of  penetration  of  oil 
below  the  surface  of  even  the  poorest  specimens  could  be  detected  at  fresh 
fractures  of  the  concrete.  Discoloration  was  not  more  than  3^  in.  deep. 
In  all  these  specimens,  the  parts  most  damaged,  namely,  those  near  mid-tide, 
showed  a  rather  disintegrated  and  soft  concrete. 

The  specimens  were  cut  to  approximately  square  faces,  the  length  of  the 
test  pieces  being  more  than  twice  the  width  of  the  cross-section.  The  steel 
reinforcement  was  cut  off  and  burned  below  the  surface.  The  test  pieces 
were  then  faced  to  a  flat  surface  resembling  terrazzo. 

The  top  end  of  Specimen  No.  7  was  so  short  and  so  badly  cracked  that  it 
was  impossible  to  obtain  a  test  piece  larger  than  about  8  by  8  in.  by  15^  in. 
All  the  others  were  of  the  full  cross-section  and  about  3  ft.  long. 

Through  the  courtesy  of  H.  W.  Hayward,  M.  Am.  Soc.  C.  E.,  they  were 
tested  at  the  Massachusetts  Institute  of  Technology  on  June  7,  1922. 

A  piece  of  blotting  paper  was  placed  on  top  of  the  first  specimen  and 
under  both  ends  of  the  remaining  specimens.     Prom  the  impression  made  on 
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No.  11.  No.  22. 

Fig.  8. — Test  Specimens. 
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these  sheets,  it  was  possible  to  obtain  the  net  bearing  area  and  the  character 
of  the  bearing.  The  edges  of  the  test  pieces  were  irregular  and,  on  some, 
the  corners  were  broken  so  that  it  would  have  been  difficult  to  obtain  the 
bearing  area  by  direct  measurement.  In  Table  8  is  given  the  average  bearing 
area  of  each  end,  which  area  is  approximate  only,  and  the  writer  is  convinced 
that  it  is  too  large,  rather  than  too  small.  The  specimens  were  tested  only 
to  the  point  of  failure.  Cracks  appeared  longitudinally,  and  formed  roughly 
two  prisms  the  shape  of  an  hour-glass.  Reinforcing  steel  that  was  exposed 
after  the  tests,  appeared  to  be  bright.  Specimen  No.  7,  the  most  porous  one, 
was*  so  broken  after  the  test,  that  the  reinforcing  bar  was  removed.  With  the 
exception  of  three  spots  about  i  in.  in  diameter  which  showed  rust,  the  bar 
was  entirely  bright.  This  bar  was  from  the  lower  end  of  the  specimen  which 
had  been  immersed  for  13 i  years. 

TABLE  8.— Actual  Bearing  Area  of  Test  Specimen. 


No.  of  piece. 

Bearing. 

Area,  in 
square  inches. 

Average  area,  in 
square  inches. 

7  Top  

Top 

Bottom. 

Top. 

Bottom. 

Top. 

Top. 

Top,  poor. 

Bottom. 

Top. 

Bottom. 

Top,  fair. 

Bottom. 

Top. 

Bottom. 

51.8 
62.8 

232 

230 

236 

240 

200 

215 

217 

208 

213 

238 

221 

224 

7  Bottom 

57.3 

11  Top 

231 

11  Bottom 

23  Top 

22  Bottom 

307.5 

23  Top 

212.5 

23  Bottom 

236.5 

822.5 

For  chemical  analysis,  a  sample  was  taken  from  the  top  of  the  specimens, 
one  from  the  lower  corner  of  the  bottom  specimen  and  one  from  near  the 
center.  Mr.  Herbert  L.  Sherman,  a  cement  chemist,  co-operated  with  the 
writer  in  making  chemical  and  physical  analyses  of  the  cement  used  in  the 
specimens. 

After  a  careful  and  complete  analysis  of  three  samples  each  from  Speci- 
mens ISTos.  7  and  23,  and  a  thorough  study  of  the  results,  Mr.  Sherman  reports 
that  it  is  impossible  to  draw  any  conclusions. 

The  result  of  the  crushing  test  is  given  in  Table  9.  The  original  cross- 
section  is  copied  from  the  earlier  report,  and  is  not  a  scaling  of  the  specimens 
at  the  present  time.  It  will  be  noted  that  the  normal  mixture  of  concrete 
shows  results  as  good  as  could  be  expected  of  any  concrete  of  this  mixture 
and  age.  It  will  be  noted  also  that  the  lower  end  of  each  of  the  four  specimens 
was  stronger  than  the  upper  end. 

Omitting  Specimen  No.  7,  from  which  only  a  small  sample  could  be  tested 
and  which,  therefore,  may  not  be  directly  comparable  with  its  own  bottom, 
the  other  three  show  the  strength  of  the  tgp  to  be  about  92%  of  that  of  the 
bottom.  This  indicates  that  there  is  a  common  law  as  to  the  condition  of  the 
concrete  when  permanently  wet  as  compared  with  dry. 
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TABLE  9. — CuusniNG  Load  on  Sea- Water  Test  Specimen, 


No.  of 
piece. 

Original  cross- 
section,  iu 
inches. 

Area,  in 

square 

feet. 

Length 

of  test 

specimen, 

in  inches. 

Actual 

section, 

in  inches. 

Total 
load,  in 
pounds. 

Load,  in 
square 
inches, 
actual 
section. 

Ratio  of 

strength, 

top  to 

bottom. 

r  Top 

7  Bottom.... 

11  Top 

11  Bottom 

22  Top 

22  Bottom... 

23  Top 

23  Bottom.... 

15%  by  169/,o 
15%  by  16»io 
16  by  16% 
16  by  ]6?4 
15%  by  mU 
15%  by  16% 
IGsHe  by  161,4 
16?i„  by  16V4 

1.82 
1.H2 
1.86 
1.86 
1.80 
1.80 
1.82 
1.82 

15V2 

85^2 

36 

87 

303,4 

36 

321/2 

33?i 

57.3 
231 
236 
240 
207.5 
212.5 
2i6.5 
222.5 

157  800 
778  800 
750  200 
823  900 
463  100 
562  100 
391  600 
424  600 

2  750 

3  375 
3  180 
3  435 
2  235 
2  645 
1730 
1907 

0.82 
0.93 
0.92 
0.91 

The  following  summary  of  tests  on  1:3:6  concrete  mixed  dry,  plastic,  and 
wet,  on  four  brands  of  cement,  cured  in  air  for  1.6  to  1.75  years,  is  given  for 
comparison  with  laboratory  specimens.  The  data  on  these  specimens,  which 
were  12-in.  cUbes,  were  taken  from  the  Annual  Report  oi  the  State  Engineer  of 
New  York  for  the  fiscal  year  ending  September  30,  1897.  Fifty-two  speci- 
mens were  crushed,  at  the  Watertown  Arsenal,  the  dry  specimens  being  9% 
stronger  than  those  from  plastic  or  wet  concrete: 

Highest  crushing  strength  per  square  inch 2  887  lb. 

Lowest  "  "  "  "        "     1716  lb. 

Average        "  "  "  "        "     2  095  1b. 

In  1912,  the  writer  built,  in  Portland  Harbor,  a  fish  pier  that  consists  of  a 
wharf,  supported  by  concrete  piers  about  4  ft.  square,  with  a  heavy  floor  form- 
ing the  wharf  platform,  on  which  a  fish  house  was  built.  Most  of  these  piers 
were  built  inside  a  coffer-dam,  and,  therefore,  were  cast  dry  and  allowed  to  set 
more  than  a  month  before  being  subjected  to  the  tidal  action  of  the  sea. 

The  two  rows  of  piers  nearest  the  shore,  being  out  of  water  except  during 
high  tide  and  never  being  immersed  more  than  about  3  ft.,  were  cast  between 
tides.  An  examination  of  these  piers  was  made  on  May  25,  1922,  at  which 
time  they  were  ten  years  old.  All  the  piers  cast  within  the  coffer-dam  api)eared 
to  be  in  first-class  condition,  whereas  those  cast  between  tides  showed  some 
signs  of  deterioration  below  the  high-tide  line. 

In  1902,  a  series  of  concrete  specimens  was  made,  in  order  to  test  the  pro- 
tection of  steel  from  corrosion.  The  concrete  was  of  1:3:6  proportion,  with 
the  expectation  that  it  would  be  porous.  The  blocks  were  4  in.  square  and  12  in. 
long,  and  had  a  J-in.,  square  twisted  steel  bar,  16  in.  long,  through  the  center, 
that  projected  at  both  ends. 

At  Fort  Warren,  the  War  Department  immersed  one  series  of  these  speci- 
mens in  sea  water  and,  after  three  years'  testing,  the  remainder  of  this  series 
was  lost. 

The  second  series  was  given  to  the  Chief  Engineer  of  the  Metropolitan 
Sewerage  Commission,  and  the  specimens  were  immersed  in  a  trunk  sewer. 
After  seven  years,  the  remainder  of  this  series  was  lost. 

The  third  series  of  specimens  was  buried  in  ground  that  was  always  damp 
and  at  times  was  saturated  with   water.     After  being  twenty  years   in   the 
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ground  a  specimen  from  this  series  was  removed  and  split  open.  The  steel 
was  bright  in  every  specimen  of  all  three  series  where  the  cement  was  in  close 
contact  with  it;  rust  was  present  where  there  were  voids.  When  the  bars 
were  originally  embedded,  they  were  coated  with  hard  rust,  but  no  scales. 
These  results  indicate  that  cement  will  protect  steel  from  corrosion  in  unfavor- 
able conditions. 

Although  there  has  not  been  time  to  draw  final  conclusions  from  these 
series  of  tests,  and  although  the  series  is  not  sufficiently  comprehensive  to  prove 
a  general  rule  for  all  cases  of  immersion  of  concrete  in  sea  water,  it  is  thought 
that  some  conclusions  are  now  justified,  and  ought  to  be  helpful  to  those  design- 
ing marine  structures. 

It  appears,  first,  that  the  mechanical  action  of  the  elements  is  much  more 
vital  than  the  chemical  action.  The  densest  specimens  show  the  least  wear. 
The  porous  specimens  which  were  built  with  the  expectation  that  they  would 
soon  disintegrate,  have  done  so. 

Chemical  action  must  be  considered.  The  specimens  in  which  the  cement 
was  low  in  alumina,  both  of  lean  and  of  rich  mixtures,  are  in  good  condition. 
Those  that  had  foreign  ingredients  (Nos.  22  and  23),  of  hydrated  lime  and 
Sylvester  solution,  show  serious  weakness,  whereas  one  specimen  containing 
5%  of  clay  as  filler  to  make  the  concrete  dense,  is  still  in  quite  good  condition. 

The  question  of  the  quantity  of  water  used  in  mixing  must  be  considered. 
In  a  paper*  by  Mr.  Dan  Patch,  photographs  are  shown  of  the  specimens 
arranged  in  three  horizontal  rows,  in  the  order  of  the  quantity  of  water  used  in 
mixing,  and  superimposed  is  a  curve  showing  the  resistance  to  compression  and 
to  wear  as  determined  by  the  Research  Laboratory  of  the  Lewis  Institute  of 
Chicago,  111.  The  condition  of  the  specimens  shown  in  these  photographs  indi- 
cates that  those  containing  from  9  to  10%  of  water  are  in  better  physical 
condition  than  the  very  dry  or  the  very  wet  specimens. 

If  good  workmanship  is  observed  in  the  placing  of  concrete  in  forms,  excess 
of  cement  and  mortar  is  brought  to  the  surface  and  produces  a  skin  which, 
until  abrasion  has  removed  it,  resists  very  well  the  action  of  sea  water. 
The  concrete  is  not  as  durable  in  resisting  wear  as  this  skin. 

Specimens  made  of  the  poorer  materials,  which  fail  the  earliest  in  their 
lower  portions,  due  to  tidal  action,  have  proved  to  be  durable  if  permanently 
immersed.  An  explanation  of  the  reason  for  the  upper  end  of  the  specimen 
showing  less  strength  than  the  lower  end  may  be  due  in  part  to  the  matter 
of  suspension.  In  order  to  handle  the  specimens  readily,  f-in.  square  twisted 
steel  bars  were  extended  about  2  in.  from  the  surface  the  full  length  at  opposite 
corners.  In  the  center  of  the  specimen,  a  hole  was  cored  into  which  was  grouted 
a  hook  with  a  shank  about  3  ft.  long,  by  which  the  specimens  were  suspended. 
The  weight  of  the  specimen  produces  a  tension  of  about  100  lb.  per  lin.  in.  in 
the  upper  3  ft.  This  condition  may  have  produced  porosity,  or  invisible  cracks, 
through  which  weathering  took  place.  The  upper  end  was  subjected  to  yearly 
variations  of  temperature  of  probably  100°  Fahr. — sometimes,  to  changes 
of  many  degrees  within  a  few  hours — at  times  to  a  film  of  ice  on  the  surface, 
and  to  a  slight  degree  of  abrasion  of  floating  objects  in  the  water. 
♦  Engineering  News-Record,  March  3,  1921. 
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It  seems  safe  to  conclude  that  if  rich  concrete  is  made  from  a  good  quality 
of  cement,  of  normal  composition,  or  low  in  alumina,  and  the  material  is 
thoroughly  mixed,  using  9  to  10%  of  water,  and  placed  in  the  dry  with  careful 
spading  to  assure  a  dense  surface,  that  durability  in  sea  water  can  be  assured 
unless  the  specimen  is  subjected  to  considerable  abrasion,  in  which  case  it  would 
be  wise  to  face  the  concrete  with  a  protective  coating  within  the  limits  of  the 
rise  and  fall  of  the  tide.  Below  low  tide,  and  above  high  tide,  concrete  as 
described  is  a  practical,  satisfactory,  and  proper  building  material. 
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DIS  CUSS  ION 


Henry  S.  Adams  *  M.  Am.  Soo.  C.  E.— In  his  paper,  the  late  Mr.  Horlgdon 
described  much  of  the  new  marine  work  that  has  been  done  around  Boston  Har- 
bor, and  the  speaker  has  had  a  great  deal  to  do  with  some  of  the  old  work  that 
lias  been  built  there.  At  first,  the  principal  kind  of  construction  was  timber 
cribs  filled  with  stone.  The  first  record  that  the  speaker  has  been  able  to  find, 
Boston  having  been  settled  in  1632,  was  that  of  September  10,  1673,  when  the 
town  voted  to  "Errect  a  Wall  or  Wharfe  upon  the  flats  before  the  Town,  from 
the  sconce  to  Capt.  Scarlet's  Wharfe,  or  useing  some  other  meanes  for  secureing 
ye  said  Town  from  Eire  Ships  in  case  of  the  approach  of  an  enemie."  This 
wall  or  wharf  was  described  as  being  about  2  200  ft.  in  length,  22  ft.  in  breadth 
at  the  bottom,  to  be  raised  from  14  to  15  ft.  in  height,  and  to  be  20  ft.  broad 
on  top  for  guns,  and  to  be  constructed  of  wood  and  stone.  This  barricade,  or 
out  wharf,  as  it  was  called,  was  built,  and,  in  1872,  Atlantic  Avenue  was  con- 
structed over  it.  There  is  an  old  affidavit  to  the  effect  that  it  was  built  as 
a  crib. 

In  1710,  Long  Wharf  was  built.  It  is  described  in  some  of  the  old  books 
as  one  of  the  longest  wharves  in  the  world,  its  length  being  more  than  ^  mile, 
reaching  from  Chatham  Eow  to  low  water.  It  was  built  in  the  form  of  a  crib. 
The  speaker  has  had  occasion  to  pull  up  parts  of  that  wharf,  and  the  timber  is 
as  sound  at  present,  apparently,  as  the  day  it  went  in.  It  was  built  of  white 
pine. 

"T"  Wharf,  which  was  an  excrescence  on  the  side  of  Long  Wharf,  was  built 
in  1715.  Part  of  that  wharf  was  removed  for  placing  the  foundations  for  the 
Quincy  Market  Cold  Storage,  and  the  timber  was  found  to  be  sound,  in  fact, 
there  was  some  difficulty  in  removing  it. 

Long  Wharf,  in  Portland,  Me.,  was  built  in  1797  of  crib  work.  Wlien  this 
wharf  was  removed  in  order  to  build  another  structure,  a  large  proportion  of 
the  logs  were  found  to  be  of  white  pine,  and  trouble  was  encountered  because 
the  timber  floated.  Logs  from  20  to  24  in.  in  diameter  were  dug  up,  that  were 
about  20  ft.  below  low  water.  The  use  of  piles  in  the  building  of  wharves 
began  about  eighty  years  ago.  The  speaker  has  had  occasion  to  pull  down 
some  of  those  wharves,  and  evidences  of  teredo  action  have  been  found.  The 
teredo  is  active  in  Boston  Harbor  as  far  as  Lewis  Wharf.  Some  of  the  tim- 
bers were  full  of  them.  The  teredo  and  the  allied  limnoria  are  found  as  far 
as  Constitution  Wharf  and  the  piles  are  badly  eaten.  Crib  wharf  construc- 
tion has  largely  ceased  since  pile  construction  began,  that  is,  south  of  Maine. 

Frederic  H.  EAY,f  M.  Am.  Soc.  C.  E. — Of  the  many  harbors  along  the 
coast  of  Maine,  the  one  of  prime  importance  is  that  at  Portland,  where  not 
only  the  chief  seaport  of  Maine  has  been  developed,  but  also  an  important 
winter  port  for  Canada. 

Portland  Harhor. — Portland,  located  at  the  southwesterly  end  of  Casco 
Bay,  has  one  of  the  finest  natural  harbors  in  the  world.    It  is  almost  on  the 

*  Cons.    Engr.,  Boston,   Mass. 

t  Cons.  Engr.    (Fay,  Spofflord  and  Thorndike),  Boston,  Mass. 
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open  sea,  but  still  is  well  sheltered;  it  has  ample  space  for  anchorage  basins 
and  a  natural  deep-water  channel  from  the  open  sea  almost  to  the  shore  line 
of  its  water-front. 

The  principal  piers  are  within  3J  miles  of  the  open  ocean  and  the 
approach  channel  is  so  broad  and  straight  that  steamships  calling  regularly 
at  this  port  frequently  dispense  with  pilots  and  enter  or  leave  the  harbor 
at  any  time  under  the  direction  of  their  own  officers. 

Along  the  water-front  of  the  city  opposite  that  part  devoted  to  overseas 
commerce  is  a  dredged  channel,  35  ft.  deep  at  mean  low  water,  and  30  ft.  deep 
for  the  remaining  distance  up  Fore  Kiver.  The  character  of  the  harbor 
bottom  is  such  that  this  water-front  channel  may  readily  be  deepened  whenever 
conditions  warrant.  The  dredged  parts  of  the  harbor  require  little  mainte- 
nance, because  of  the  almost  entire  absence  of  sediment  in  its  waters.  The 
mean  tidal  range  at  Portland  is  8.9  ft.  and  there  are  no  troublesome  tidal 
currents. 

Although  Portland  is  the  most  northerly  of  the  principal  Atlantic  ports 
of  the  United  States,  as  well  as  the  port  nearest  Europe,  its  harbor  is  notably 
free  from  ice  and  its  water-borne  commerce  is  not  interrupted  throughout 
the  severest  winter. 

The  strategic  importance  of  this  port  has  been  recognized  by  the  Federal 
Government  and  Portland  has  been  made  one  of  the  most  strongly  fortified 
harbors  in  the  United  States. 

Railroads  Entering  Portland. — Portland  is  served  by  three  steam  rail- 
roads: The  Boston  and  Maine,  which  operates  three  lines  into  the  city;  the 
Maine  Central  with  its  three  main  lines;  and  the  Grand  Trunk  Kailway 
of  Canada. 

The  Boston  and  Maine  Railroad  connects  Portland  with  the  important 
manufacturing  centers  of  New  Hampshire,  Vermont,  and  Northern  Massa- 
chusetts. 

The  Maine  Central  Railroad,  by  its  own  lines  or  by  its  connection  with 
the  Bangor  and  Aroostook  Railroad,  covers  practically  the  whole  State  of 
Maine.  The  Maine  Central's  line  through  the  White  Mountains  makes 
connections  with  the  Boston  and  Maine,  Canadian  Pacific,  and  Quebec 
Central.  Through  its  connection  with  the  Canadian  Pacific  Railway,  the 
Maine  Central  furnishes  a  route  to  Montreal,  Que.,  Canada,  Detroit,  Mich., 
Chicago,  111.,  the  Great  Lakes,  and  the  greater  part  of  Canada,  especially  the 
Canadian  West. 

The  principal  Atlantic  terminus  of  the  Grand  Trunk  Railway  of  Canada 
is  at  Portland  and  this  port  alone  is  used  for  its  winter  shipping  for  overseas 
traffic.  The  Grand  Trunk  affords  a  direct  route  to  Montreal,  Buffalo,  N.  Y., 
Detroit,  Toledo,  Ohio,  Chicago,  and  the  Great  Lakes,  and  connects  with  the 
Grand  Trunk  Pacific  Railway  crossing  the  Canadian  West.  Grain  is  the 
principal  commodity  exported  over  the  Grand  Trunk  docks  at  Portland, 
nearly  43  000  000  bushels  having  been  handled  in  the  season  of  1915-16. 
This  is  equal  to  the  total  grain  shipments  from  the  Port  of  New  York  for 
1921. 
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During  the  winter  of  1921-22,  17  000  000  bushels  of  grain  were  shipped 
through  the  Portland  Terminal  of  the  Grand  Trunk,  and  99  trans-Atlantic 
and  37  coastwise  vessels  have  berthed  at  its  piers. 

Portland  the  Natural  Winter  Port  for  Canada. — Portland  is  pre-eminently 
the  natural  winter  port  for  the  Dominion  of  Canada.  It  is  only  297  miles 
from  Montreal,  and  its  connection  with  that  city,  via  the  Grand  Trunk  affords 
a  rail  route  of  relatively  easy  grades,  particularly  favorable  for  the  movement 
of  east-bound  freight.  The  Canadian  winter  ports  of  St.  John  and  Halifax, 
on  the  other  hand,  are,  respectively,  481  and  842  miles  from  Montreal,  via 
routes  of  steeper  grade  over  which  freight  movement,  especially  in  winter, 
is  much  more  difficult  and  expensive.  Had  Maine  been  Canadian  territory, 
Portland  would  no  doubt  be  the  leading  port  of  Canada,  or,  at  least,  equal 
in  importance  to  Montreal. 

Portland's  Belt  Line  Railroad. — Portland  possesses  one  asset  of  great 
importance  to  the  development  of  any  port,  namely,  a  belt  line  railroad  which 
reaches  every  part  of  its  water-front.  This  belt  line  is  made  up  of  trackage 
of  the  Portland  Terminal  Company  (which  is  owned  jointly  by  the  Boston 
and  Maine  and  the  Maine  Central  Eailroads  and  handles  the  traffic  of  both 
these  roads  in  and  near  Portland)  and  of  trackage  owned  by  the  Grand  Trunk 
Eailway.  Along  the  important  Commercial  Street  water-front  of  the  city, 
each  company  has  running  rights  over  the  tracks  of  the  other,  so  that  any 
wharf  in  this  district  is  accessible  on  equal  terms  to  all  railroads  entering 
the  city. 

Portland's  Water-Front  Developments. — Portland  is  well  supplied  with 
coal-handling  and  fuel-oil  plants-,  most  of  which  are  up  to  date  in  capacity, 
equipment,  and  depth  of  water  at  adjoining  berths.  It  also  has  suitable 
wharves  for  handling  pulp  wood,  sulphur,  and  china  clay  used  in  the  paper 
industry,  not  only  of  Maine,  but  of  other  parts  of  the  country. 

The  remaining  wharves  along  the  water-front,  with  the  exception  of  the 
Grand  Trunk  Terminal,  are  old  and  more  or  less  obsolete,  having  been  built 
in  the  days  of  sailing  ships,  when  Portland  had  an  extensive  trade  with  the 
West  Indies.  These  wharves  are  now  used  either  for  coastwise  shipping,  or 
by  business  and  manufacturing  concerns,  many  of  which  could  be  accommo- 
dated with  equal  facility  away  from  the  water-front. 

Grand  Trunk  Railway  Terminal  at  Portland. — Until  the  present  time,  the 
only  overseas  terminal  at  Portland  has  been  that  of  the  Grand  Trunk  Eailway 
System,  comprising  New,  Ocean,  Atlantic,  and  Gait  Wharves,  with  two 
grain  elevators  with  a  combined  capacity  of  2  500  000  bushels  and  the  sup- 
porting railroad  yard.  The  first  three  of  these  wharves  have  transfer  sheds 
and  are  used  for  overseas  business.  Although  not  of  the  latest  type  of  pier 
construction,  these  wharves  with  their  sheds  are  maintained  in  good  condition 
and  during  the  five  winter  months  when  navigation  of  the  St.  Lawrence  Eiver 
is  blocked  by  ice,  they  accommodate  a  large  volume  of  business  with  reason- 
able efficiency  and  dispatch.  Until  recently,  harbor-line  restrictions  limited 
the  length  of  these  wharves  to  about  500  ft.,  a  length  inadequate  for  the  larger 
vessels  now  using  this  terminal.  In  1920,  the  War  Department  established 
a  new  harbor  line  about  500  ft.  out  from  the  old  one,  making  possible  the 
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extension  of  these  piers  so  that  in  the  future  they  may  have  a  total  length 
of  1  000  ft. 

Portland's  Need  of  Further  Water-Front  Development. — Within  the  last 
few  years,  the  need  of  increased  water-front  terminal  facilities  has  been 
keenly  felt  at  Portland.  Certain  steamship  lines  have  sought  to  establish 
themselves  at  this  port,  but  have  been  unable  to  do  so  because  of  the  lack  of 
facilities  for  the  accommodation  of  their  ships.  Others  already  established 
have  found  it  difficult  at  times  to  secure  suitable  berthing  space.  The 
Canadian  Pacific  Railroad  is  understood  to  have  recently  sought  entrance 
to  Portland  over  the  Maine  Central  Railroad  and  if  suitable  water-front 
terminal  facilities  were  available,  some  Canadian  Pacific  business  would 
probably  pass  through  this  port.  The  Maine  Central  Railroad,  however,  like 
most  other  roads,  has  not  been  in  condition  financially  to  embark  on  further 
water-front  improvements. 

Public  Development  of  the  Portland  Water-Front. — Recently,  however, 
through  the  instigation  of  the  Portland  Chamber  of  Commerce,  the  need  of 
further  port  development  at  Portland  has  been  forcefully  impressed  on  the 
people  of  that  city  and  of  the  State  at  large.  It  is  now  recognized  that  port 
development  should  not  be  left  entirely  to  railroads  or  other  private  interests, 
as  has  been  the  case  at  Portland  heretofore,  but  should  be,  at  least  in  part, 
under  public  control,  not  only  to  insure  development  on  the  broadest  possible 
lines  to  the  greatest  benefit  to  the  State  and  the  city,  but  because,  in  addition 
to  the  direct  benefits  accruing  to  rail  and  water  carriers,  the  community  at 
large  derives  a  substantial  indirect  benefit  from  such  developments.  In  the 
City  of  Portland,  several  millions  of  dollars  are  spent  annually  by  rail  and 
water  carriers  in  the  purchase  of  coal,  provisions,  and  other  supplies  from 
local  dealers  and  for  the  wages  of  longshoremen,  freight  handlers,  and  others. 
It  is  recognized  that  for  every  ton  of  local  freight  shipped  to  and  from  the 
city  there  are  many  tons  shipped  to  and  from  the  district  immediately  trib- 
utary to  the  port,  as  well  as  the  inland  territory  of  the  country.  The  people 
of  Maine  believe  that  with  further  development  of  the  Port  of  Portland,  mak- 
ing possible  an  increase  in  coastwise  as  well  as  overseas  business,  the  indus- 
trial and  agricultural  development  of  the  entire  State  will  be  stimulated, 
especially  as  the  State  has  available  much  undeveloped  water  power  which, 
in  these  days  of  high  priced  coal,  may  now  be  economically  utilized  to  pro- 
vide cheap  fuel  for  industrial  uses. 

Through  legislation  passed  in  1919,  the  State  and  the  Cities  of  Portland 
and  South  Portland  have  jointly  embarked  on  a  policy  of  further  develop- 
ment of  the  Port  of  Portland  at  public  expense.  The  two  cities  have  pro- 
vided the  site  of  the  first  of  a  series  of  publicly  owned  piers  and  the  State  is 
constructing  such  a  pier  alongside  the  Grand  Trunk  Terminals. 

New  State  Pier  at  Portland. — The  site  for  the  new  State  Pier,  which  has 
been  purchased  and  deeded  to  the  State  by  the  Cities  of  Portland  and  South 
Portland  acting  jointly  through  the  State  Pier  Site  District  recently  estab- 
lished by  legislative  enactment,  consists  of  Franklin  Wharf,  formerly  owned 
by  the  Eastern  Steamship  Lines,  Incorporated,  and  the  berthing  place  of  that 
company's  coastwise  lines,  and  of  Gait  Wharf,  which  was  formerly  owned  by 
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the  Grand  Trunk  Railway.  The  State  is  now  constructing  on  this  site  a 
modern  pier  1  000  ft.  long,  to  be  equipped  with  adequate  sheds  and  modern 
freight-handling  equipment.  For  the  present,  the  pier  is  designed  to  be 
used  both  for  overseas  and  for  certain  coastwise  business,  and  it  will  bo 
adequate  to  accommodate  the  largest  ships  that  will  come  to  Portland  for 
many  years.  The  new  pier  will  project  nearly  500  ft.  beyond  the  existing 
piers  of  the  adjacent  Grand  Trunk  Terminal  and  will  extend  to  the  newly 
established  pier-head  line  previously  mentioned. 

In  order  to  provide  a  slip  of  suitable  width  and  depth  between  the  Atlantic 
Wharf  of  the  Grand  Trunk  Railway  and  the  new  State  Pier,  Gait  Wharf, 
which  was  partly  an  old  pile  structure  and  partly  a  solid  fill,  has  been  com- 
pletely removed,  thus  providing  a  slip  250  ft.  wide  with  a  depth  of  35  ft. 
alongside  the  new  State  Pier.  Ultimately,  this  slip  may  be  deepened  to  40 
ft.  if  desired. 

In  the  initial  development  of  the  State  Pier,  the  existing  Franklin  Wharf 
is  being  utilized  in  conjunction  with  the  new  work,  and  the  new  pier  is 
being  built  for  a  width  less  than  that  proposed  for  its  ultimate  development. 
This  will  afford  a  berthing  space  of  1  000  ft.  along  the  easterly  side  of  the 
pier,  which  will  be  used  for  overseas  and  Pacific  Coast  trafiic.  The  westerly 
side  of  Franklin  Wharf,  as  at  present,  will  continue  to  be  used  by  the  Eastern 
Steamship  Lines,  Incorporated,  for  coastwise  traffic,  and  that  company  is 
about  to  re-establish  a  freight  line  to  'New  York  City,  which  will  be  berthed  at 
the  westerly  side  of  the  new  pier  at  the  outer  end  of  Franklin  Wharf.  Later, 
A\hen  conditions  warrant,  it  is  proposed  to  rebuild  Franklin  Wharf  and  to 
widen  the  State  Pier  so  as  to  provide  a  complete  new  structure  1000  ft, 
long,  320  ft.  wide,  with  a  least  depth  of  35  ft.  of  water  on  all  sides. 

The  new  pier  will  consist  of  creosoted  Southern  pine  piles  supporting  a 
deck  of  reinforced  concrete  at  the  inner  end  and  a  timber  deck  elsewhere. 
The  pier  will  have  two  transit  sheds  on  its  easterly  side.  The  shed  at  the 
inner  end  is  to  be  90  ft.  wide  by  two  stories  high  and  is  designed  primarily 
for  trans- Atlantic  shipping  with  accommodations  for  freight  on  the  lower  or 
main  deck  and  quarters  for  saloon  passengers  and  immigrants  on  the  second 
floor.  The  shed  at  the  outer  end  will  be  60  ft.  wide  and  one  story  high  and 
designed  for  freight  service  only.  On  the  westerly  side  of  the  new  pier,  a 
shed  60  ft.  wide  is  now  being  erected  for  the  New  York  freight  service.  At 
the  easterly  side,  the  cap-sill  will  be  27  ft.  wide  between  the  sheds  and  the 
fender  cap,  with  a  railroad  track  providing  for  the  operation  of  a  locomotive 
crane  and  with  provision  also  for  the  installation  later  of  semi-portal  gantry 
cranes.  Railroad  tracks  and  trucking  driveways  are  provided  also  in  the 
middle  of  the  pier. 

Grain  will  be  brought  to  the  State  Pier  from  the  elevators  of  the  Grand 
Trunk  Railway  Company  by  an  extension  to  the  grain  conveyor  system  of  that 
company  through  a  modern  fireproof  gallery  to  be  constructed  by  the  State 
along  the  easterly  side  of  the  pier,  the  gallery  being  of  sufficient  size  for  the 
installation  of  a  second  belt  in  case  it  should  be  found  desirable  to  provide 
for  the  handling  of  grain  from  other  railroads  than  the  Grand  Trunk.  A 
working  agreement  has  already  been  made  between  the  State  and  the  Grand 
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Trunk  Railway  by  which  grain  will  be  delivered  to  ships  at  the  State  Pier 
on  the  same  terms  and  conditions  that  it  is  delivered  to  ships  at  the  Grand 
Trunk  piers. 

Portland  Port  Authority. — The  administration  of  this  new  publicly  owned 
terminal  is  in  the  hands  of  a  State  Board,  known  as  the  Directors  of  the 
Port  of  Portland.  The  Board,  created  by  legislation  passed  in  1919,  is 
composed  of  five  members,  one  of  whom  represents  the  City  of  Portland  and 
was  appointed  by  the  Mayor  of  that  City,  and  the  others  represent  the  four 
Congressional  Districts  of  the  State  and  were  appointed  by  the  Governor. 
This  Board  is  the  administrative  agency  of  the  port  and  on  it  is  conferred  the 
power  to  acquire  property  by  eminent  domain,  to  make  all  necessary  plans 
for  the  comprehensive  development  of  the  port,  to  take  charge  of  and  construct 
piers  and  other  public  works  on  State  property,  to  operate  such  piers  and 
administer  all  public  works  under  their  control,  and  to  keep  thoroughly  in- 
formed as  to  the  present  and  probable  future  needs  of  the  port. 

WiLDURR  Willing,*  Esq. — Federal  river  and  harbor  works  in  the  New  Eng- 
land States  from  the  Canadian  border  to  Chatham,  Mass.,  on  the  southeast 
point  of  Cape  Cod,  are  in  charge  of  the  District  Engineer  of  the  Boston, 
Mass.,  District,  a  recent  consolidation  of  the  former  Portland,  Me.,  and  Bos- 
ton, Mass.,  Districts. 

The  following  are  the  principal  works  included  in  the  District:  St.  Croix 
River,  Bar  Harbor,  Penobscot  River,  Rockland  Harbor,  Georges  River 
(Thomaston  Harbor),  Portland  Harbor,  and  Saco  River,  Maine;  Newburyport 
Harbor,  Merrimack  River,  Harbor  of  Refuge  at  Sandy  Bay,  Cape  Ann,  Boston 
Harbor,  Gloucester  Harbor,  Beverly  Harbor,  Salem  Harbor,  Lynn  Harbor, 
Mystic  River,  Maiden  River,  Dorchester  Bay  and  Neponset  River,  Weymouth 
Fore  River,  Weymouth  Back  River,  Plymouth  Harbor,  and  Provincetown 
Harbor,  Massachusetts. 

The  principal  work  has  been  the  deepening  of  channels  and  anchorage 
basins  by  dredging  and  removal  of  ledge  rock ;  the  creation  of  artificial  harbors 
by  the  construction  of  breakwaters;  the  deepening  of  bars  at  the  mouths  of 
certain  rivers  by  jetties;  and  the  preservation  of  shore  lines. 

Shore  protection  works  on  the  part  of  the  United  States  Government  date 
back  to  1824,  and  with  peculiar  historical  fitness  were  first  undertaken  at 
Plymouth,  Mass.,  for  the  protection  of  Long  Beach. 

Long  Beach. — The  existence  of  Plymouth  Harbor  depends  entirely  on  the 
protection  and  preservation  of  Long  Beach,  which  is  a  narrow  strip  of  land 
that  extends  2|  miles  out  from  the  mainland  in  a  northwesterly  direction, 
nearly  parallel  to  the  shore  of  the  Town  of  Plymouth  and  distant  from  it 
about  1  mile.  It  affords  to  the  harbor  its  only  shelter  from  easterly  storms. 
For  the  protection  and  preservation  of  this  beach,  various  works  have  been 
built  from  time  to  time,  until,  finally,  they  have  proved  efficient  and  successful. 

The  works  originally  undertaken  for  the  maintenance  of  Long  Beach  were 
light  temporary  structures,  of  various  designs,  which  may  be  described  as 
follows:  The  bulkheads  consisted  of  triangular  frame  or  of  cribwork  of  tim- 
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ber  placed  at  intervals  of  4  ft.,  covered  with  2-in.  plank,  set  in  a  trench  12  ft. 
wide  and  3  ft.  deep,  the  trench  and  frame  being  filled  to  the  level  of  the 
ground. 

The  jetties  consisted  of  a  framework  filled  with  brush  and  ballasted  with 
stone.  The  groynes  consisted  of  small  stones  intermixed  with  brush,  and  some- 
times brush  alone.  They  were  built  perpendicularly  from  the  main  bulkhead 
on  the  seaward  side,  spaced  50  to  150  ft.  apart,  and  varied  in  length  from  Y5  to 
265  ft.,  aggregating  5  250  ft.  Others  have  been  built  inside  the  bulkhead  in 
places  where  most  necessary.  They  were  made  by  placing  brush  on  the  surface 
of  the  beach  and  piling  beach  boulders  on  it  to  a  height  of  about  2  ft.  for 
a  width  of  5  ft.  The  brush  groynes  were  made  by  digging  a  trench  2  ft.  wide 
by  2  ft.  deep,  and  placing  brush  in  it  upright  and  as  close  as  practicable.  The 
brush  is  held  in  place  by  sand  well  rammed  into  the  trench,  and  sometimes 
further  protected  by  small  boulders  placed  in  a  row  along  the  sides  of  the 
groyne.     The  brush  rises  2  or  3  ft.  above  the  surface  of  the  beach. 

On  account  of  the  light  design  of  these  structures,  repairs  had  to  be  made 
from  time  to  time  until  finally  rubble  stone  dikes  were  built,  and  they  have 
fully  served  their  purpose  and  continue  in  good  order  to  the  present  time. 

Boston  Harbor. — The  first  sea-wall  was  started  in  1825,  to  preserve  Georges 
Island,  an  important  site  for  one  of  the  defenses  of  Boston  Harbor.  Sea- 
walls have  been  constructed  at  Deer  Island,  Castle  Island,  Rainsford  Island, 
Lovells  Island,  Great  Brewster  Island,  Long  Island,  Gallops  Island,  and  Point 
Allerton.  All  these  walls  have  been  built  by  the  Federal  Government  undei 
the  direction  of  the  Corps  of  Engineers.  From  surveys  made  in  1820  and  1840, 
respectively,  it  appeared  that  5.7  acres  had  been  washed  away  from  Great 
Brewster  Island  in  the  interval.  This  is  about  one-fourth  of  the  whole  island, 
at  the  latter  period.  The  1840  survey  disclosed  that  the  preservation  of  the 
islands  from  the  wash  of  the  sea  was  indispensable,  as  covers  of  the  anchor- 
ages and  roadsteads,  and  also  to  the  maintenance  of  requisite  depths  in  the 
channels.  The  aggregate  length  of  these  walls  is  about  3|  miles,  and  the 
total  amount  expended  in  their  construction  and  maintenance  is  about 
$1  500  000. 

In  his  paper,  the  late  Mr.  Hodgdon  gave  an  excellent  description  of  the 
three  main  ship  channels  leading  into  Boston  Harbor.  The  total  of  all 
Federal  expenditures  to  June  30,  1921,  on  these  and  the  various  subsidiary 
channels  of  Boston  Harbor,  including  Chelsea  Creek,  Fort  Point  Channel, 
and  the  Mystic  and  Maiden  Rivers,  Dorchester  Bay  and  Weponset  River,  and 
Weymouth  Fore  and  Back  Rivers,  has  been  $12  734  167  for  new  work,  and 
$948  584  for  maintenance.  The  total  commerce  in  1921  was  9  752  841  tons. 
On  a  capitalization  of  4%  and  an  estimate  of  $40  000  per  year  for  maintenance, 
there  results  a  charge  to  the  United  States  of  5.6  cents  per  ton. 

Portland  Harbor. — The  second  harbor  in  importance  on  the  New  England 
Coast  is  that  of  Portland,  Me.  The  existing  project  for  Portland  Harbor  pro- 
vides for  a  commodious  anchorage  off  the  eastern  end  of  the  city,  with  a  mini- 
mum depth  of  30  ft. ;  for  the  dredging  of  the  greater  part  of  the  inner  harbor 
to  a  depth  of  30  ft.,  except  for  the  lower  part  of  the  main  harbor  and  its 
channel  of  approach,  where  the  depth  is  to  be  35  ft.;  for  a  channel  30  ft. 
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deep  and  300  ft.  wide  in  Fore  River  up  to  the  tipper  Boston  and  Maine  Railroad 
Bridge;  for  a  channel  30  ft.  deep  and  300  ft.  wide  from  the  anchorage  to 
the  Grand  Trunk  Bridge  at  the  mouth  of  Back  Cove;  for  rock  excavation  to 
give  a  depth  of  14  ft.  between  the  Grand  Trunk  and  Tukeys  Bridges,  and  a 
channel  12  ft.  deep  and  300  ft.  wide  thence  to  the  head  of  Back  Cove;  for  the 
removal  of  two  obstructing  ledges  in  the  main  ship  channel  to  a  depth  of  40 
ft. ;  and  for  a  stone  breakwater  about  1  900  ft.  long  on  the  southerly  side  of 
the  mouth  of  the  inner  harbor.  The  project  depths  refer  to  mean  low  water. 
The  mean  tidal  range  is  8.9  ft.  and  the  extreme,  10.2  ft.,  although  variations 
as  great  as  16  ft.  have  been  observed  under  storm  conditions. 

The  existing  project  executed  by  dipper  and  clam-shell  dredges  in  material 
similar  to  that  in  Boston  Harbor  has  been  completed,  except  for  the  removal  of 
ledges  in  the  main  ship  channel,  estimated  to  cost  $100  000.  The  expenditures 
to  June  30,  1921,  have  been  $2  271  386,  and  the  annual  maintenance  is  esti- 
mated at  $3  000.  The  total  commerce  in  1921  was  2  369  881  tons.  This  re- 
sults in  a  cost  of  4  cents  per  ton. 

Important  breakwaters  have  been  constructed  at  Rockland,  Portland,  and 
Bar  Harbor,  Me.,  and  at  Gloucester,  Mass. 

Rockland  Breakwater. — The  Rockland  Breakwater  extends  from  Jameson 
Point  4  350  ft.  in  a  southerly  direction.  It  consists  of  a  mound  of  rubble 
with  side  slopes  of  1:1  to  a  grade  of  10  ft.  above  mean  low  water,  at  which 
grade  the  breakwater  is  20  ft.  wide.  On  this  mound  is  a  capping  course  of 
heavy  split  stone  granite  15  ft.  wide,  bringing  the  top  of  the  breakwater  to  a 
grade  of  14  ft.  above  mean  low  water.  The  total  cost  of  the  breakwater  was 
$615  000,  and  the  annual  maintenance  is  about  $500. 

The  breakwater  was  completed  in  1904,  and  stood  undamaged  until  the 
winter  of  1920-21,  when  some  of  the  rubble  mound  on  the  seaward  side  slipped 
downward,  the  repairs  for  which  are  estimated  to  be  about  $9  000. 

Bar  Harhor  Breakwater. — There  is  also  a  breakwater  at  Bar  Harbor,  extend- 
ing from  Porcupine  Island  to  Dry  Ledge  and  thence  in  a  straight  line  to  within 
600  ft.  of  Mt.  Desert  Island,  to  protect  the  harbor  from  southerly  storms.  The 
breakwater  was  under  construction  when  the  World  War  broke  out  and  the 
work  was  suspended  on  account  of  high  prices  and  scarcity  of  labor.  It 
has  been  estimated  that  about  15  000  tons  will  be  required  to  bring  it  up  to 
the  grade  of  mean  high  water,  and  bids  have  been  asked  recently  for  the 
completion  of  the  job. 

Gloucester  Breakwater. — The  Gloucester  Breakwater  extends  from  Eastern 
Point  over  Dog  Bar,  2  250  ft.  in  a  northwest  direction.  It  consists  of  a  mound 
of  rubble  31  ft.  wide  at  mean  low  water,  surmounted  by  a  superstructure 
extending  17  ft.  above  the  grade  of  mean  low  water,  formed  by  two  dry  walls 
of  heavy  split  stone,  inclosing  a  core  of  rubble,  capped  by  heavy  stones  form- 
ing a  top  course  10  ft.  wide,  the  slopes  of  the  rubble  structure  being,  on  the 
harbor  side,  1:1.3,  on  the  seaward  side  1:3  to  a  grade  of  12  ft.  below  mean 
low  water,  and  1:1.5  thence  to  the  bottom.  On  the  seaward  side,  the  break- 
water has  an  apron  of  heavy  rubble  rising  to  approximately  6  ft.  above  mean 
low  water,  the  object  being  to  protect  the  lower  course  of  stone  in  the  super- 
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structure.    The  total  cost  was  $410  097  and  the  annual  maintenance  is  about 
$1 000. 

The  Sandy  Bay  Breakwater  project  has  been  recommended  to  Congress  for 
abandonment.  Only  recently  the  remaining  small  balance  in  the  hands  of  the 
District  Engineer  was  diverted  by  authority  of  Congress  to  emergency  use  on 
the  1922  floods  of  the  Mississippi  River. 

R.  S.  Patton,*  M.  Am.  Soc.  £.  E.  (by  letter). — The  problem  involved  in 
the  design  and  location  of  engineering  works  intended  to  protect  the  shore 
from  erosion  by  the  sea  is,  in  many  cases,  a  peculiarly  perplexing  one.  That 
problem  involves,  on  the  one  hand,  attack  by  a  combination  of  forces  each  of 
which  varies  greatly  from  time  to  time  both  in  its  strength  and  in  its  direc- 
tion; and,  on  the  other  hand,  a  resistance  to  attack  determined  by  local  fac- 
tors of  which  the  configuration  of  the  shores,  the  character  of  the  material 
composing  them,  and  their  accessibility  to  attack  are  merely  typical. 

This  means  that  the  engineer  undertaking  the  erection  of  protective  works 
must  consider  each  locality  as  a  unit.  No  adequate  general  rules  can  be  laid 
down  for  his  guidance.  For  example,  studies  of  conditions  along  the  New 
Jersey  Coast  indicate  (the  studies  have  not  progressed  sufficiently  to  justify 
a  final  conclusion)  that  each  of  the  many  inlets  along  that  coast  presents 
its  own  problem,  and  that  protective  works  which  would  accomplish  their 
purpose  at  one  inlet  might  fall  short  of  such  accomplishment  at  the  adjacent 
inlet,  10  miles  distant.  The  writer  does  not  mean  to  imply  that  there  is 
any  radical  variation,  in  that  short  distance,  in  the  nature  of  the  attack 
from  seaward.  It  seems  more  probable  that  the  varying  results  noted  are 
due  to  modifications  of  the  seaward  attack  by  the  body  of  inland  water. 

It  follows,  therefore,  that  the  confidence  with  which  the  engineer  can 
undertake  the  construction  of  protective  works  will  be  in  direct  ratio  to  the 
thoroughness  with  which  it  has  been  practicable  for  him  to  determine  the 
nature  of  the  change  which  he  undertakes  to  check,  and  the  character  of  the 
forces  producing  it.  Unfortunately,  neither  of  these  factors  can  be  readily 
determined.  In  the  United  States,  data  on  the  subject  of  shore  protection 
are  meager,  and  such  data  as  exist  are  not  in  a  form  readily  accessible  to 
the  engineer.  Consequently,  many  forms  of  protective  works  have  been  erected, 
which  have  failed  to  meet  expectations,  largely  because  local  or  private  in- 
terests have  not  been  in  a  position  to  undertake  the  extensive  research  neces- 
sary to  ascertain  the  facts  which,  under  more  favorable  conditions,  would  have 
formed  the  basis  for  the  design  of  their  structures. 

The  Federal  Government  has  collected  much  data  bearing  on  this  subject. 
In  practically  all  cases,  this  material  has  been  gathered  to  serve  some  specific 
purpose  other  than  shore  protection,  and  its  additional  value  in  connection 
with  studies  of  this  character  has  been  overlooked  or  ignored.  It  is  fragmen- 
tary; one  Bureau  has  collected  a  certain  set  of  facts,  a  second  Bureau  another 
set.  Each,  by  itself,  may  be  of  little  value  for  this  purpose;  combined,  they 
may  be  of  great  value.  It  is  to  be  hoped  that  some  day  this  material  will  be 
placed  in  shape  for  the  use  of  the  engineer.  Meanwhile,  however,  the  engi- 
*  Hydrographic  and  Geodetic  Engr.,  U.  S.  Coast  and  Geodetic  Survey,  Washington,  D.  C. 
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neer  derives  little  benefit  from  it  because,  in  most  cases,  he  either  does  not 
know  of  its  existence,  or  he  does  not  know  how  to  secure  it. 

It  is  not  practicable  for  the  engineer  to  obtain  and  utilize  all  this  informa- 
tion. After  eliminating  a  large  part  of  it,  a  remainder  exists,  in  most  cases, 
readily  obtainable  at  slight  cost,  which  bears  so  directly  on  his  problem  that 
he  would  make  a  great  mistake  if  he  failed  to  take  advantage  of  it  if  the 
project  is  of  magnitude.  The  writer  will  endeavor  to  indicate  briefly  the 
character  of  this  latter  assistance  which  it  i?  possible  for  various  agencies  of 
the  Federal  Government  to  render. 

The  engineer  must  seek  answers  to  two  questions:  (1)  What  is  the  nature 
of  the  change  taking  place;  and  (2),  what  forces  are  causing  it? 

Much  progress  toward  the  answer  to  the  first  question  can  usually  be  made 
by  studying  the  topographic  and  hydrographic  surveys  made  by  the  Federal 
Government.  For  the  past  hundred  years,  the  Coast  and  Geodetic  Survey 
has  been  making  such  surveys  along  the  Atlantic  Coast,  and  the  frequency 
of  re-surveys  usually  depends  on  the  rapidity  with  which  changes  are  occurring. 
For  example,  the  New  Jersey  Coast  is  covered  by  three  series  of  topographic 
surveys  and  an  additional  one  by  aerial  photography,  with  from  six  to  ten 
surveys  of  the  various  inlets.  The  Army  Engineers,  also,  have  made  many 
surveys  at  localities  where  improvements  have  been  proposed. 

•  The  surveys  by  these  two  organizations  furnish  a  picture  of  successive  stages 
in  the  development  of  the  present  shore,  sufficiently  separated  to  eliminate 
effects  due  to  transitory  causes,  and  thus  enable  one  to  deduce  with  con- 
siderable accuracy  the  general  character  of  the  evolution  in  progress. 

The  next  step  is  to  discover  what  forces  operate  and  how  they  operate,  to 
cause  the  changes  observed.  This  is  a  much  more  difficult  question  than  the 
preceding  one,  and  the  engineer  can  nowhere  find  the  answer  as  he  did  in  the 
first  case.  The  best  he  can  do  is  to  secure  data  from  all  possible  sources  and  then 
rely  on  his  own  judgment  for  the  proper  correlation  of  such  data  with  the 
changes  observed. 

A  great  deal  of  valuable  information  can  be  obtained  from  persons  having 
local  knowledge,  but  information  of  this  kind  must  be  used  with  caution. 
It  is  usually  fragmentary  and  superficial.  Temporary  effects  and  apparent 
causes  are  mistaken  for  basic  factors.  Therefore,  the  assurance  with  which 
such  material  can  be  utilized  will  be  increased  if  the  engineer  can  secure  a 
background  of  fact  against  which  to  measure  it.  The  material  which  the 
Federal  Service  can  furnish,  is  valuable  as  supplying  this  background. 

The  Weather  Bureau  has  detailed  statistics  from  which  may  be  determined 
wind  effects,  the  direction,  frequency,  duration,  and  velocity  of  prevailing 
winds  and  storm  winds,  respectively. 

The  Coast  and  Geodetic  Survey  can  furnish  detailed  information  regarding 
the  tides  and  currents  at  many  points  along  the  coast. 

The  Bureau  of  Lighthouses  and  the  Coast  Guard  have  made  studies  of 
this  subject  in  connection  with  the  need  for  protection  of  their  stations, 
which  contain  information  of  value.  In  addition,  the  employees  of  those  Serv- 
ices stationed  at  various  points  along  the  coast  will  be  found  to  be  particularly 
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well  informed  regarding  weather,  currents,  and  waves,  and  their  effect  on  the 
shore  line  in  their  immediate  vicinity. 

There  is  still  another  important  element  in  the  assistance  which  the 
Federal  Government  can  render.  There  are  engineers  in  these  various  units 
of  the  Federal  Service,  whose  normal  work  is  closely  related  to  this  problem. 
The  knowledge  and  experience  they  have  thus  acquired,  if  applied  to  studies 
of  the  kind  here  suggested,  would  aid  materially  in  their  solution. 

The  writer  does  not  pretend  to  speak  with  authority  for  all  Services.  His 
experience  has  been,  however,  that  they  are  uniformly  zealous  to  serve  the 
public  in  every  possible  way,  and  that  they  would  gladly  assist  in  this  matter 
to  the  limit  of  their  facilities.  For  example,  to  mention  a  single  specific  in- 
stance, the  State  of  New  Jersey,  aroused  by  the  alarming  encroachment  of 
the  sea  on  its  beaches,  has  instructed  its  Board  of  Commerce  and  Navigation 
to  study  the  problem  and  undertake  protective  measures.  That  Board  has 
organized  an  Advisory  Board  of  Engineers  to  co-operate  with  it,  which  Board 
includes  representatives  of  two  Federal  Services,  the  Army  Engineers  and  the 
Coast  and  Geodetic  Survey. 

What  the  Government  is  doing  for  New  Jersey,  it  will  be  equally  willing  to 
do  for  other  States. 

A.  H.  Rhett,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The  fact  is  now 
established  that  concrete  in  contact  with  sea  water  undergoes  disintegration 
under  certain  conditions,  and  the  test  conducted  by  the  Aberthaw  Construc- 
tion Company,  a  final  report  on  which  has  been  made  by  Mr.  Wason,  has 
done  much  to  establish  this  fact.  Opinions  seem  to  differ  as  to  the  cause  of 
this  disintegration,  but  the  writer  believes  that  the  results  of  the  various  tests 
and  examinations  indicate  the  cause  quite  definitely. 

It  has  been   statedf  that: 

"Hydraulic  cement  is  readily  decomposed  if  intimately  exposed  to  the 
chemical  action  of  various  sulphate  and  chloride  solutions  as  contained  in 
saline  and  alkaline  waters,  if  the  solutions  are  of  sufficient  strength,  *  *  *. 
The  cause  of  this  disintegration  is  not  certain,  though  it  is  almost  uni- 
versally believed  that  it  is  the  reaction  of  the  sulphate  of  magnesium  of  the  sea 
water  with  the  lime  of  the  cement  (formed  during  setting)." 

It  is  also  stated  in  that  paper  that:  "The  most  soluble  element  of  the 
cement  is  lime,"  and  that  the  action  is  more  vigorous  in  set  cements  than  in 
unset  cements,  because  "in  set  cements  a  considerable  part  of  the  lime  has 
been  already  hydrated."  And,  further,  that  "contrary  to  the  opinion  of  the 
many,  there  is  no  apparent  relation  between  the  chemical  composition  of  a 
cement  and  the  rapidity  with  which  it  re-acts  with  sea  water." 

The  Aberthaw  test  confirms  the  statements  just  mentioned  in  demonstrat- 
ing that  the  specimen  to  which  hydrated  lime  had  been  added,  showed  very 
active  disintegration.  These  findings  have  been  confirmed  by  other  investi- 
gators and  seem  to  establish  the  fact  that  the  disintegration  of  concrete  by 
sea  water  is  caused  by  the  reaction  of  the  sulphate  and  chloride  solutions 

•  Gen.  Sales  Mgr.  and  Engr.,  Toch  Brothers,  New  York  City. 

t  "Action  of  the  Salts  in  Alkali  Water  and  Sea  Water  on  Cements,"  U.  S.  Bureau  of 
Standards,  Technologic  Paper  No.  12. 
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of  the  water  with  the  free  lime  (formed  during  setting)  present  in  the  con- 
crete. Investigation  has  further  disclosed  that  disintegration  occurs  prin- 
cipally where  the  concrete  is  alternately  wet  and  dry,  as  between  the  high  and 
low-water  marks.  In  some  cases,  however,  even  under  these  conditions,  dis- 
integration does  not  occur.  The  question,  therefore,  is:  If  concrete  con- 
tains lime,  which  is  'disastrously  affected  by  ingredients  in  sea  water,  why  does 
disintegration  occur  chiefly  where  the  concrete  is  alternately  wet  and  dry,  and, 
even  then,  does  not  always  occur?  The  answer  can  be  summed  up  in  one 
word — porosity. 

It  would  seem  that  sea  water  is  not  sufficiently  strong  in  the  sulphate  and 
chloride  solutions  to  start  this  chemical  action.  If,  however,  the  concrete  is 
porous,  each  flushing  fills  the  pores,  and  each  drying  out  leaves  a  minute 
deposit  of  the  salts.  This  process,  repeated  indefinitely,  eventually  produces  a 
sufficiently  concentrated  solution  in  the  pores  to  produce  the  chemical  reaction 
and  accompanying  crystallization  which  disrupts  the  concrete.  This  action 
has  been  found  to  penetrate  deep  into  the  concrete — as  much  as  4  or  5  ft.  It 
should  be  clear,  then,  that  if  concrete  can  be  made  non-porous,  it  will  not  be 
subject  to  this  action  of  concentrated  solutions  and,  therefore,  will  be  stable 
in  sea  water. 

L.  F.  Bellinger,*  M.  Am.  Soc.  C.  E.  (by  letter).— The  U.  S.  Bureau  of 
Standards  has  investigated  the  action  of  sea  water  on  concrete  structures,  and 
the  report  of  Messrs.  Wig  and  Ferguson  on  this  subject  has  been  published  by 
the  Bureau  of  Yards  and  Docks  of  the  Navy  Department,!  in  which  reference 
is  made  to  the  various  concrete  quay  walls  in  the  Brooklyn  Navy  Yard,  that 
have  been  built  at  various  times  during  the  last  thirty  years.  Pertinent 
extracts  from  the  report  are,  as  follows: 

"The  condition  of  the  structures  built  between  1901  and  1904  is  in  striking 
contrast  with  those  built  prior  to  this  period.  *  *  *  None  of  these  walls 
has  been  repaired  and,  with  one  exception,  the  wall  at  berth  l7-h,  none  is 
appreciably  deteriorated." 

******** 

"Much  of  the  repair  work  and  replacement  work  which  was  carried  on 
subsequent  to  1912  has  deteriorated  to  a  considerable  extent.  In  some  cases, 
as  at  wall  berth  1-a,  rebuilt  in  1913,  the  repair  work  is  in  need  of  extensive 
repairs  now." 

******** 

"There  are  defects  'in  the  case  of  the  reinforced  concrete  in  Piers  E  and  F, 
in  which  the  cracking  of  the  concrete  is  due  to  the  corrosion  of  the  embedded 
reinforcement  which  is  uncoated  and  not  embedded  to  a  sufficient  depth.' " 

The  report  shows  that  the  structures  built  during  the  period,  1901-04,  are 
better  than  any  built  before  or  since,  in  that  Navy  Yard.  After  fifteen  years, 
no  repairs  were  necessary  to  such  structures,  whereas,  after  three  years,  exten- 
sive repairs  were  needed  in  a  quay  wall  that  was  rebuilt  in  1913.  It  appears 
desirable,  therefore,  to  examine  in  detail  the  conditions  that  provided  a 
concrete  quay  wall  on  which  no  repairs  were  needed  after  thirteen  years,  par- 

*  Lt.-Commander,  C.  E.  C,  U.  S.  N.  ;  Public  Works  Officer,  U.  S.  Naval  Submarine 
Base,  New  London,  Conn. 

t  Biilletin  No.   28,  October,   1917. 
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ticularly  as  to  the  plasticity  or  workability  of  the  concrete  mixture  and  the 
workmanship  required  in  placing  it. 

The  materials  were  ordinary,  high-grade  aggregate  and  cement,  secured 
about  New  York  City  on  competitive  bids.  In  his  paper,  Mr.  Wason  shows 
well  the  effect  of  too  little  water  in  concrete  for  use  in  sea  water.  Numerous 
laboratory  experiments  at  various  universities  show  the  great  deteriorating 
effects  of  too  much  water  in  concrete  in  any  location.  Both  too  much  and 
too  little  water  are  dangerous,  because  when  concrete  is  too  dry  or  too  wet  it 
is  more  easily  mixed  than  when  it  is  "just  right".  A  description  of  what  is 
"just  right",  as  determined  by  long  experience,  is  the  purpose  of  this  discussion. 

In  their  report,  previously  mentioned,  Messrs.  Wig  and  Ferguson 
describe  the  sea-wall  concrete  as  being  "plastic".  That  term  is  very 
good,  but,  in  the  W.est,  the  equivalent  term  is  "ankle-deep  concrete",  and, 
in  the  East,  the  term,  "quaking  mixture",  is  used.  Neither  term  is 
quite  correct  for  describing  physically  that  quality  of  the  concrete  placed 
in  the  Brooklyn  Navy  Yard  in  1901-03.  This  concrete  was  a  1:2:4  mix 
that  was  turned  three  times  on  the  mixing-board,  shoveled  into  wheel- 
•  barrows,  dumped  into  the  forms,  and  rammed  into  place.  A  light  ramming 
produced  a  jelly-like  mass,  into  which  the  workmen's  feet  would  sink  from  1  in. 
to  2  in.  The  mortar  facing  was  a  1 :  2  composition,  placed  by  shovel  next  to 
the  forms  as  concrete  was  placed  directly  back  of  it,  thus  securing  a  facing 
2  in.  thick  integral  with  the  concrete,  but  no  precision  was  attempted  on  any 
plane  of  demarcation  between  the  facing  and  the  concrete.  The  degree  of 
plasticity  of  the  mortar  was  the  same  as  that  of  the  concrete.  From  the  fore- 
going, it  may  be  seen  that  less  ramming  was  used  than  would  have  been  nec- 
essary with  a  "quaking"  mixture  and,  therefore,  a  little  more  water  was  used; 
also,  that  appreciably  less  water  was  used  than  in  the  Western  "ankle-deep" 
concrete.  Frequently,  the  tide  rose  over  the  soft  concrete  within  15  to  30  min. 
after  it  had  been  placed  in  the  forms. 

In  1895,  the  writer  began  the  mixing  of  "concrete  medium"  with  the  dis- 
approval and  scorn  of  contractors  and  foremen.  The  explanation  given  then 
was  that  a  certain  quantity  of  water  was  necessary  for  the  concrete  properly 
to  "set";  that  less  than  that  quantity  would  result  in  a  weaker,  more  porous 
concrete;  and  that  a  slight  excess  of  water  would,  by  heavy  ramming  which 
was  then  the  practice,  force  surplus  water  to  the  surface  where  it  would  either 
run  off  or  evaporate.  Although  it  was  then  considered  as  an  unsound  practice, 
it  was  insisted  to  be  far  better  to  have  too  much  water  than  too  little. 

The  first  opportunity  for  mixing  concrete  "exactly  right",  occurred  at  the 
Brooklyn  Navy  Yard,  in  March,  1901.  This  "sticky"  concrete  was  more 
difficult  to  handle  than  the  dryer  mixture  and  close  inspection  was  necessary 
to  secure  concrete  approximating  closely  the  "exactly  right"  plasticity,  because 
extra  labor  was  required  and  this  causes  friction.  Nevertheless,  results  were 
obtained  that  proved  the  great  economy  in  repairs  which  is  mentioned  in  the 
report  of  the  Bureau  of  Standards. 

The  writer  concurs  in  the  conclusions  of  Mr.  Wason  regarding  concrete 
for  use  in  seft  'water.    When  the  moisture  freezes  and  swells,  a  grain  of  sand 
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or  a  pebble  is  forced  out  of  place.  Deterioration  proceeds  slowly  in  a  mortar 
facing  2  in.  thick  as  compared  with  the  rate  when  the  concrete  itself  is  exposed 
to  the  freezing  and  thawing  process. 

The  Standard  Cement  Specifications  of  the  Navy  Department  have  pro- 
vided ample  protection  against  chemical  action.  Abrasion  from  floating  ice 
and  from  wave  action  is  certain  to  occur.  It  will  progress  more  rapidly  in  the 
concrete  than  in  the  mortar  facing,  because  larger  particles  will  be  removed. 
Mortar  facing  from  low  tide  to  high  tide  should  be  thicker  than  in  other  parts 
of  the  wall,  and  some  facing  should  extend  to  the  top  of  the  wall  and  across 
the  coping,  unless  a  stone  coping  is  used. 

The  record  of  these  particular  quay  walls  and  of  recent  laboratory  tests 
have  proved  that  the  quantity  of  water  used  in  mixing  is  of  the  greatest  impor- 
tance. The  kind  of  water  is  of  little  importance ;  in  some  of  the  walls,  fresh 
water  was  used  for  mixing,  but  in  most  of  them  East  River  water  was  used. 

Failures  in  some  seaside  concrete  structures  and  in  the  Boston  Navy  Yard 
samples  show  well  what  not  to  do.  Sloppy  concrete  and  dry  concrete  are  thereby 
proved  to  be  taboo.  This  discussion  has  been  written  with  the  desire  to 
assist  in  showing  what  to  do  to  secure  the  most  durable  concrete  in  sea  water. 

D.  E.  Hughes,*  M.  Am.  Soc.  C.  E.  (by  letter). — Eight  large  series  of 
tests  of  1 :  3  sand  briquettes  were  made  years  ago,  on  account  of  the  San  Pedro 
breakwater.  All  these  tests  were  similar,  except  in  kind  of  water  used  in 
mixing  and  in  time  of  immersion.  Series  A,  B,  C,  and  D  were  mixed  with 
sea  water.  After  24  hours.  Series  A  and  B  were  immersed,  A  in  sea  water 
and  B  in  fresh  water.  Immediately  on  being  made,  Series  C  and  D  were 
immersed,  one  in  sea  water  and  the  other  in  fresh  water.  Series  E,  F,  G,  and  H 
were  mixed  with  fresh  water,  E  and  F  being  immersed  after  24  hours  in  fresh 
water  and  sea  water,  respectively,  and  G  and  H  being  placed  immediately, 
G  in  fresh  water  and  H  in  sea  water.  In  all  cases,  the  briquettes  remained  in 
their  moulds  24  hours  without  being  removed  from  the  glass  plates  on  which 
they  were  made. 

All  these  briquettes  developed  practically  equal  strengths,  except  those  of 
Series  H,  which,  at  every  age  and  without  exception,  were  decidedly  weaker. 
The  opinion  was  reached  that,  in  Series  H,  mechanical  interference  with  set- 
ting resulted  from  the  sea  water  displacing  the  lighter  fresh  water,  and  this 
led  to  the  advice  to  use  sea  water  in  the  mixing  of  concrete  that  is  to  be 
exposed  to  sea  water  before  setting.  In  large  masses  of  mortar  or  concrete, 
the  displacing  of  fresh  water  by  salt  water  would  be  less  complete  and  the 
weakening  less  pronounced. 

Eespecting  consistency  of  concrete,  the  depth  one  sinks  into  fresh  concretes, 
even  of  equal  wetness,  depends  on  whether  there  is  much,  little,  or  no  excess 
of  mortar,  and  whether  the  aggregate  is  of  broken  stone  or  the  more  easily 
displaced  rounded  gravel.  Therefore,  such  expressions  as  "ankle-deep",  etc., 
are  hardly  indicative  of  relative  wetness,  except  in  the  case  of  concretes  that 
otherwise  are  equal. 

*  Civ.  Engr.,  San  Pedro,  Calif. 
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As  to  rusting  of  reinforcement,  it  can  be  stated  that  iron  and  steel  long 
embedded  in  clay  or  mud  under  the  sea  have  been  found  to  be  well  preserved, 
because  the  first  water  to  reach  them  had  only  a  limited  effect,  and  the  clay 
prevented  displacements  by  succeeding  quantities  to  repeat  the  attack. 
Probably,  the  comparative  freedom  of  reinforced  concrete  from  cracking  below 
low  tide  is  similarly  explained.  At  higher  elevations,  both  gravity  and 
evaporation  operate  to  make  room  for  fresh  water  to  continue  the  rusting 
and  swelling  of  steel. 

In  Southern  California,  the  earliest  failures  are  above  high  tide  where 
concrete  is  reached  only  by  salt  air  and  spray  and  where  no  animal  or  vegetable 
matter  or  other  scum  attaches  to  seal  the  pores  against  the  renewal  of  the 
waters. 

The  need  of  guarding  against  rock-borers  may  also  be  mentioned.  In  the 
office  of  J.  W.  Ludlow,  M.  Am.  Soc.  C.  E.,  Harbor  Engineer,  Port  of  Los 
Angeles,  there  are  specimens  of  concrete  attacked  by  such  borers.  These  speci- 
mens were  obtained  from  concrete  pile  jackets  placed  14  years  ago  and  recently 
removed  on  account  of  channel  widening  at  East  San  Pedro.  These  borers 
make  small  entry  holes,  but  they  immediately  enlarge  to  1  in.  in  diameter,  and 
some  of  them  have  extended  through  the  3-in.  jackets. 
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Page  477,  Article  11,  line  11,  for  "net",  read  <'the". 
Page  478,  Article  108,  substitute  the  following : 

"108. — Lateral  Forces. — The  lateral  forces  shall  be  assumed  as  moving 
loads  of  30  lb.  per  sq.  ft.  on  one  and  one-half  times  the  vertical  projec- 
tion of  the  structure  plus  10%  of  the  specified  train  load  on  one  track, 
or  for  50  lb.  per  sq.  ft.  on  the  same  surface  for  the  unloaded  structure, 
whichev^er  gives  the  larger  stress". 

Page  478,  Article  112,  omit  last  sentence  beginning  "The  connections  of  such 

members,     *     *     *     ", 
Page  480,  Article  304,  add  paragraph,  as  follows: 

"The  struts  at  the  base  of  viaduct  towers  shall  be  of  sufficient  strength 
to  slide  the  movable  shoes  when  the  track  is  unloaded". 

Page  486,  Section  6,  add  Articles  605  and  606,  as  follows : 

"605. — MarJcing  and  Shipping. — Pins  and  small  parts  shall  be  pro- 
tected for  shipment.  Rivets  and  bolts  of  one  length  and  diameter,  also 
loose  nuts  or  washers  of  each  size,  shall  be  packed  separately.  The 
contents  of  each  package  shall  be  marked  thereon. 

"606. — Members  weighing  more  than  5  tons  shall  have  the  weight 
marked  thereon." 
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To  THE  President  and  Board  of  Direction, 

American  Society  of  Civil  Engineers: 

The  Special  Committee  on  Specifications  for  Bridge  Design  and  Construc- 
tion has  held  three  meetings  since  its  report*  of  November  16th,  1921,  was 
presented  to  the  Annual  Meeting  of  the  Society  on  January  18th,  1922,  and 
has  completed  its   Specifications  for   Steel  Eailway  Bridge   Superstructure. 

The  Tentative  Specifications  for  Steel  Railway  Bridges  which  were  sub- 
mitted with  the  report  mentioned,  have  been  fully  discussed,!  and  the  specifica- 
tions presented  herewith  are  the  result  of  the  Committee's  interpretation  of 
such  discussions. 

It  seemed  advisable  that  these  specifications  should  not  follow  the  exact 
lines  of  specifications  previously  offered  by  other  technical  societies,  as  the 
purpose  of  this  Society  is  advisory  rather  than  administrative.  For  that 
reason,  the  subject  is  treated  in  a  general  manner,  instead  of  entering  into 
explicit  details  which  should  be  left  to  the  individual  engineer  in  the  execu- 
tion of  work  under  his  direction.  The  Committee  has  reviewed  the  subject 
again  from  its  origin,  has  considered  all  suggestions  offered,  and,  in  formu- 
lating these  final  specifications,  has  endeavored  to  cover  the  fundamental 
principles  of  design,  leaving  to  each  engineer  the  privilege  of  adding  such 
details  as  may  particularly  meet  the  condition  of  his  practice  or  the  require- 
ments of  his  railroad. 

Although  the  specifications  follow  what,  for  many  years,  has  been  con- 
sidered good  practice,  the  natural  progress  of  more  recent  experience  and  study 
has  also  been  recognized.  They  represent,  it  is  believed,  the  most  advanced 
practice  that  is  justified  at  the  present  time. 

It  is  considered  desirable  that  a  specification  emanating  from  this  Society 
should  apply  to  spans  of  indefinite  length,  that  such  details  as  the  number  of 
trusses  to  be  used,  and  other  matters  of  varied  opinion,  should  be  left  to 
individual  judgment,  as  influenced  by  local  or  special  conditions,  and  even  in 
a  matter  such  as  the  clearance  diagram,  it  is  suggestive  rather  than  final. 

For  estimating  the  dead  load,  the  weights  of  gravel  and  ballast  have  been 
classed  together  as  120  lb.  per  cu.  ft.,  and  all  timber  has  been  specified  as  5  lb. 
per  ft.  B.  M.,  as  treated  timber  may  be  introduced  at  any  time  during  the 
life  of  the  bridge.  The  weight  of  steel  rails,  with  fastenings,  has  been  specified 
as  200  lb.  lier  lin.  ft.  of  track. 

Perhaps  the  greatest  advance  has  been  made  in  the  provision  for  live  load. 

The  Class  M  engine,  proposed  by  D.  B.  Steinman,  M.  Am.  Soc.  C.  E.,:}:  has  so 

many  advantages  for  heavy  loading  that  the  way  has  been  opened  for  its 

gradual  introduction,  if  desired.     Suggestions  that  similar  results  might  be 

obtained  by  using  heavy  Class  E  engines,  with  relatively  lighter  train  loads, 

do  not  conform  to  the  present  tendency  toward  heavier  cars.     The  typical 

engines,  E-10  and  M-10,  have  been  used  as  a  basis,  and  moment  diagrams  have 

been  inserted  in  the  Appendix,  as  from  these,  any  proportional  increase  may 

be  readily  produced. 

*  Proceedings,  Am.   Soc.   C.  E.,   December,  1921,  Papers  and  Discussions,  p.   683. 
t  For  abstracts  of  these  discussions,  see  p.  532. 
t  See  p.   606. 
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Much  attention  has  been  given  by  the  Committee  to  the  subject  of  impact. 
Various  formulas  were  studied  and  compared  with  the  tests,  but  none  was 
found  to  conform  with  equal  satisfaction  to  the  tests  of  chord  and  of  web 
members.  It  was  thought  that  the  information  may  not  yet  be  sufficiently 
complete  to  justify  a  change  from  the  formula  which  has  been  in  service  many 
years  and  has  produced  serviceable  bridges. 

It  has  been  well  recognized  by  those  who  have  the  responsibility  of  the 
maintenance  of  old  bridges  that  they  should  be  properly  proportioned  for  the 
ultimate  load,  as  an  overloaded  bridge  will  not  receive  equal  service  by  any 
other  method ;  some  members  of  the  truss  might  be  relatively  weak  and  require 
the  condemnation  of  the  entire  bridge.  As  a  step  toward  meeting  this  condi- 
tion, Article  106,  on  overload,  has  been  inserted.  There  is  great  reluctance 
in  adopting  the  overload  stress  of  24  000  lb.  per  sq.  in.,  but  it  is  believed  that 
when  the  stress  of  20  000  lb.  per  sq.  in.  is  exceeded,  a  "slow  order"  will  be 
placed  on  the  bridge,  and  the  structure  watched  for  signs  of  deterioration.  It 
is  recognized,  however,  that  the  bridge  should  be  proportioned  for  extreme 
contingencies. 

In  the  matter  of  longitudinal  force,  attention  is  called  to  the  error  of  past 
practice,  which  has  been  honored  more  in  its  breach  than  in  its  observance. 
The  coefficient  of  friction,  estimated  at  20%,  has  been  the  basis  of  all  specifica- 
tions for  the  sudden  starting  or  stopping  of  trains ;  but  the  fact  that  the  brakes 
on  freight  cars  are  designed  so  that  the  wheels  will  not  skid  under  an  empty 
car,  limits  their  efficiency  to  20%  of  that  weight,  and  as  a  loaded  car  may 
weigh  four  times  as  much  as  an  empty  one,  the  braking  power,  being  20%  of 
the  empty  car,  will  be  only  5%  of  the  loaded  car  for  which  the  bridge  is 
designed.  The  specification  of  10%  for  sliding  friction  of  the  train  is,  there- 
fore, conservative. 

After  a  study  of  the  full-sized  column  tests  and  the  derivation  of  various 
column  formulas,  keeping  in  mind  the  requirements  of  long-span  bridges  and 
the  rating  of  existing  bridges,  the  Committee  adopted  the  Euler-Rankine 

column  formula,  x>  =  ^        ,  for  design,  believing  it  to  be  the  most  prac- 

"^  13  500  r^ 

ticable  formula  of  scientific  origin,  long  established  in  practice,   and  best 

applicable  to  unusual  or  extraneous  conditions.     The  use  of  the  right-line 

I 
formula,  2)  =  16  000  —  70  — ,  would  be  permitted  under  these    specifications, 

r 

but  if  this  right-line  formula  had  been  specified,  it  would  have  precluded  the 

use  of  the  Euler-Rankine  formula  with  its  many  advantages. 

Although  the  derivation  of  the  Euler-Rankine  formula  makes  it  applicable 
to  columns  of  indefinite  length,  it  has  been  thought  that,  for  vibrating  struc- 
tures, the  length  of  the  column  should  be  limited  so  as  to  insure  rigidity  under 
sudden  motion.  The  assumed  limits  placed  in  Article  202  are  for  this  purpose, 
and  may  be  modified  later,  if  experience  or  judgment  so  dictates. 

In  providing  for  the  increased  allowable  stress  on  steel  of  greater  strength 
than  that  of  the  structural  grade,  it  is  recognized  that  the  modulus  of  elasticity 
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of  the  stronger  steel  is  practically  unchanged,  and  the  Euler-Eankine  formula, 
with  a  modified  numerator  and  denominator,  as  specified,  is  equally  applicable. 
For  the  stronger  steel,  in  which  the  yield  point  may  approach  its  ultimate 
strength,  the  proportional  increase  of  the  allowable  stress  may  be  so  close  to 
the  ultimate  as  to  encroach  on  a  proper  factor  of  safety.  For  this  reason,  the 
increase  has  been  restricted  in  application  to  a  yield  point  of  not  more  than 
70%  of  the  ultimate  strength. 

In  his  discussion*  of  the  strength  of  lattice-bars,  Otis  E.  Hovey,  M.  Am.  Soc. 
C.  E.,  has  assumed  that  the  curve  of  flexure  of  the  column  was  a  parabola  and 
determined  the  numerator  of  his  formula  to  be  4  P  I.  If  the  curve  had  been 
assumed  to  be  that  of  a  sinusoid,  the  numerator  would  have  been  ir  PI.  It 
may  be  assumed,  therefore,  that  an  intermediate  value  of  3.357  P  I  may  be 

P  I 
used  for  the  numerator  and  thus  simplify  the  formula  to  R  =  —-—— — .     This 

^     -^  4  000  ?/ 

formula  has  been  adopted  by  the  Committee. 

The  spacing  of  stiff eners  on  plate  girders  does  not  justify  undue  refine- 
ment, and  it  is  believed  that  the  simple  clause  adopted  will  meet  every  purpose. 

The  specification  for  workmanship  has  been  condensed  as  much  as  seemed 
to  be  practicable  to  meet  the  requirements  of  first-class  work.  The  require- 
ment for  sub-punching  and  reaming  has  been  generally  avoided  in  order  to 
save  unnecessary  expense,  but  it  has  been  found  that  even  the  accuracy  of  the 
multiple  punch  will  not  produce  a  large  number  of  plates  that  may  be  satis- 
factorily assembled  without  reaming.  When  the  plates  exceed  five  in  num- 
ber, it  is  deemed  advisable  to  sub-punch  and  ream. 

Heretofore,  the  permissible  difference  between  pin-hole  and  pin,  5  in.  in 
diameter  or  less,  has  been  restricted  to  -^^  in.  This  restriction  has  been 
extended  to  apply  to  pins  8  in.  in  diameter,  or  less. 

The  Committee  presents  the  Specification  for  Steel  Railway  Bridge  Super- 
structure in  completed  form,  and  recommends  its  adoption. 

Respectfully  submitted. 

For  the  Committee, 
Committee:  Henry  B.  Seaman, 

J.  H.  Ames,  Chairman, 

V.  H.  Cochrane,  C.  R.  Harding, 

J.  E.  Greiner,  Secretary. 

C.  R.  Harding, 

0.  E.  HovEY, 
C.  W.  Hudson, 

E.  F.  Kelley, 
M.  S.  Ketchum, 
H.  B.  Seaman, 
S.  B.  Slack, 

1.  F.  Stern, 

F.  E.  Turneaure. 

*  See  p.  575. 
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SPECIFICATIONS  FOR  STEEL  RAILWAY  BRIDGE 
SUPERSTRUCTURE 


Section  A.- — General 

1. — These  specifications  cover  the  design  of  fixed  span  bridges  of  all  lengths 
and  require  first-class  design,  material,  and  workmanship. 

2. — Matenal. — Bridges  shall  be  made  wholly  of  structural  steel,  except 
where  otherwise  specified.  Castings  shall  be  of  steel,  unless  cast  iron  is  spe- 
cifically authorized  by  the  Engineer. 

3. — Notice  to  Engineer. — The  Contractor  shall  give  ample  notice  to  the 
Engineer  of  the  beginning  of  rolling  and  of  shop  work,  so  that  inspectors  may 
be  provided.  No  material  shall  be  rolled,  or  work  done,  before  the  Engineer 
has  been  notified  where  the  orders  have  been  placed. 

Jt. — Type  of  Bridge. — The  type  of  bridge  to  be  used  for  various  span  lengths 
may  be  as  follows: 

Rolled  beams  up  to 30  ft. 

Plate  girders  from 30  to  125  ft. 

Riveted  trusses  from 100  ft.  and  more 

Pin-connected  trusses  from 150  ft.  and  more 

5. — Spacing  of  Girders  and  Trusses. — The  girders  of  deck  bridges  and 
stringers,  where  two  are  used  on  each  track  to  carry  open  floors,  shall  not  be 
spaced  closer  than  6  ft.  6  in.,  center  to  center. 

The  width  between  centers  of  trusses  or  girders  shall  be  sufficient  to  give 
lateral  stiffness  and  to  prevent  overturning  by  the  specified  lateral  forces,  and, 
in  no  case,  shall  be  less  than  one-twentieth  of  the  span. 

6. — Depth  Ratios. — The  depth  of  trusses  preferably  shall  be  not  less  than 
one-tenth  of  the  span.  The  depth  of  plate  girders  preferably  shall  be  not  less 
than  one-twelfth  of  the  span.  The  depth  of  rolled  beams  used  as  girders  and 
the  depth  of  solid  floors  preferably  shall  be  not  less  than  one-fifteenth  of  the 
span.  If  less  depths  are  used,  the  section  must  be  increased  so  that  the  maxi- 
mum deflection  will  not  be  greater  than  if  these  limiting  ratios  had  not  been 
exceeded. 

7. — Clearance.- — The  clearance  on  straight  track  shall  not  be  less  than  that 
shown  in  Fig.  1.     On  curves,  additional  provision  shall  be  made  for  a  car, 
80  ft.  long,  60  ft.  between  truck  centers,  14  ft.  high  above  the  top  of  a  6-in. 
rail,  and  with  allowance  for  super-eleva- 
tion of  the  outer  rail.     Unless  otherwise  .         ',  „ 
specified,  the  super-elevation  of  the  outer 
rail  shall  be  |  in.  for  each  degree  of  curv- 
ature, with  a  maximum  of  6  in. 

8. — Skew  Bridges. — In  skew  bridges 
without  ballasted  floors,  the  end  stringers 
or  end  girders  for  each  track  shall  be 
square  to  the  line  of  track. 

9. — Timber  Floor. — Ties  shall  not  be 
less  than  10  ft.  long,  spaced  about  6  in. 
apart,  and  secured  against  bunching.  If 
subjected  to  bending,  the  stress  in  the 
extreme  fibers  of  ties  shall  not  exceed  the 
unit  stress  for  timber  given  in  Article 
203,  assuming  a  maximum  wheel  load, 
with  100%  impact,  to  be  distributed 
over  three  ties.  '       '  ' 

10.  — Ballasted     i^Zoors.  —  Ballasted  ^'^- ^• 

floors  shall  have  at  least  6  in.  of  ballast  under  the  ties,  and  the  ballast  shall 


«2  6^  5  6  ^ 


•^  Base  of  Rail  f 
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be  assumed  as  level  with  the  base  of  rail,  the  weight  of  the  ties  being  neglected. 
The  live  load  on  each  tie  shall  be  assumed  as  one-third  of  the  maximum  axle 
load  distributed  over  a  width  of  10  ft. 

11. — Dimensions   for   Calculations. — For   the   calculation   of   stresses,    the 
length  shall  be : 

For  trusses  and  girders,  the  distance  between  centers  of  bearing; 
For  floor-beams,  the  distance  between  centers  of  trusses ; 
For  stringers,  the  distance  between  centers  of  floor-beams; 
and  the  depth  shall  be : 

For  pin-connected  trusses,  the  distance  between  centers  of  pins; 
For  riveted  trusses,  the  distance  between  centers  of  gravity  of 

chords ; 
For   plate  girders,   the   distance   between   centers   of  gravity   of 

flanges  (not  to  exceed  out  to  out  of  flange  angles)  unless  net 

section  modulus  is  used. 
12. — Spans  with  floor  systems  shall  preferably  have  end  floor-beams. 


Section  1. — Loads  and  Stresses 

101. — Loads. — Stresses  shall  be  shown  separately  for  the  following:  Dead 
load,  live  load,  impact,  centrifugal  force,  and  lateral  and  longitudinal  forces. 
Members  shall  be  proportioned  for  the  combination  giving  maximum  sections, 
except  as  otherwise  provided. 

102. — Dead  Load. — In  estimating  the  weight  of  the  structure,  for  the  pur- 
pose of  computing  dead  load  stresses  therein,  the  following  unit  weights  shall 
be  used: 

Steel    490  lb.  per  eu.  ft. 

Concrete 150    "  "  " 

Sand,  gravel,  and  ballast 120"  "  " 

Asphalt-mastic  and  bituminous  macadam  150    "  "  " 

Granite  170    "  "  " 

Paving  bricks 150"  "  " 

Timber 5    "  per  ft.  B.  M. 

The  rails,  inside  guard  rails,  and  fastenings  shall  be  assumed  to  weigh  200 
lb.  per  lin.  ft.  for  each  track. 

103. — Live  Loads. — The  live  load  for  each  track  shall  consist  of  typical 
engines  followed  by  a  uniform  train  load,  according  to  either  Class  E  series, 
or  Class  M  series,  as  may  be  specified  by  the  Engineer.  It  shall  be  a 
multiple  of  one  or  the  other  of  the  loads  with  wheel  spacings,  as  shown  in 
Figs.  2  and  3. 


Class  E-10  Engine  Loading 


l.Ok.per  lln.ft. 


^o 


Fig.   2. 


Class  M-10  Engine  Loading 


|«— 10'->{'-5^5%5'^5^^< 15'       >|«.5^5'^J<-5^'><r5^ 


(X)(h  mm. 


Pig.  3. 


Loading  E-GO  or  Loading  M-50  is  recommended  for  main-line  bridges  of 
American  railways. 
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lOJt. — Impact. — The  dynamic  iBcrement  of  the  live  load  shall  be  added  to 
the  maximum  computed  live  load  stresses  and  shall  be  determined  by  the 
formula : 

2000  — X 

~      1  600  +  Wl' 
in  which, 

I  =  impact  or  dynamic  increment  to  be  added  to  live  load  stresses; 

S  =  computed  maximum  live  load  stress; 

L  =  loaded  length  of  track,  in  feet,  producing  the  maximum  stress  in 
the  member.  For  bridges  carrying  more  than  one  track,  the 
aggregate  length  of  all  tracks  producing  the  stresses  shall  be 
used. 

Impact  shall  not  be  added  to  stresses  produced  by  longitudinal  and  lateral 
or  wind  forces. 

105. — For  bridges  designed  exclusively  for  electric  traction,  impact  shall  be 
taken  as  one-third  of  that  given  by  the  impact  formula. 

106. — Allowance  for  Increase  of  Live  Load. — Wherever  an  additional 
counter  would  be  required,  or  reversal  of  stress  would  be  caused,  or  heavier 
dimensioning  would  result,  a  member  and  its  details  shall  be  designed  for  a 
live  load  50%  greater  than  that  given  in  Article  103,  with  an  allowance  of  50% 
increase  in  unit  stresses. 

107. — Centrifugal  Force. — Structures  on  curves  shall  be  designed  to  resist 
the  centrifugal  force  of  the  live  load  applied  7  ft.  above  base  of  rail,  as  com- 
puted by  the  following  formula : 

0.067  W  F" 

in  which, 

C  =  horizontal  centrifugal  force ; 
W  =  live  load,  including  impact; 
B  =  radius  of  curve  (5  730  -^  degree  of  curve) ; 
V  =  speed,  in  miles  per  hour  =  (60  —  2 J  times  the  degree  of  curve). 

108. — Lateral  Forces. — All  spans  shall  be  designed  for  a  lateral  force  on  the 
loaded  chord  of  200  lb.  per  lin.  ft.  plus  10%  of  the  specified  train  load  on  one 
track,  and  200  lb.  per  lin.  ft.  on  the  unloaded  chord,  these  forces  being  con- 
sidered as  moving. 

109. — Wind  Force. — Viaduct  towers  shall  be  designed  for  the  one  of  the 
following  loads  that  causes  the  greater  stress : 

Viaduct  towers  shall  be  designed  for  a  force  of  50  lb.  per  sq.  ft.  on  one  and 
one-half  times  the  vertical  projection  of  the  structure  unloaded;  or  30  lb.  per 
sq.  ft.  on  the  same  surface  plus  400  lb.  per  lin.  ft.  of  structure  applied  7  ft. 
above  the  rail  for  the  assumed  wind  force  on  the  train  when  the  structure  is 
either  fully  loaded  or  loaded  on  either  track  with  empty  cars  assumed  to 
weigh  1  200  lb.  per  lin.  ft.,  whichever  gives  the  larger  stress. 

110. — Longitudinal  Force. — Provision  shall  be  made  for  the  starting  and 
stopping  of  trains,  with  a  coefficient  of  friction  on  the  engine  drivers  at  20% 
and  on  the  remainder  of  the  train  at  10  per  cent. 

111. — Temperature. — On  simple  spans,  provision  shall  be  made  for  expan- 
sion due  to  a  variation  in  temperature  of  120°  Fahr. 

112. — Alternate  Stresses. — Members  subject  to  alternate  stresses  of  tension 
and  compression  shall  be  proportioned  for  the  kind  of  stress  requiring  the 
larger  section.  If  the  alternate  stresses  occur  in  succession  during  the  passage 
of  one  train,  as  in  stiff  counters,  each  stress  shall  be  increased  by  50%  of  the 
smaller.  The  connections  of  such  members  shall  be  proportioned  in  all  cases 
for  the  sum  of  the  stresses  thus  increased. 
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If  the  live  load  and  dead  load  stresses  are  opposite  in  character,  only  two- 
thirds  of  the  dead  load  stress  shall  be  considered  as  effective  in  counteracting 
the  live  load  stress.  This  reduction  of  dead  loa'd  shall  not  be  made  in  propor- 
tioning members  subject  to  alternate  stresses. 

lis. — Combined  Stresses. — Members  subject  to  both  axial  and  bending 
stresses  shall  be  proportioned  so  that  the  combined  fiber  stresses  vpill  not 
exceed  the  unit  stresses  given  in  Article  201.  In  members  continuous  over 
panel  points,  three-fourths  of  the  bending  stress  computed  as  for  simple  beams 
shall  be  added  to  the  axial  stress. 

llJf. — For  stresses  produced  by  combination  of  longitudinal  or  lateral  and 
wind  forces  with  live  load,  dead  load,  impact,  and  centrifugal  force,  the  unit 
stresses  may  be  increased  25%  over  those  specified  in  Article  201.  When 
secondary  stresses  are  included,  the  unit  stress  may  be  increased  33^  per  cent. 
In  no  case  shall  the  section  be  less  than  that  required  for  dead  load,  live  load, 
impact,  and  centrifugal  force  at  the  unit  stresses  specified  in  Article  201,  or 
less  than  that  required  if  secondary  stresses  are  not  considered. 

115. — Secondary  Stresses. — Secondary  stresses  shall  be  avoided  where 
possible  in  designing  and  detailing.  In  ordinary  trusses  without  sub-paneling, 
secondary  stresses  due  to  distortion  need  not  be  considered  in  any  member  the 
width  of  which  measured  parallel  with  the  plane  of  flexure  is  less  than  one-tenth 
of  its  length.    All  other  secondary  stresses  shall  be  considered. 

Section  2. — Unit  Stresses 

£01. — The  unit  stresses  to  be  used  in  proportioning  the  several  parts  of  the 
structure  shall  be  as  follows : 

Allowable  Stresses  for  Structural  and  Rivet  Steel: 

Kips  per* 
square  inch. 

Tension  16.0 

Compression    (one   diameter) 16.0 

Compression  on  columns: 

16.0 
^=    F- 

"^  13  500  r^ 

in  which: 

p  =  allowable  unit  stress; 

I  =  length  of  member,  in  inches; 

r  =   least  radius  of  gyration  of  member,  in  inches; 

I 
but  not  to  exceed  the  value  for  —  =  40. 

/• 

Bending  in  extreme  fibers  of  rolled  shapes,  built  sections,  and 

girders,  net  section 16.0 

Bending  in  extreme  fibers  of  pins 24.0 

Shear  in  plate-girder  and  I-beam  webs,  net  sections 12.0 

Shear  in  pins  and  power-driven  rivets 12.0 

Shear  in  turned  bolts  and  hand-driven  rivets 10.0 

Bearing  on  pins,  power-driven  rivets,  outstanding  legs  of  stif- 
fen er  angles,  and  other  steel  parts  in  contact 24.0 

Bearing  on  turned  bolts  and  hand-driven  rivets 20.0 

Bearing  on  countersunk  rivets.     Only  one-half  the  countersink 

shall  be  computed  as  bearing  surface. 

Bearing  on  rollers  per  linear  inch 0.6  d 

«  1  k.  =  1  000  lb. 
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in  which, 

d  =  diameter  of  roller,  in  inches. 

For  cast-steel  shoes  and  pedestals,  the  allowable  unit  stress  for  structural 
steel  will  apply. 

For  members  composed  of  steel  of  greater  strength  than  structural  grade 
the  allowable  stresses  may  be  increased  in  proportion  to  the  higher  yield  point 
of  the  stronger  steel,  provided  the  yield  point  is  not  more  than  70%  of  the 
ultimate  strength.  In  the  column  formula,  the  fractional  part  of  the 
denominator  should  be  increased  in  the  same  ratio. 

S02. — Limiting  Length  of  Members. — The  lengths  of  main  compression 
members  shall  not  exceed  100  times  their  least  radius  of  gyration,  and  those 
for  wind  and  sway-bracing  120  times  their  least  radius  of  gyration. 

The  lengths  of  riveted  tension  members  shall  not  exceed  200  times  their 
least  radius  of  gyration. 

203. — Allowable  Fiber  Stres.<t  on  Wooden  Cross-Ties. — (The  maximum 
wheel  load  with  100%  impact,  will  be  distributed  over  three  ties)  : 

Kips  per 
square  inch. 

White  oak  and  dense  yellow  pine 2.0 

Dense  Douglas  fir ' 1.5 

White  pine,  ordinary  yellow  pine,  and  spruce 1.2 

20^. — Allowable  Pressure  on  Masonry. — 

Kips  per 
square  inch. 

Granite    masonry 0:8 

Limestone  and  sandstone  (good  quality) 0.4 

Concrete    (1:2:4) 0.6 

Section  3. — Details  of  Design 

301. — Thichness  of  Material. — In  bridges  designed  for  live  loads  of  more 
than  E-40,  material  less  than  |  in.  in  thickness  shall  not  be  used,  except  for 
fillers. 

In  bridges  designed  for  live  loads  of  E-40  and  less,  material  \s  in.  in 
thickness  may  be  used. 

302. — Open  Details. — Details  shall  be  arranged  so  as  to  give  free  access  for 
inspection  and  painting.    Water-jwckets  shall  be  avoided. 

303.— -Compression  Members. — Compression  members  shall  be  designed  so 
that  the  metal  shall  be  concentrated  as  far  as  feasible  in  the  webs  and  flanges, 
and  so  that  the  center  of  gravity  of  the  section  may  be  as  near  the  center  line 
of  the  member  as  practicable. 

SOJ^. — Rigid  Members. — Hip  verticals  and  members  performing  similar 
functions,  and  the  two  end  panels  of  the  bottom  chords  of  single-track  pin- 
connected  bridges  preferably  shall  be  rigid. 

305. — Net  Sections. — Net  sections  shall  be  used  in  all  cases  in  calculating 
tension  members;  and,  in  deducting  rivet  holes,  they  shall  be  taken  as  J  in. 
larger  than  the  nominal  diameter  of  the  rivet.  The  weakening  effect  of  a 
staggered  rivet  shall  be  allowed  for  by  deducting  from  the  transverse  section 
a  strip,  w  in  width,  as  given  by  the  formula : 

w  =  h—  -—, 
Ag 

in  which, 

w  =  width,  in  inches,  of  strip  to  be  deducted; 

h  =  diameter  of  rivet  hole,  in  inches; 

s  =  stagger,  or  longitudinal  spacing  of  rivet  with  respect  to  rivet  on 

last  gauge  line,  in  inches; 

g  =  distance  between  gauge  lines,  or  transverse  spacing,  in  inches. 
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S06. — Pin-connected  riveted  tension  members  shall  have  a  net  section  back 
of  the  pin-hole,  parallel  to  the  axis  of  the  member,  of  not  less  than  the  required 
net  section  of  the  body  of  the  member,  and  shall  have  a  net  section  through  the 
pin-hole  at  least  one-third  larger  than  the  required  section.  Kivcted  tension 
members  shall  be  stitch-riveted  where  necessary  to  make  a  compact  member. 

S07. — Maximum  Length  of  Rivet. — The  total  thickness  of  plates  connected 
by  rivets  shall  not  exceed  six  times  the  nominal  diameter  of  the  rivet  to  be  used. 

308. — Pitch  of  Rivets. — Rivets  shall  be  proportioned  by  their  nominal  diam- 
eter. They  shall  not  be  spaced,  center  to  center,  closer  than  3  diameters 
nor  farther  apart,  in  the  direction  of  the  stress,  than  sixteen  times  the  thick- 
ness of  the  thinnest  plate  connected,  nor  farther  apart,  at  right  angles  to  the 
line  of  stress,  than  thirty  times  that  thickness,  except  in  the  cover-plates  of 
compression  members,  where  the  spacing  may  be  forty  times  the  thickness  of 
the  thinnest  plate.  The  pitch  of  rivets  at  ends  of  built  compression  members 
shall  not  be  more  than  4  diameters,  for  a  distance  of  one  and  one-fourth  times 
the  width  of  the  member. 

S09. — Edge  Distance  of  Riveis. — Rivets  shall  not  be  spaced  closer  to  sheared 
edges  than  If  diameters,  nor  to  rolled. or  planed  edges,  except  in  flanges  of 
beams  and  channels,  than  1^  diameters,  nor  farther  from  the  edge  than  eight 
times  the  thickness  of  the  plate. 

310. — Built  Chord  Splices. — Built  chords  subjected  to  compression  only, 
when  faced  for  bearings,  shall  be  spliced  on  four  sides  sufficient  to  hold  the 
abutting  members  accurately  in  place  and  to  transmit  at  least  25%  of  the 
stress  through  splice-plates.  Generally,  they  shall  be  spliced  as  near  to  panel 
points  as  practicable.    All  other  joints  shall  be  fully  spliced. 

311. — Extra  Rivets  in  Packing. — Filler-plates  through  which  stress  is  trans- 
mitted, or  splice-plates  not  in  direct  contact  with  the  parts  they  connect,  shall 
be  extended  for  extra  riveting. 

312. — Latticing  Compression  Members. — All  segments  of  members  in  com- 
pression, connected  by  latticing  only,  shall  have  batten-plates  at  each  end.  The 
thickness  of  such  plates  shall  not  be  less  than  one-fortieth  of  the  distance 
between  the  rivets  connecting  them  to  the  compression  member.  In  no  case 
shall  the  length  of  such  batten-plates  be  less  than  1^  times  the  width  of  the 
member.  Where  intermediate  batten-plates  are  used,  their  length  shall  be  at 
least  three-quarters  of  the  width  of  the  member. 

The  distance  between  the  connections  of  latticing  shall  be  such  that  the 
individual  members  between  them,  composing  the  column  shall  be  relatively 
stronger  than  the  column  as  a  whole. 

318. — Tension  members  composed  of  shapes  shall  have  their  separate  seg- 
ments connected  by  batten-plates,  or  by  batten-plates  and  lattice-bars. 

SI4. — Lattice-Bars.- — Single  lattice-bars  shall  generally  be  inclined  at 
an  angle  of  60°  with  the  axis  of  the  member,  and  double  lattice-bars  at  an 
angle  of  45°,  riveted  at  the  intersection.  Single  lattice-bars  shall  have  a 
thickness  of  not  less  than  one-fortieth,  and  double  lattice-bars  not  less  than 
one-sixtieth,  of  the  distance  between  rivets  connecting  them  to  the  compression 
member. 

315. — The  latticing  of  compression  members  shall  be  proportioned  to  resist 
shearing  stress  normal  to  the  member  not  less  than  that  calculated  by  the 
formula : 


4  000  y 
in  which, 

R  =  normal  shearing  stress,  in  pounds; 

P  =  strength  of  column  as  a  compression  member,  expressed  in  pounds ; 
I  =  length  of  column,  in  inches; 
y  =  distance  from  neutral  axis  to  extreme  fiber,  in  inches. 
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In  a  compression  member  with  a  cover-plate,  the  cover-plate  will  be  assumed 
to  take  one-half  the  shear. 

S16. — The  diameter  of  the  rivets  shall  not  exceed  one-third  the  width  of 
the  bar. 

S17. — Reinforcing  Pin-Holes. — Where  necessary,  pin-holes  shall  be  rein- 
forced by  plates.  These  plates  shall  be  connected  so  as  to  distribute  the  bearing 
pressure  proportionately  over  the  full  cross-section  with  a  minimum  of  eccen- 
tricity. At  least  one  full-width  plate  on  each  segment  shall  extend  6  in. 
beyond  the  near  edge  of  the  batten-plate. 

318. — Forked  Ends. — Forked  ends  of  compression  members  should  be 
avoided.  Where  forked  ends  are  used,  a  sufficient  number  of  pin-plates  shall 
be  provided  to  give  each  jaw  the  full  strength  of  the  compression  member.  At 
least  one  of  these  plates  shall  extend  to  the  far  edge  of  the  batten-plates,  and 
the  others  not  less  than  6  in.  beyond  the  near  edge  of  the  batten-plates. 

319. — Floor-Beam  Connections. — Floor-beams  preferably  shall  be  square  to 
the  girders  or  trusses,  and  shall  be  riveted  directly  to  the  girders  or  to  the 
posts  of  the  trusses. 

320. — Lateral  Bracing. — Through  bridges  shall  be  provided  with  post 
brackets  at  the  intermediate  panel  points,  of  sufficient  strength  to  maintain 
the  panel  in  a  vertical  i)Osition  under  the  specified  wind  pressure.  When  the 
height  of  the  top  chord  is  more  than  26  ft.  above  the  floor,  an  overhead  system 
of  sway-bracing  shall  be  used. 

321. — In  either  deck  or  through  bridges,  the  end  sway -bracing  shall  be 
proportioned  to  carry  the  entire  upper  lateral  stress  to  the  support,  through 
the  end  posts  of  the  truss. 

Eigid  lateral  bracing  is  preferred  and  no  connection  shall  have  less  than 
three  rivets. 

322. — Viaduct  towers  shall  be  braced  both  transversely  and  longitudinally, 
with  a  double  system  of  rigid  diagonals  with  riveted  connections.  Longitu- 
dinal and  transverse  struts  shall  be  placed  at  caps  and  bases  and  at  all  inter- 
mediate panel  points.  All  bracing  connections  shall  be  made  with  gusset- 
plates.  The  struts  at  the  base  of  towers  shall  be  strong  enough  to  slide  the 
movable  shoes  and  provide  expansion,  with  the  structure  unloaded. 

323. — Plate  Girders. — Plate  girders  shall  be  proportioned  by  assuming  that 
the  flanges  are  concentrated  at  their  centers  of  gravity,  but  in  no  case  beyond 
the  back  of  the  flange  angles.  One-eighth  of  the  gross  section  of  the  web 
may  be  considered  as  flange  area,  provided  the  web  is  properly  spliced  to  trans- 
mit its  bending  .moment.  For  unusual  sections,  the  net  section  modulus  shall 
be  used. 

32Jf. — Compression  Flanges. — The  gross  section  of  compression  flanges  of 

plate  girders  or  I-beams  shall  not  be  less  than  the  gross  section  of  the  tension 

flanges,  but  the  stress  per  square  inch  shall  not  exceed: 

I 
16.0  K—  0.15  -^, 

0 

in  which, 

I  =  length  of  unsupported  flange,  between  lateral  connections  or  knee- 
braces,  in  inches;  and 
6  =  width  of  flange,  in  inches. 
325. — When  flange  plates  are  used,  at  least  one  plate  on  each  flange  shall 
extend  the  full  length  of  the  girder,  and  on  through  bridges,  an  end  and  corner 
cover-plate  shall  be  used.    Any  additional  flange  plates  shall  be  of  such  length 
as  to  allow  two  rows  of  rivets  of  the  regular  pitch  to  be  placed  at  each  end  of 
the  plate,  beyond  the  theoretical  point  required,  and  there  shall  be  a  sufficient 
number  of  rivets  at  the  ends  of  each  plate  to  transmit  its  stress  value  before  the 
theoretical  point  of  the  next  outside,  plate  is  reached. 
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S26. — Flange  plates  which  are  spliced,  shall  be  properly  covered  by  extra 
material  equal  in  section  to  the  material  spliced.  Flange  angles  shall  have 
angle  splices.  There  shall  be  a  sufficient  number  of  rivets  on  each  side  of  the 
splice  to  transmit  the  stress  value  of  the  parts  cut. 

327. — The  webs  of  plate  girders,  wherever  cut,  shall  be  fully  spliced  for 
shear  and  bending. 

S£S. — Stiffeners. — Stiffener  angles  shall  be  placed  at  end  bearings  and  at 
points  of  concentrated  load.  Such  stiileners  shall  not  be  crimped  and  shall 
have  outstanding  legs  proportioned  for  bearing  and  extending  as  nearly  as 
practicable  to  the  edge  of  the  flange  angles. 

829. — Intermediate  Stiffeners. — Webs  shall  be  stiffened  by  angles  riveted 
thereto  in  pairs,  with  outstanding  legs  not  exceeding  sixteen  times  their  thick- 
ness and  not  less  than  2  in.  plus  one-thirtieth  of  the  depth  of  the  girder.  Inter- 
mediate stiffeners  shall  be  placed  at  intervals  not  exceeding  the  depth  of  the 
web,  nor  6  ft. 

SSO. — If  the  depth  of  the  web  between  the  flange  angles  or  side-plates  is  less 
than  fifty  times  the  thickness  of  the  web,  intermediate  stiffeners  may  be 
omitted. 

331. — Expansion  Rollers. — All  bridges,  80  ft.  or  more  in  length,  .that  bear 
on  masonry,  shall  be  provided  with  pin-bearing  bolsters,  and,  at  one  end,  shall 
have  turned  rollers  not  less  than  4  in.  in  diameter,  placed  between  two  planed 
surfaces.  Spans  of  less  than  80  ft.  shall  be  free  to  move  at  one  end  on  planed 
surfaces  without  rollers. 

332. — The  nests  of  rollers  shall  be  designed  so  as  to  prevent  displacement. 

333. — Beai-ings  Anchored. — Trusses  shall  be  secured  against  side  motion  on 
bearing  plates  and  rollers.  The  bolsters  shall  be  joined  to  the  trusses  and  the 
bearing  plates  secured  to  the  underlying  supports  by  bolts.  Anchor-bolts  shall 
not  be  less  than  1^  in.  in  diameter,  and  shall  extend  not  less  than  18  in.  into  the 
masonry.  Washers  shall  be  used  under  the  nut.  Anchor-bolts  subjected  to 
tension,  as  in  viaduct  towers,  shall  engage  50%  more  masonry  than  is  sufficient 
to  counteract  the  uplift. 

S3Jf.. — Eye-Bar  Packing. — Eye-bars  shall  not  be  packed  out  of  line  with  the 
axis  of  the  member  more  than  t^  in.  to  1  ft.  Members  packed  on  pins  shall  be 
held  against  side  movement. 

335. — Camber. — The  length  of  truss  members  shall  be  such  that  the  camber 
will  be  equal  to  the  deflection  produced  by  the  dead  load  plus  the  full  train 
load,  without  impact. 

Section  4. — Workmanship 

^01. — General. — All  workmanship  shall  be  equal  to  the  best  practice  in 
modern  bridge  shops.  The  methods  used  and  the  character  of  the  work  done 
shall  be  such  that  the  strength  of  the  various  members,  as  designed,  shall  be 
fully  realized. 

Jt02. — Straightening. — When  necessary,  the  material  shall  be  straightened 
by  methods  that  will  avoid  any  excessive  local  internal  stresses.  Sharp  kinks 
and  bends  may  be  cause  for  rejection. 

403. — Shearing  Structural  Steel. — All  shearing  shall  be  done  neatly  and 
material  exceeding  |  in.  in  thickness,  shall  have  i  in.  planed  from  the  sheared 
edges. 

404. — Shearing  Alloy  Steel. — All  shearing  shall  be  done  neatly  and  material 
exceeding  i  in.  in  thickness  shall  have  i  in.  planed  from  the  sheared  edges. 

405. — Rivet  Holes. — Material  forming  parts  of  a  member  composed  of  more 
than  five  thicknesses  of  metal  shall  be  punched,  or  drilled,  with  a  tool  fs  in. 
smaller  than  the  nominal  size  of  the  rivets  and  reamed  to  full  size  after  the 
parts  are  assembled.  When  the  holes  are  made  after  the  parts  are  assembled, 
they  shall  be  drilled  full  size. 
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■kOG. — Rivet  Holes  in  Structural  Steel. — Material  forming  parts  of  a  member 
composed  of  not  more  than  five  thicknesses  of  structural  steel  may  be  punched 
tW  in.  larger  than  the  nominal  size  of  the  rivets,  whenever  the  thickness  of  the 
metal  is  equal  to,  or  less  than,  the  nominal  size  of  the  rivets,  plus  \  in.  All 
metal  thicker  than  the  nominal  size  of  the  rivets,  plus  J  in.,  shall  be  drilled 
from  the  solid. 

JfOl. — Rivet  Holes  in  Alloy  Steel. — Material,  ^  in.,  or  less,  in  thickness, 
forming  parts  of  a  member  composed  of  not  more  than  five  thicknesses  of  alloy 
steel  may  be  punched  is  in.  larger  than  the  nominal  size  of  the  rivets.  Material 
thicker  than  ^  in.  shall  be  punched,  or  drilled,  with  a  tool  fs  in.  smaller  than 
the  nominal  size  of  the  rivets  and  reamed  to  full  size  after  the  parts  are 
assembled.  All  metal  thicker  than  the  nominal  size  of  the  rivets,  less  i  in., 
shall  be  drilled  from  the  solid. 

Jf08. — Dnfting. — Drifting  to  enlarge  unfair  holes  will  not  be  allowed. 

jIi.09. — Field  Rivet  Holes. — All  holes  for  field  connections,  except  those  for 
bracing  and  similar  parts,  shall  be  reamed  or  drilled  to  a  metal  templet,  or 
while  the  members  are  temporarily  assembled.  When  the  reaming  or  drilling 
is  done  with  the  pieces  assembled,  the  parts  shall  be  match-marked  and  a  dia- 
gram of  the  marks  made. 

410. — Dies. — Punch  dies  shall  not  be  more  than  ?p5  in.  larger  than  the  punch. 

ill. — Weh-Plates. — Web-plates  of  girders  which  have  no  cover-plates,  shall 
be  flush  with  the  backs  of  the  top  flange  angles  or  project  above  them  not  more 
than  I  in. 

Web-plates  of  girders  that  have  cover-plates  may  be  i  in.  less  in  width  than 
the  distance  back  to  back  of  flange  angles.  The  ends  of  web-plates  at  splices 
shall  not  be  more  than  i  in.  apart. 

^12.— Splice-Plates  and  Fillers.— Weh  splices,  plates,  and  fillers  shall  fit 
within  i  in.  of  the  flange  angles. 

JflS. — Web  Stiff eners. — Web  stiffeners  at  bearings  and  points  of  concentrated 
loads  on  the  flanges,  shall  be  faced  and  brought  to  bearing  against  the  flange 
angles. 

Jf-lJ/.. — Lattice-Bars. — The  ends  of  the  lattice-bars  with  single  rivets  shall  be 
neatly  rounded. 

JflS. — Floor-Beams  and  Stringers. — The  main  sections  of  floor-beams  and 
stringers  shall  be  of  exact  length  after  riveting,  and  the  end-connection  angles 
shall  be  accurately  set  to  length,  and  square. 

4I6. — Turned  Bolts. — Generally,  the  use  of  bolts  instead  of  rivets  shall  not 
be  permitted.  Wherever  bolts  are  used,  the  holes  shall  be  reamed  parallel  and 
the  bolts  turned  to  a  driving  fit,  and  the  threads  shall  be  entirely  outside  the 
holes.  A  washer  not  less  than  i  in.  thick  shall  be  used  under  the  nut  and  the 
thread  burred. 

Jfl7. — Abutting  Joints. — Abutting  joints  shall  be  fitted  close.  The  abutting 
surfaces  of  compression  joints  which  depend  on  contact  bearing  shall  be 
accurately  faced. 

J/.18. — Eye-Bars.— Eje-hars  shall  be  made  by  a  process  that  will  produce  a 
uniform  product.  Welds  will  not  be  allowed.  The  form  of  the  heads  may  be 
determined  by  the  dies  at  the  works  where  the  eye-bars  are  made,  if  satisfactory 
to  the  Engineer,  but  the  manufacturers  shall  guarantee  the  bars  to  break  in  the 
body  when  tested  to  rupture.  The  thickness  of  the  head  shall  not  be  more  than 
^  in.  greater  than  that  of  the  bar,  except  by  mutual  agreement  in  special 
cases. 

J^19. — Pin  Clearance. — The  diameters  of  pin-holes  shall  not  exceed  those  of 
the  pins  by  more  than  J^j  in.  for  pins  8  in.  or  less  in  diameter,  nor  more  than 
3^  in.  for  larger  pins. 

JfSO. — Pins  and  Rollers. — Pins  more  than  7  in.  in  diameter  shall  be  forged 
and  annealed.  Pins  9  in.  or  more  in  diameter  shall  have  a  2-in.  longitudinal 
hole  bored  through  the  axis.    All  pins  shall  be  turned. 
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If.21. — Steel  Castings. — Steel  castings  shall  be  free  from  large  and  injurious 
blow-holes  and  shall  be  annealed. 

Jt.22. — Bed-Plates. — Expansion  bed-plates  shall  be  planed  true  and  smooth. 
The  finishing  cut  of  the  planer  tool  shall  be  in  the  direction  of  expansion.  Cast 
wall-plates  shall  be  planed  on  top. 

If23. — Screw-Threads. — Screw-threads  shall  be  U.  S.  Standard.  The  nuts 
shall  fit  tight. 

J^2J^. — Welds. — Welds  will  be  allowed  only  where  the  unit  stress  is  not  more 
than  one-half  the  ordinary  specified  working  stress. 

Jt25. — Pilot  Nuts. — Two  pilot  and  two  driving  nuts  shall  be  furnished  for 
each  size  of  pin. 

Ji.26. — Field  Rivets. — Field  rivets  shall  be  furnished  in  excess  of  the  nominal 
number  required  to  the  amount  of  10%  plus  10  rivets  of  each  size  and  length. 

Jf.27. — Shop  Painting. — All  surfaces  that  come  in  contact  or  that  are  closed 
shall  receive  one  coat  of  approved  paint  before  being  assembled.  All  steel  shall 
be  scraped  free  of  scale  and  shall  receive  one  coat  of  approved  paint  before 
leaving  the  shops. 

Jf28. — All  machined  surfaces  shall  receive  a  coat  of  white  lead  and  tallow  at 
the  shop. 

Jf29.- — Facilities  for  Inspection. — The  Inspector  shall  be  allowed  access  to 
all  necessary  parts  of  the  works. 

J^SO. — Inspector's  Authority. — The  Inspector  shall  have  the  power  to  reject 
materials  and  workmanship  which  do  not  fulfill  the  requirements  of  these 
specifications;  but,  in  case  of  dispute,  the  Contractor  may  appeal  to  the 
Engineer,  whose  decision  shall  be  final. 

JfSl. — Rejection. — The  acceptance  of  any  material* or  finished  members  by 
the  Inspector,  shall  not  be  a  bar  to  their  subsequent  rejection  if  they  are  found 
to  be  defective. 

Eejected  material  and  workmanship  shall  be  replaced  promptly  or  made 
good  by  the  Contractor. 

Section  5. — Eull-Size  Eye-Bau  Tests 

501. — Matenal  Tests. — When  the  acceptance  of  eye-bars  depends  on  the 
results  of  full-size  tests,  the  quality  of  the  material,  as  proved  by  the  speci- 
men tests,  shall  be  determined  by  the  manufacturer. 

502. — Number  of  Full-Size  Tests. — The  number  and  size  of  the  bars  to  be 
tested  shall  be  specified  by  the  Engineer  before  the  mill  order  is  placed. 

603. — Selection  of  Eye-Bars. — The  test  bars  shall  be  the  same  section  as  the 
bars  that  are  to  be  used  in  the  structure  and  of  the  same  length,  if  within 
the  capacity  of  the  testing  machine.  Test  bars  representing  bars  too  long 
for  the  testing  machine  shall  be  selected  from  the  full  length  bar  material  after 
the  heads  on  one  end  have  been  formed,  and  shall  then  be  cut  and  the  second 
head  formed  to  the  greatest  length  that  can  be  tested. 

50Jf. — Requirements  for  Full-Size  Tests. — The  requirement  for  full-size 
eye-bar  tests  shall  be  as  follows : 

structural  steel 
annealed 
eye-bars. 

Yield  point,  in  pounds  per  square  inch,  minimum 30.0  Tc 

Ultimate  strength,  in  pounds  per  square  inch,  minimum.     55.0  k 
Elongation  percentage  in  18  ft.,  minimum 12 

The  elongation  shall  be  measured  in  the  body  of  the  bar  including  the 
fracture. 

505. — Re-Tests. — When  a  bar  fails  to  meet  the  requirements,  two  additional 
bars  of  the  same  size  and  from  the  same  mill  heat  may  be  tested.  If  two  of 
three  bars  tested  fail,  the  bars  of  that  size  and  mill  heat  shall  be  rejected. 
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506. — Payment  for  Eye-Bars. — Eye-bars  thus  tested  which  meet  the  re- 
quirements of  these  specifications,  shall  be  paid  for  by  the  purchaser  at  the 
same  unit  price  as  for  the  structure.  Bars  which  fail  to  meet  the  requirements 
of  the  specifications,  and  all  bars  rejected  as  a  result  of  the  tests,  shall  be  at  the 
expense  of  the  Contractor. 

Section  6. — Weighing  and  Shipping 

601. — Weight  Paid  For. — The  payment  for  pound-price  contracts  shall  be 
based  on  the  weight  of  metal  in  the  fabricated  structure,  including  field  rivets 
shipped.  The  weight  of  erection  bolts,  field  paint,  and  all  boxes,  crates,  or 
other  containers  used  for  packing,  together  with  sills,  struts,  and  rods  used  for 
supporting  members  during  transportation,  shall  be  excluded. 

Weights  paid  for  shall  be  shop-scale  weights  unless  otherwise  provided. 
If  specified  in  the  contract  or  permitted  by  the  Engineer,  computed  weights, 
as  hereinafter  provided,  may  be  made  the  basis  of  payment. 

602. — Variation  in  Weight.— li  the  weight  of  any  member  is  more  than 
2i%  less  than  the  computed  weight,  it  may  be  cause  for  rejection.  This  applies 
to  both  pound-price  and  lump-sum  contracts. 

If  the  total  scale  weight  of  any  structure  exceeds  the  computed  weight  by 
more  than  2%,  the  weight  in  excess  of  2%  above  the  computed  weight  shall 
not  be  paid  for. 

60S. — Weighing  of  Meinhe>rs. — Finished  work  shall  be  weighed  in  the 
presence  of  the  Inspector,  if  practical.  The  Contractor  shall  supply  satis- 
factory scales  and  shall  perform  all  work  involved  in  handling  and  weighing 
the  various  parts.  , 

604  ■■ — Computed  Weight. — The  weight  of  steel  shall  be  assumed  at  490 
lb.  per  cu.  ft.     The  weight  of  cast  iron  shall  be  assumed  at  450  lb.  per  cu.  ft. 

The  weights  of  rolled  shapes,  and  of  plates  up  to  and  including  36  in.  in 
width,  shall  be  computed  on  the  basis  of  their  nominal  weights  and  dimen- 
sions, as  shown  on  the  approved  shop  drawings,  deducting  for  copes,  cuts, 
and  open  holes. 

The  weights  of  plates  wider  than  36  in.  shall  be  computed  on  the  basis  of 
their  dimensions,  as  shown  on  the  approved  shop  drawings,  deducting  for  cuts 
and  open  holes.  To  this  shall  be  added  one-half  of  the  allowed  percentages 
of  overrun  in  weight  given  in  Article  711. 

The  weight  of  heads  of  shop-driven  rivets  shall  be  included  in  the  com- 
puted weight,  assuming  the  weights  to  be  as  follows : 

Diameter  of  rivet,  Weight  lor  100  heads 

in  inches:  in  pounds: 

i  4.5 

I  8.5 

I  14.5 

I  21.5 

1  31.0 

The  weight  of  castings  shall  be  computed  from  the  dimensions  shown  on 
the  approved  shop  drawings,  with  an  addition  of  10%  for  fillets  and  overrun. 

To  the  total  computed  weight  of  metal  may  be  added  an  allowance  of  0.4  of 
1%  for  shop  paint. 

Section  7. — Structural  Steel  for  Bridges 

These  specifications  conform  to  the  Standard  Specifications  for  Structural 
Steel  for  Bridges  of  the  American  Society  for  Testing  Materials. 

701. — Steel  Castings. — The  Standard  Specifications  for  Steel  Castings 
(Serial  Designation,  A27),  adopted  by  the  American  Society  for  Testing 
Materials,  shall  govern  the  purchase  of  steel  castings  for  bridges.  Unless 
otherwise  specified.  Class  B  castings,  medium  grade,  shall  be  used. 
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I. — Manufacture 
702. — Process. — The  steel  shall  be  made  by  the  open-hearth  process. 
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703.- 


II. — Chemical  Properties  and  Tests 
-Chemical  Composition. — The  steel  shall  conform  to  the  following 


requirements  as  to  chemical  composition: 


Structural 
steel. 


Rivet 
steel. 


rnospnorus -j  Basic "       "     0.04%    "       "      0.04% 

Sulphur '<        "     0.05%     "        "      0.04.5% 

704. — Ladle  Analyses. — An  analysis  of  each  melt  of  steel  shall  be  made  by 
the  manufacturer  to  determine  the  percentages  of  carbon,  manganese,  phos- 
phorus, and  sulphur.  This  analysis  shall  be  made  from  a  test  ingot  taken 
during  the  pouring  of  the  melt.  The  chemical  composition  thus  determined 
shall  be  reported  to  the  purchaser  or  his  representative,  and  shall  conform  to 
the  requirements  specified  in  Article  703. 

705. — Check  Analyses. — Analyses  may  be  made  by  the  purchaser  from  fin- 
ished material  representing  each  melt.  The  phosphorus  and  sulphur  content 
thus  determined  shall  not  exceed  that  si)ecified  in  Article  703  by  more  than 
25  per  cent. 

III. — Physical  Properties  and  Tests 
706.— Tension  Tests.— 

(a). — The  material  shall  conform  to  the  requirements  as  to  tensile  prop- 
erties given  in  Table  1. 

TABLE  1. 


Properties  considered. 

Structural  steel. 

Rivet  steel. 

55  000-65  000* 

0.5  tensile  strength 

1  500  OOOt 

46  000—56  000 

Yield  point,  minimum,  per  square  inch 

0.5  tensile  strength 

1  500  000 

Elongation  In  2  in.,         "                 "           

Tensile  strength 
22 

Tensile  strength 

*  See  Article   706,   Paragraph    (b). 
t  See  Article  707. 

(&). — In  order  to  meet  the  required  minimum  tensile  strength  of  full-size 
annealed  eye-bars,  the  purchaser  may  determine  the  tensile  strength  to  be 
obtained  in  specimen  tests ;  the  range  shall  not  exceed  14  000  lb.  per  sq.  in., 
and  the  maximum  shall  not  exceed  74  000  lb.  per  sq.  in.  The  material  shall 
conform  to  the  requirements  as  to  physical  properties  other  than  that  of 
tensile  strength,  specified  in  Articles  706(&),  707(&),  and  708(&). 

(c). — The  yield  point  shall  be  determined  by  the  drop  of  the  beam  of  the 
testing  machine. 

707. — Modifications  in  Elongation. — 

(a). — For  structural  steel  more  than  |  in.  in  thickness,  a  deduction  from 
the  percentage  of  elongation  in  the  8  in.  specified  in  Article  706(a),  of 
0.25%  shall  be  made  for  each  increase  of  s^  in.  of  the  specified  thickness 
above  |  in.,  to  a  minimum  of  18  per  cent. 

(&). — For  structural  steel  less  than  tV  in.  in  thickness,  a  deduction  from 
the  percentage  of  elongation  in  the  8  in.  specified  in  Article  706(a),  of  1.25% 
shall  be  made  for  each  decrease  of  3^  in.  in  thickness  below  A  in. 
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108.— Bend  Tests.— 

(a). — The  test  specimen  for  plates,  shapes,  and  bars,  except  as  specified 
in  Paragraphs  (fe),  (c),  and  (d),  shall  bend  cold  through  180°  without 
cracking  on  the  outside  of  the  bent  -portion,  as  follows :  For  material  |  in.  or 
less  in  thickness,  flat  on  itself;  for  material  more  than  |  in.  to  and  including 
1^  in.  in  thickness,  around  a  pin  the  diameter  of  which  is  equal  to  the  thick- 
ness of  the  specimen;  and  for  material  more  than  1^  in.  in  thickness,  around 
a  pin  the  diameter  of  which  is  equal  to  twice  the  thickness  of  the  specimen. 

(h). — The  test  specimen  for  eye-bar  flats  shall  bend  cold  through  180° 
without  cracking  on  the  outside  of  the  bent  portion,  as  follows:  For  material 
I  in.  or  less  in  thickness,  around  a  pin  the  diameter  of  which  is  equal  to  the 
thickness  of  the  specimen;  for  material  more  than  |  in.  to  and  including  IJ 
in.  in  thickness,  around  a  pin  the  diameter  of  which  is  equal  to  twice  the 
thickness  of  the  specimen;  and  for  material  more  than  1^  in.  in  thickness, 
around  a  pin  the  diameter  of  which  is  equal  to  thi*ee  times  the  thickness  of 
the  specimen. 

(c). — The  1  in.  by  J-in.  test  specimen  for  pins,  rollers,  and  other  bars, 
when  prepared  as  specified  in  Article  709,  shall  bend  cold  through  180°  around 
a  pin  1  in.  in  diameter,  without  cracking  on  the  outside  of  the  bent  portion. 

(d). — The  test  specimen  for  rivet  steel  shall  bend  cold  through  180°  flat 
on  itself,  without  cracking  on  the  outside  of  the  bent  portion. 


'  "I       i  '  ' 

H — «' — H 


\^ About  18 > 

Fig.  4. 

709. — Test  Specimens. — 

(o). — Test  specimens  shall  be  prepared  for  testing  from  the  material  in  its 
rolled  or  forged  condition,  except  when  it  is  specified  to  be  annealed,  in  which 
case  the  test  specimens  shall  be  prepared  from  the  material  as  annealed  for 
use,  or  from  a  short  length  of  a  full  section  similarly  treated. 

(h). — Test  specimens  shall  be  taken  longitudinally  and,  except  as  specified 
in  Paragraphs  (d),  (e),  and  (/),  shall  be  of  the  full  thiclmess  or  diameter  of 
the  material  as  rolled. 

(c). — Test  specimens  for  plates,  shapes,  and  flats  may  be  machined  to  the 
form  and  dimensions  shown  in  Fig.  4,  or  with  both  edges  parallel;  except  that 
bend-test  specimens  for  eye-bar  flats  may  have  three  rolled  sides. 

(d). — Tension-test  specimens  for  plates  and  eye-bar  flats  more  than  1^  in. 
in  thickness,  and  bend-test  specimens  for  plates  more  than  1^  in.  in  thick- 
ness, may  be  machined  to  a  thickness  or  diameter  of  at  least  f  in.  for  a  length 
of  at  least  9  in. 

(e). — Test  specimens  for  bars  more  than  IJ  in.  in  thickness  or  diameter 
may  be  machined  to  a  thickness  or  diameter  of  at  least  |  in.  for  a  length  of 
at  least  9  in.;  or  tension-test  specimens  may  conform  to  the  dimensions  shown 
in  Fig.  5,  in  which  case  the  ends  shall  be  of  a  form  to  fit  the  holders  of  the 
testing  machine  in  such  a  way  that  the  load  shall  be  axial.  Bend-test  speci- 
mens may  be  1  in.  by  i  in.  in  section. 
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(/). — Tension-test  specimens  for  pins  and  rollers  shall  conform  to  the 
dimensions  shown  in  Fig.  5.  In  this  case,  the  ends  shall  be  of  a  form  to  fit 
the  holders  of  the  testing  machine  in  such  a  way  that  the  load  shall  be  axial. 
Bend-test  specimens  shall  be  1  in.  by  J  in.  in  section. 


h 


Radius  not  less  than 


k 2  Gauge  length >| 

FlQ.   5. 

(g). — The  tension-test  specimen  shown  in  Fig.  5  and  the  1  in.  by  i-in. 
bend-test  specimen  for  pins  and  rollers  shall  be  taken  so  that  the  axis  is  1  in. 
from  the  surface;  and  for  other  bars  more  than  IJ  in.  in  thickness  or  diameter, 
midway  between  the  center  and  surface.* 

(h). — The  machined  sides  of  rectangular  bend-test  specimens  may  have 
the  corners  rounded  to  a  radius  of  not  more  than  tV  in. 

(i). — Test  specimens  for  rivet  bars  which  have  been  cold  drawn,  shall  be 
normalized  before  testing. 

710. — Nuniher  of  Tests. — 

(a). — One  tension  and  one  bend  test  shall  be  made  from  each  melt;  except 
that  if  material  from  one  melt  differs  §  in.  or  more  in  thickness,  one  tension 
and  one  bend  test  shall  be  made  from  both  the  thickest  and  the  thinnest 
material  rolled. 

(h). — If  any  test  specimen  shows  defective  machining  or  develops  flaws, 
it  may  be  discarded  and  another  specimen  substituted. 

(c). — If  the  percentage  of  elongation  of  any  tension-test  specimen  is  less 
than  that  specified  in  Article  706(a)  and  any  part  of  the  fracture  is  more 
than  I  in.  from  the  center  of  the  gauge  length  of  a  2-in.  specimen,  or  is  out- 
side the  middle  third  of  the  gauge  length  of  an  8-in.  specimen,  as  indicated 
by  scribe  scratches  marked  on  the  specimen  before  testing,  a  re-test  shall  be 
allowed. 

IV. — Permissible  Variations  in  Weight  and  Thickness 

711. — The  cross-section  or  weight  of  each  piece  of  steel  shall  not  vary 
more  than  2.5%  from  that  specified,  except  in  the  case  of  sheared  plates  which 
shall  be  covered  by  the  following  permissible  variations  (1  cu.  in.  of  rolled 
steel  is  assumed  to  weigh  0.2833  lb.)  : 

(a). — When  ordered  to  weight  per  square  foot:  The  weight  of  each  lotf 
in  each  shipment  shall  not  vary  from  the  weight  ordered  more  than  the  amount 
given  in  Table  2. 

(5). — When  ordered  to  thickness:  The  thickness  of  each  plate  shall  not  vary 
more  than  0.01  in.  less  than  that  ordered. 

The  overweight  of  each  lot$  in  each  shipment  shall  not  exceed  the  amount 
given  in  Table  3. 

v.— Finish 

712. — The  finished  material  shall  be  free  from  injurious  defects  and  shall 
have  a  workmanlike  finish. 

•  The^auge  length,  parallel  portions,  and  fillets  shall  be  as  shown  in  Fig.  5,  but  the 
ends  may  be  ol  any  form  which  will  fit  the  holders  of  the  testing  machine. 

t  The  term  "lot"  applied  to  Table  2  means  all  the  plates  of  each  group  width  and 
group  weight.  ,  ..^^ 

t  The  term  "lot"  applied  to  Table  3  means  all  the  plates  of  each  group  width  and  group 
thickness. 
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TABLE  2. — Permissible  Variations  of  Plates  Ordered  to  Weight.* 


Pkrsiissible  Variations  in  Average  Weights 

PER  S<JU 

are  Foot  of 

Plates  for  Widths  Given.  Expressed  I^ 

Percentages 

OF  Ordered  Weights: 

Ordered  weight, 

48  to 

CO  to 

72  to 

84  to 

96  to 

108  to 

120  to 

132  in., 

in  pounds  per 

48 

. 

60  in., 

72  in.. 

84  in.. 

96  in.. 

108  in., 

120  in.. 

132  in., 

or 

square  foot. 

excl. 

excl. 

excl. 

excl. 

excl. 

excl. 

excl. 

over. 

% 

« 

1- 

•a 

■a 

> 

1 

9J 
73 

t- 
> 

Hi 

O 

t3 

O 

.a 

t3 

O 

0 

o 

D 

O 

t3 

O 

f 

O 

t3 

O 

& 

O 

D 

Under  5 

5 

4  5 

3 

3 

5.5 
5 

3 
3 

6 
5  5 

3 

3 

7 
6 

3 

3 

5     to   7.5,  excl 

7  5"  10,        "      

4 

•S 

4  5 

3 

5 

3 

5  5 

3 

fi 

3 

7 

3 

8 

3 

10      "  12.5,     "      

3.5 

2.5 

4 

3 

4.5 

3 

5 

3 

5.5 

3 

6 

3 

7 

3 

8 

3 

9 

3 

12.5  "15.        "      

3 

2.5 

3.5 

2.5 

4 

3 

4.5 

3 

5 

3 

5.5 

3 

6 

3 

7 

3 

8 

3 

15      "  17.5,     "      

2.5 

2  5 

3 

2.5 

3.5 

2.5 

4 

3 

4.5 

3 

5 

3 

5.5 

3 

6 

3 

7 

3 

17.5  "20,        "      

2.5 

2 

2.5 

2.5 

3 

2.5 

3.5 

2.5 

4 

3 

4.5 

3 

5 

3 

5.5 

3 

6 

3 

20      "2,5,        "      

2 

2 

2.5 

2 

2.5 

2.5 

3 

2.5 

3.5 

2.5 

4 

3 

4.5 

3 

5 

3 

5.5 

3 

25      "  30,        "      

2 

2 

2 

2 

2.5 

2 

2.5 

2.5 

3 

2.5 

3.5 

3 

4 

3 

4.5 

3 

5 

3 

30      "40,        "      

2 

2 

2 

2 

2 

2 

2.5 

2 

2.5 

2.5 

3 

2.5 

3.5 

3 

4 

3 

4.5 

3 

2 

2 

2 

2 

2 

2 

2 

a 

2.5 

2 

2.5 

2.5 

3 

2.5 

3.5 

3 

4 

H 

•  The  -weight  per  square  foot  of  individual  plates  shall  not  vary  from  the  ordered  weij 
by  more  than  one  and  one-third  times  the  amount  given  in  Table  2. 

TABiiE  3. — Permissible  Overweights  of  Plates  Ordered  to  Thickness. 


;ht 


Ordered  thickness, 
in  inches. 


Permissible  Excess  in  Average  Weights  per  Square  Foot 

OF  Plates  for  Widths  Given,  Expressed  in 
Percentages  of  Nominal  Weights: 


48  to 

60  to 

72  to 

84  to 

96  to 

108  to 

120  to 

48  in. 

60  in.. 

72  in.. 

84  in.. 

96  in.. 

108  in., 

120  in.. 

132  in., 

excl. 

excl. 

excl. 

excl. 

excl. 

excl. 

excl. 

9 

10 

12 

14 

8 

9 

10 

12 

7 

8 

9 

10 

12 

6 

7 

8 

9 

10 

12 

14 

16 

5 

6 

7 

8 

9 

10 

12 

14 

4.5 

5 

6 

7 

8 

9 

10 

12 

4 

4.5 

5 

6 

7 

8 

9 

10 

3.5 

4 

4.5 

5 

6 

7 

8 

9 

3 

3.5 

4 

4.5 

5 

6 

7 

8 

2.5 

3 

3.5 

4 

4.5 

5 

6 

7 

2.5 

2.5 

3 

3.5 

4 

4.5 

5 

6 

Undi^r  Va 

%  to  s/ic;  excl 
%e  "  M      •• 

Vi      "   5^6      " 

¥l<l  "  %     " 
%    "  TA«    " 

%o ;'  ¥2    ;; 

V2    "  % 
%    "  Vi     " 

8/4  "  1     •' 

1,  or  over 


VI. — Marking 

71s. — The  name  or  brand  of  the  manufacturer  and  the  melt  number  shall 
be  legibly  stamped  or  rolled  on  all  finished  material,  except  that  rivet  and 
lattice-bars  and  other  small  sections,  when  loaded  for  shipment,  shall  be 
properly  separated  and  marked  for  identification.  The  identification  marks 
shall  be  legibly  stamped  on  the  end  of  each  pin  and  roller.  The  melt  number 
shall  be  legibly  marked,  by  stamping  if  practicable,  on  each  test  specimen. 

VII. — ^Inspection  and  Rejection  • 

714. — Inspection. — The  Inspector  representing  the  purchaser  shall  have 
free  entry  at  all  times,  while  work  on  the  contract  of  the  purchaser  is  being 
performed,  to  all  parts  of  the  manufacturer's  works  which  concern  the  manu- 
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facture  of  the  material  ordered.  The  manufacturer  shall  afford  the  Inspector, 
free  of  cost,  all  reasonable  facilities  to  satisfy  him  that  the  material  is  bein{» 
furnished  in  accordance  with  these  specifications.  All  tests  (except  check 
analyses)  and  inspection  shall  be  made  at  the  place  of  manufacture  prior  to 
shipment,  unless  otherwise  specified,  and  shall  be  conducted  so  as  not  to 
interfere  unnecessarily  with  the  operation  of  the  works. 

715. — Rejection. — 

(a). — Unless  otherwise  specified,  any  rejection  based  on  tests  made  in  ac- 
cordance with  Article  705  shall  be  reported  within  five  working  days  from  the 
receipt  of  samples. 

(&). — Material  which  shows  injurious  defects  subsequent  to  its  acceptance 
at  the  manufacturer's  works  will  be  rejected,  and  the  manufacturer  shall  be 
notified. 

716. — Rehearing. — Samples  tested  in  accordance  with  Article  705,  which 
represent  rejected  material,  shall  be  preserved  for  two  weeks  from  the  date  of 
the  test  report.  In  case  of  dissatisfaction  with  the  results  of  the  tests,  the 
manufacturer  may  make  claim  for  a  rehearing  within  that  time. 

Section  8. — Structural  Nickel  Steel 

These  specifications  conform  to  the  Standard  Specifications  for  Structural 
Nickel  Steel  of  the  American  Society  for  Testing  Materials. 

I. — Manufacture 

801. — Process.- — The  steel  shall  be  made  by  the  open-hearth  process. 

S02. — Discard. — A  sufiicient  discard  shall  be  made  from  each  ingot  in- 
tended for  eye-bars  to  secure  freedom  from  injurious  piping  and  undue 
segregation. 

II.— Chemical  Properties  and  Tests 

803. — Chemical  Composition. — The  steel  shall  confonn  to  the  following 
requirements  as  to  chemical  composition : 

structural  steeL  Rivet  steel. 

Carbon not  over      0.45%  not  over      0.30% 

Manganese   "        "         0.70%  "       "         0.60% 

-D,        ,              3  Acid    "        "         0.05%  "       "         0.04% 

Phosphorus     {g^g.^    a        «         0.04%  "       "         0.03% 

Sulphur    "        "         0.05%        "       "         0.045% 

Nickel    not  under  3.25%     not  under  3.25% 

80Jf. — Ladle  Analyses. — An  analysis  of  each  melt  of  steel  shall  be  made  by 
the  manufacturer  to  determine  the  percentages  of  the  elements  specified  in 
Article  803.  This  analysis  shall  be  made  from  a  test  ingot  taken  during  the 
pouring  of  the  melt.  The  chemical  composition  thus  determined  shall  be 
reported  to  the  purchaser  or  his  representative,  and  shall  conform  to  the 
requirements  specified  in  Article  803. 

805. — Chech  Analyses. — Analyses  may  be  made  by  the  purchaser  from  fin- 
ished material  representing  each  melt.  The  chemical  composition  thus  deter- 
mined shall  conform  to  the  requirements  specified  in  Article  803. 

III. — Physical  Properties  and  Tests 

806.— Tension  Tests.— 

(a). — The  material  shall  conform  to  the  requirements  as  to  tensile  prop- 
erties given  in  Table  4. 

(fe). — The  yield  point  ehall  be  determined  by  the  drop  of  the  beam  of  the 
testing  machine. 
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TABLE  4. 


Properties  considered. 

Rivet  steel. 

Plates,  shapes, 
and  bars. 

Eye-bar  flats 
and  rollers,  t 
unannealed. 

Eye-bar  flats* 
and  plus,  t 
annealed. 

Tensile  strength,  in  pounds  per 
square  inch 

Yield  point,  minimum,  in 
pounds  per  square  inch 

Elongation  in  8  in.,  minimum. 

70  000-80  000 

45  nco 

1  500  (100 

85  000-100  000 

50  000 
1  500  000  + 

95  000-110  000 

55  000 
1  500  000  + 

90  000-105  000 

52  000 
20 

Tensile  strength 

Tensile  strength 

Tensile  strength 
16 
25 

Elongation  in  2  in.,  minimum, 

20 

Reduction  of  ardfc,  minimum, 

40 

25 

35 



♦Tests  of  annealed  specimens  of  eye-bar  flats  shall  be  made  for  information  only. 

+  See  Article  SOr. 

J  Elongation  shall  be  measured  in  2  in. 

807. — Modifications  in  Elongation. — For  plates,  shapes,  and  unannealed 
bars  of  more  than  1  in.  in  thickness,  a  deduction  from  the  percentage  of  elon- 
gation specified  in  Article  806(a),  of  0.25%  shall  be  made  for  each  increase 
of  3^  in.  of  the  specified  thickness  above  1  in.,  to  a  minimum  of  14  per  cent. 

808. — Character  of  Fracture. — All  broken  tension-test  specimens  shall  show 
either  a  silky  or  a  very  fine  granular  fracture,  of  uniform  color,  and  free  from 
coarse  crystals. 

809.— Bend  Tests.— 

(a). — The  test  specimen  for  plates,  shapes,  and  bars  shall  bend  cold  through 
180°  without  cracking  on  the  outside  of  the  bent  portion,  as  follows:  For 
material  |  in.  or  less  in  thickness,  around  a  pin  the  diameter  of  which  is  equal 
to  the  thickness  of  the  specimen;  and  for  material  more  than  |  in.  in  thick- 
ness, around  a  pin  the  diameter  of  which  is  equal  to  twice  the  thickness  of 
the  specimen. 

(h). — The  test  specimen  for  pins  and  rollers  shall  bend  cold  through  180° 
around  a  pin  1  in.  in  diameter,  without  cracking  on  the  outside  of  the  bent 
portion. 

(c). — The  test  specimen  for  rivet  steel  shall  bend  cold  through  180°, 
flat  on  itself,  without  cracking  on  the  outside  of  the  bent  portion. 

810. — Di-ift  Tests. — Punched  rivet  holes  pitched  two  diameters  from  a 
planed  edge  shall  stand  drifting  until  the  diameter  is  enlarged  50%,  without 
cracking  the  metal. 

811. — Test  Specimens. — 

(a). — Test  specimens  shall  be  prepared  for  testing  from  the  material  in  its 
rolled  or  forged  condition,  except  when  it  is  specified  to  be  annealed,  in  which 
case,  the  test  specimens  shall  be  prepared  from  the  material  as  annealed  for 
use,  or  from  a  short  length  of  a  full  section  similarly  treated. 

(h). — Test  specimens  shall  be  taken  longitudinally  and,  except  as  specified 
in  Paragraphs  (d),  (e),  and  (/),  shall  be  of  the  full  thickness  or  diameter  of 
material  as  rolled. 

(c).— Test  specimens  for  plates,  shapes,  and  flats  may  be  machined  to  the 
form  and  dimensions  shown  in  Fig.  4,  or  with  both  edges  parallel;  except 
that  bend-test  specimens  for  eye-bar  flats  may  have  three-rolled  sides. 

(d). — Tension-test  specimens  for  plates  and  eye-bar  flats  more  than  li  in. 
in  thickness,  and  bend-test  specimens  for  plates  more  than  IJ  in.  in  thickness, 
may  be  machined  to  a  thickness  or  diameter  of  at  least  |  in.  for  a  length  of  at 
least  9  in. 

(e). — Test  specimens  for  bars  more  than  IJ  in.  in  thickness  or  diameter 
may  be  machined  to  a  thickness  or  diameter  of  at  least  |  in.  for  a  length  of 
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at  least  9  in.;  or  tension-tost  specimens  may  conform  to  the  dimensions  shown 
in  Fig.  5,  in  which  case,  the  ends  shall  be  of  a  form  to  fit  the  holders  of  the 
testing  machine  in  such  a  way  that  the  load  shall  be  axial.  Bend-test  speci- 
mens may  be  1  in.  by  i  in.  in  section. 

(/). — Tension-test  specimens  for  pins  and  rollers  shall  conform  to  the 
dimensions  shown  in  Fig.  5.  In  this  case,  the  ends  shall  be  of  a  form  to  fit 
tlie  holders  of  the  testing  machine  in  snch  a  way  that  the  load  shall  be  axial. 
Bend-test  specimens  shall  be  1  in.  by  i  in.  in  section. 

(g). — The  tension-test  specimen  shown  in  Fig.  5  and  the  1  in.  by  ^-in. 
bend-test  specimen  for  pins  and  rollers  shall  be  taken  so  that  the  axis  is  1 
in.  from  the  surface;  and  for  other  bars  more  than  1^  in.  in  thickness  or 
diameter,  midway  between  the  center  and  surface. 

(h). — The  machined  sides  of  rectangular  bend-test  specimens  may  have  the 
corners  rounded  to  a  radius  of  not  more  than  tt  in. 

(i). — Test  specimens  for  rivet  bars  which  have  been  cold  dra\vn,  shall  be 
normalized  before  testing. 

812.— Number  of  Tests.— 

(a). — One  tension  and  one  bend  test  shall  be  made  from  each  melt;  except 
that  it  material  from  one  melt  differs  §  in.  or  more  in  thickness,  one  tension 
and  one  bend  test  shall  be  made  from  both  the  thickest  and  the  thinnest 
material  rolled. 

(&). — If  any  test  specimen  shows  defective  machining  or  develops  flaws, 
it  may  be  discarded  and  another  specimen  substituted. 

(c). — If  the  percentage  of  elongation  of  any  tension-test  specimen  is  less 
than  that  specified  in  Article  806(a)  and  any  part  of  the  fracture  is  more 
than  I  in.  from  the  center  of  the  gauge  length  of  a  2-in.  specimen,  or  is  out- 
side the  middle-third  of  the  gauge  length  of  an  8-in.  specimen,  as  indicated  by 
scribe  scratches  marked  on  the  specimen  before  testing,  a  re-test  shall  be 
allowed. 

IV. — Permissible  Variations  in  Weight  and  Thickness 

813. — The  cross-section  or  weight  of  each  piece  of  steel  shall  not  vary  more 
than  2.5%  from  that  specified;  except  in  the  case  of  sheared  plates,  which 
shall  be  covered  by  the  following  permissible  variations  (1  cu.  "in.  of  rolled 
steel  is  assumed  to  weigh  0.2833  lb.) : 

(a). — When  ordered  to  weight  per  square  foot:  The  weight  of  each  lot* 
in  each  shipment  shall  not  vary  from  the  weight  ordered  more  than  the 
amount  given  in  Table  2. 

(&). — When  ordered  to  thickness:  The  thickness  of  each  plate  shall  not 
vary  more  than  0.01  in.  under  that  ordered. 

The  overweight  of  each  lotf  in  each  shipment  shall  not  exceed  the  amount 
given  in  Table  3. 

v.— Finish 

8H. — The  finished  material  shall  be  free  from  injurious  defects  and  shall 
have  a  workmanlike  finish. 

VI. — Marking 

S15. — The  name  or  brand  of  the  manufiacturer  and  the  melt  number  shall 
be  legibly  stamped  or  rolled  on  all  finished  material,  except  that  rivet  and 
lattice-bars  and  other  small  sections,  when  loaded  for  shipment,  shall  be  prop- 


*  The  term  "lot"  applied  to  Table  2  means  all  the  plates  of  each  group  width  and 
group  -weight. 

t  The  term  "lot"  applied  to  Table  3  means  all  the  plates  of  each  group  width  and 
group  thickness. 
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erly  separated  and  marked  for  identification.  The  identification  marks  shall 
be  legibly  stamped  on  the  end  of  each  pin  and  roller.  The  melt  number  shall 
be  legibly  marked,  by  stamping  if  practicable,  on  each  test  specimen. 

VTI. — Inspection  and  Rejection 

816. — Inspection. — The  Inspector  representing  the  purchaser  shall  have 
free  entry  at  all  times,  while  work  on  the  contract  of  the  purchaser  is  being 
performed,  to  all  parts  of  the  manufacturer's  works  which  concern  the  manu- 
facture of  the  material  ordered.  The  manufacturer  shall  afford  the  Inspector, 
free  of  cost,  all  reasonable  facilities  to  satisfy  him  that  the  material  is  being 
furnished  in  accordance  with  these  specifications.  All  tests  (except  check 
analyses)  and  inspection  shall  be  made  at  the  place  of  manufacture  prior  to 
shipment,  unless  otherwise  specified,  and  shall  be  conducted  so  as  not  to 
interfere  unnecessarily  with  the  operation  of  the  works. 

817. — Rejection. — 

(a). — Unless  otherwise  specified,  any  rejection  based  on  tests  made  in  ac- 
c(n-dance  with.  Article  805  shall  be  reported  within  five  working  days  from  the 
receipt  of  samples. 

(fe). — Material  which  shows  injurious  defects  subsequent  to  its  acce'ptance 
at  the  manufacturer's  works  M'ill  be  rejected,  and  the  manufacturer  shall  be 
notified. 

818. — Rehearing. — Samples  tested  in  accordance  with  Article  805,  which 
represent  rejected  material,  shall  be  preserved  for  two  weeks  from  the  date  of 
the  test  report.  In  case  of  dissatisfaction  with  the  results  of  the  tests,  the 
manufacturer  may  make  claim  for  a  rehearing  within  that  time. 

VIII.— Full- Size  Tests 

819.— Tests  of  Eye-hars.— 

(o). — Full-size  tests  of  annealed  eye-bars  shall  conform  to  the  following 
requirements  as  to  tensile  properties: 

Tensile  strength,  in  pounds  per  square  inch...  85  000 — 100  000 
Yield  point,  minimum,  in  pounds  per  square  inch  48  000 

Elongation  in  18  ft.,  minimum,  percentage ....  10 

Reduction  of  area,  "  "         .  . . .  30 

(&). — The  yield  point  shall  be  determined  by  the  halt  of  the  gauge  of  the 
testing  machine. 
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APPENDIX 


Tables  5  to  22,  inclusive,  and  Fig.  6,  are  submitted  in  this  Appendix,  in 
order  to  facilitate  the  use  of  the  Specifications.  Because  of  the  fact  that  two 
engine  loadings  are  presented,  it  was  thought  desirable  to  furnish  working 
tables  for  both  loadings  and  a  table  of  coefficients  for  use  in  converting 
E-rating  to  equivalent  M-rating,  and  vice  versa. 
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TABLE  7. — Eeduction  of  Area  for  Rivet  Holes. 
Area  in  Square  Inches  =  Diameter  of  Hole  by  Thickness  of  Metal. 


Thickness 
of  metal, 
in  inches. 

Diameter  of  Holb, 

IN  Inches. 

% 

% 

■',h 

1.0 

H's 

iy4 

1% 

%6 

0.12 
0.16 

0.14 
0.19 

0.16 
0.22 

0.19 
0.25 

0.21 
0.28 

0.23 
0.31 

0.26 
0.34 

% 
V2 

0.20 
0,23 
0.27 
0.31 

0.23 
0.28 
0.33 
0.38 

0.27 

o.as 

0.38 
0.44 

0.31 
0.38 
0.44 
0.50 

0.35 
0.42 
0.49 
0.56 

0.39 
0.47 
0.55 
0.63 

0.43 
0.52 
0.60 
0.69 

% 

0..S5 
0.39 
0.43 
0.47 

0.42 
0.47 
0.52 
0.56 

0.49 
0.55 
0.60 
0.66 

0.56 
0.63 
0.69 
0.75 

0.63 
0.70 
0.77 
0.84 

0.70 
0.78 
0.86 
0.94 

0.77 
0.80 
0.95 
1.03 

% 
.  1.0 

0.51 
0.55 
0.59 
0.63 

0.61 
0.66 
0.70 
0.75 

0.71 
0.77 
0.83 
0.88 

0.81 
0.88 
0.94 
1.00 

0.91 
0.98 
1.05 
1.13 

1.02 
1.09 
1.17 
1.25 

1.12 
1.20 
1.29 
1.38 

Hie 

1% 

ly* 

0.66 
0.70 
0.74 
0.78 

0.80 
0.84 
0.89 
0.94 

0.93 
0.98 
1.04 
1.09 

1.06 
1.13 
1.19 
1.25 

1.20 
1.27 
1.34 
1.41 

l.'^S 
1.41 
1.48 
1.56 

1.46 
1.55 
1.68 
1.72 

l?ie 

.1% 

H'2 

0.82 
0.86 
0.90 
0.94 

0.98 
1.03 
1.08 
1.13 

1.15 

1.20 
1.26 
1.31 

1.31 

1.38 
1.44 
1.50 

1.48 
1.55 
1.62 
1.69 

1.64 
1.72 
1.80 
1.88 

1.80 
1.89 
1.98 
2.06 

TABLE  8. — Bending  Moments  and  Bearing  Values  of  Pins  at 

24.0   K.    PER   SQ.    IN. 


Area,  in 

Maximum 

Bearing 

Area,  in 

Maximum 

Bearing 

Diameter, 

moment, 

value  per 

Diameter, 

moment, 

value  per 

in  inches. 

inches. 

in 

linear  inch, 

in  inches. 

inches. 

in 

linear  inch. 

ioch-kips. 

in  kips. 

inch-kips. 

in  kips. 

1 

0.785 

2.4 

24.0 

7 

38.485 

808.2 

168.0 

m 

1.227 

4.6 

30.0 

7y4 

41.282 

897.9 

174.0 

1V2 

1.767 

8.0 

36.0 

7y2 

44.179 

994.0 

180.0 

Wi 

2.405 

12.6  . 

42.0 

7% 

47.173 

1  096.8 

186.0 

2 

3.142 

18.8 

48.0 

8 

50.265 

1  206.4 

192.0 

2y4 

3.976 

26.8 

54.0 

8y4 

58.456 

1  823.0 

198.0 

2V2 

4.909 

36.8 

60.0 

8y2 

56.745 

1  447.0 

204.0 

2% 

5.940 

49.0 

66.0 

8?4 

60.132 

1  578.5 

210.0 

3 

7.069 

63.6 

72.0 

9 

63.617 

1  717.7 

216.0 

sy* 

8.296 

80.9 

78.0 

9y4 

67.301 

1  864.8 

222.0 

■ays 
.3% 

9.621 
11.045 

.ICl.O  _  _ 
124.3 

.   .    84.0 
90.0 

91/2 

,      70.88i 

2  020.1 
2  183.9 

228.0 

9% 

74.662 

234.0 

4 

12.566 

150.8 

96.0 

10 

78.540 

2  356.2 

240.0 

4Vi      ■ 

14.186 

180.9 

102.0 

loy* 

82.5)6 

2  537.4 

246.0 

4V2 

15.904 

214.7 

108.0 

lOVa 

86.590 

2  727.6 

252.0 

.   a% 

17.721 

252.5 

114.0 

10% 

90.763 

2  927.1 

258.0 

l5 

19.6.35 

294.5 

120.0 

11 

95.033 

3  136.1 

264.0 

51/i 

21.648 

340.9 

126.0 

wVi 

99.402 

8  354.8 

270.0 

hVs      - 

23.758 

392.0 

132.0 

ny2 

103.869 

3  583.5 

276.d 

^5% 

25.967 

447.9 

138.0 

im 

108.434 

3  822.3 

282.0 

6 

28.274 

508.9 

144.0 

12 

113.097 

4  071.5 

288.0 

614 

30.680 

575.2 

150.0 

i2y4 

117.858 

4  331.3 

294.0 

61/, 

33.183 

647.1 

156.0 

i2y2 

122.718 

4  601.9 

300.0 

6% 

35.785 

724.6 

162.0 

128/4 

127.677 

4  883.6 

306.0 

Note.— 1  k.  =  1  000  lb. 
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TABLE  9. — Working  Stresses  for  Columns. 
16.0  fc 


P  = 


1  + 


P 


13  500  r" 


I 

r 

P 

I 
r 

P 

I 
r 

P 

I 
r 

P 

I 
r 

P 

40 

14.30  k 

68 

11.92  k 

96 

9.51  k 

124 

7.48  k 

185 

4. .53  k 

42 

14.15" 

70 

11.74" 

98 

9.35  " 

126 

7.35" 

190 

4.35  " 

44 

13.99  " 

72 

11.56" 

100 

9.19  " 

128 

7.23" 

195 

4.19" 

46 

13.83  " 

74 

11.38" 

102 

9.04" 

130 

7.11" 

200 

4.04" 

48 

13.67" 

76 

11.31  " 

104 

8.88" 

135 

6.81  " 

205 

3.89" 

50 

13.50" 

78 

11.03" 

106 

8.73" 

110 

6.52  " 

210 

3.75  " 

53 

13.33" 

80 

10.86" 

108 

8.58  " 

145 

6.25" 

215 

3.62" 

54 

13.16" 

82 

10.68" 

110 

-6.43  " 

150 

6.00  " 

220 

3.49  " 

5fi 

12.98" 

84 

10.51  " 

112 

8.29  " 

155 

5.76" 

225 

3.37" 

58 

12.81  " 

86 

10.34" 

114 

8.15" 

160 

5.52" 

230 

8.25" 

60 

12.63" 

88 

10.17" 

116 

8.01  " 

165 

5.30" 

235 

3.14" 

62 

12.45" 

90 

10.00" 

118 

7.87  " 

170 

5.09" 

240 

.  3.04" 

64 

12.27  " 

92 

9.83" 

120 

7.74  " 

175 

4.89" 

245 

2.91" 

66 

12.10" 

94 

9.67" 

122 

7.61  " 

180 

4.71  " 

350 

2.84  " 

Note.— 1  k.  -  1  000  lb. 


TABLE  10. — Values  of  Coefficient  ( 1+ 


f 


TO  Deduce  Extreme 


13  500  r^ 
Fiber  Stress  in  Columns,  from  the  Direct  Applied  Stress. 
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TABLE  12. — Whefx  Determining  Maximum  Moment  for 
Class  E  Engine  Loading. 


Segments 
in  feet 

10 

15 

20 

25 

30 

35 

40 

46 

50 

56 

60 

65 

70 

80 

90 

100 

no 

120 

180 

140 

500  to  260 

2 

3 

3 

5 

5 

6 

7 

7 

8 

9 

10 

11 

12 

13 

14 

15 

17 

18 

250  to  200 

2 

3 

3 

6 

5 

6 

7 

8 

8 

9 

10 

11 

12 

13 

14 

15 

17 

18 

190  to  150 

2 

3 

3 

5 

5 

6 

7 

8 

9 

9 

11 

12 

12 

13 

14 

15 

17 

18 

140 

3 

3 

3 

5 

6 

6 

7 

8 

9 

10 

11 

12 

12 

13 

14 

15 

17 

18 

130 

3 

3 

3 

5 

5 

6 

7 

8 

9 

10 

11 

12 

12 

13 

14 

15 

17 

120 

3 

3 

3 

5 

6 

6 

7 

8 

9 

10 

11 

12 

13 

13 

14 

15 

110 

3 

3 

3 

5 

6 

7 

7 

8 

9 

10 

11 

12 

13 

13 

14 

100 

3 

3 

3 

6 

6 

IT 

Ti" 

IT 

IT 

I3 

Is 

11 

12 

13 

13 

90 

3 

3 

6 

13 

Is 

13 

Is 

13 

Is 

Is 

I3 

12 

13 

80 

3 

3 

13 

13 

Is 

12 

I2 

I2 

T2 

12 

I2 

12 

70 

3 

3 

Ts 

13 

12 

12 

I2 

12 

Ti 

11 

11 

65 

3 

3 

Ti 

12 

12 

12 

12 

n 

11 

u 

• 

60 

3 

3 

13 

Is 

12 

U 

11 

H 

11 

55 

12 

12 

12 

12 

Is 

12" 

12 

Is 

11 

50 

12 

12 

12 

12 

12 

Is 

Is 

Ts 

12- 

45 

12 

12 

12 

12 

12 

Ti 

Is 

IS 

40 

3 

3 

12 

12 

Is 

13 

The  shorter  segment  is  ahead  followed 

35 

3 

3 

13 

13 

by  the  longer  one  except  where  the  wheel 

30 

3 

3 

13 

IS  overlined 

25 

3 

3 

20 

'V 

3 

Class  E  Engine 

15 

3 

3 

1        3     3     4     6         6     7      8     9        10       11    12  13  14       15    16    17    18 

,0 

3 

£S.l   \\->y\J'^i'Vu    unu  uni;^(i)    K\JK\.'y\jyiJ    u;u;u;u;  t%;^c^xi 

<r 

-8^ 

D^e* 

♦54^ 

9-H*5 

4K6^ 

^5%- 

8M«-S 

^' 

\.,^ 

>^9^ 

4^5. 

t64|*5 

%5^ 
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TABLE  13. — Impact  for  Increase  of  Live  Load  Stresses. 

2  000  —  i 


Formula:  I  =  S 


1  600  +  10  L 


L. 

I. 

L. 

I. 

L. 

I. 

L. 

I. 

L. 

I. 

L. 

1. 

1 

1.24 

25 

1.07 

58 

0.89 

115 

0.69 

235 

0.45 

410 

0.28 

2 

1.23 

26 

1.06 

60 

0.88 

120 

0.67 

240 

•0.44 

420 

0.27 

3 

1.23 

27 

1.06 

62 

0.87 

125 

0.66 

245 

0.43 

430 

0.27 

4 

1.22  1 

28 

1.05 

64 

0.86 

130 

0.64 

2.50 

0.43 

440 

0.26 

5 

1.21 

29 

1.04 

66 

0.86 

135 

0.63 

255 

0.42 

450 

0.25 

6 

1.20 

30 

1.04 

1   68 

0.85 

140 

0.62 

260 

0.41 

460 

0.25 

7 

1.19 

31 

1.03 

70 

0,84 

145 

0.61 

265 

0.41 

470 

0.24 

8 

1.19 

32 

1.03 

72 

0.83 

150 

0.60 

270 

0.40 

480 

0.24 

9 

1.18 

33 

1.02 

74 

0.82 

155 

0.59 

275 

0.40 

490 

0.23 

10 

1.17 

84 

l.Ol 

76 

0.83 

160 

0.58 

280 

0.39 

500 

0.23 

11 

1.16 

35 

1.01 

j   78 

0.81 

165 

0.56 

285 

0.39 

520 

0.22 

12 

1.16 

36 

1.00 

80 

0.80 

170 

0.55 

290 

0.38 

540 

0.21 

13 

1.15 

37 

1.00 

82 

0.79 

175 

0.54 

295 

0.37 

560 

0.20 

14 

1.14 

38 

0.99 

84 

0.79 

180 

0.54 

300 

0.37 

580 

0.19 

15 

1.13 

39 

0.99 

86 

0.78 

185 

0.53 

310 

0.36 

600 

0.18 

16 

1.13 

40 

0.98 

88 

0.77 

190 

0.52 

320 

0.35 

650 

0.17 

17 

1.12 

42 

0.97 

90 

0.76 

195 

0.51 

330 

0.34 

700 

0.15 

18 

1.11 

44 

0.96 

92 

0.76 

200 

0.50 

340 

0.33 

750 

0.14 

19 

1.11 

46 

0.95 

94' 

0.75 

205 

0.49 

350 

0.32 

800 

0.13 

20 

1.10 

48 

0.94 

96 

0.74 

210 

0.48 

360 

0.32 

8.50 

0.11 

21 

1.09 

50 

0.93 

98 

0.74 

215 

0.48 

370 

0.31 

900 

0.10 

22 

1.09 

52 

0.92 

100 

0.73 

220 

0.47 

380 

0.30 

1  000 

0.09 

23 

1.08 

54 

0.91 

105 

0.72 

225 

0.46 

390 

0.29 

2  000 

0.00 

21 

1.07  1 

56 

0.90 

110 

0.70 

230 

0.45 

400 

0.29 
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TABLE  17. — Conversion  Table,  Class  E  to  Class  M  Engine  Loading. 

To  Convert  E-Rating  to  Equivalent  M-Rating  Multiply  by  the  Coefficients  in  this  Table 
To  Convert  M-Rating  to  Equivalent  E-Rating  Divide  by  the  Coefficients  in  this  Table 

Class   E-10  Engine  Loading 


^1 


Class   M-10  Engine  Loading 

jA  in      ^a      la     xa     ^a 

xn  o     o     o     o     o  oj     c>i      (m"     cm'     ci    1  It'P  P^f"  ^l"" 


^  -fcSi  <5i  tSiUsi  < 15^ — 9]<5i  «5»|<-5>[«5i  *5i 


Span 
length, 
in  feet 

Maximum 
moment 

Maximum 

shear 

Maximum 

floor  beam 

reaction 

Span 
length, 
in  feet 

Maximum 
moment 

Maximum 

shear 

Maximum 
floor  beam 
reaction 

10 

0.800 

0.800 

0.800 

46 

0.755 

0.771 

0.777 

11 

0.801 

0.799 

0.769 

48 

0.759 

0.771 

0.777 

12 

0.800 

0.800 

0.747 

50 

0.765 

0.775 

0.778 

13 

0.800 

0.800 

0.732 

52 

0.769 

0.772 

0.782 

14 

0.801 

0.799 

0.730 

54 

0.769 

0.767 

0.786 

15 

0.800 

0.800 

0.729 

56 

0.774 

0.760 

0.793 

16 

0.800 

0.800 

0.727 

58 

0.777 

0.759 

0.803 

17 

0.801 

0.800 

0.725 

60 

0.779 

0.756 

0.812 

18 

0.800 

0.800 

0.724 

62 

0.781 

0.756 

0.818 

19 

0.800 

0.799 

0.729 

64 

0.782 

0.759 

0.825 

20 

0.800 

0.800 

0.739 

66 

0.785 

0.760 

0.831 

21 

0.300 

0.786 

0.746 

68 

0.785 

0.766 

0.837 

22 

0.786 

0.773 

0.754 

70 

0.786 

0.770 

0.845 

23 

0.772 

0.763     . 

0.757 

72 

0.784 

0.775 

0.850 

24 

0.760 

0.760 

0.761 

74 

0.781 

0.784, 

0.857 

25 

0.751 

0.758 

0.764, 

76 

0.782 

0.790 

0.862 

26 

0.743 

0.756 

0.765 

78 

0.778 

0.795 

0.867 

27 

0.735 

0.752 

0.770 

80 

0.776 

0.801 

0.873 

28 

0.731 

0.749 

0.774 

82 

0.775 

0.808 

0.877 

29 

0.729 

0.746 

0.778 

84 

0.775 

0.815 

0.881 

30 

0.730 

0.748 

0.778 

86 

0.775 

0.825 

0.885 

31 

0.729 

0.750 

0.779 

88 

0.774 

0.828 

0.887 

32 

0.728 

0.752 

0.782 

90 

0.774 

0.839 

0.893 

33 

0.726 

0.751 

0.786 

92 

0.774 

0.850 

0.895 

34 

0.726 

0.752 

0.788 

94 

0.777 

0.854 

0.898 

35 

0.724. 

0.751 

0.789 

96 

0.777 

0.855 

0.901 

36 

0.726 

0.754. 

0.786 

98 

0.777 

0.859 

0.906 

37 

0.728 

0.753 

0.782 

100 

0.776 

0.858 

0.909 

38 

0.731 

0.757 

0.781 

125 

0.823 

0.874 

0.937 

39 

0.732 

0.758 

0.782 

150 

0.859 

0.883 

0.953 

40 

0.738 

0.759 

0.782 

175 

0.886 

0.893 

0.964 

42 

0.745 

0.768 

0.779 

200 

0.905 

0.902 

0.971 

44. 

0.752 

0.768 

0.776 

250 

0.939 

0.913 

0.981 

SPECIFICATIONS   FOR   BRIDGE   DESIGN  AND  CONSTRUCTION 


517 


TABLE  18. — Moments,  in  Foot-Kips,  for  Class  M-10  Engine  Loading. 
Class  M-IO  Engine  Loading 


zd^    mmmmrb      rpmn^mr^ 


Wheel  Numbers 

Spacing 
in  feet 


Kips      5 


.0     25.0     35.0     45 


.0     55.1 


9      1 
^5- 


0      1 

6- 


1.0  k.per  lin.ft. 
uniform  load 


Feet      0 
Kips    117.5 


1,0        15        20        25         30 

I  I  I  I  I 

112.5    102.5     92.5     82.5     72.5 


.5      80.0     92.5    105.0    117.5     11 

t 1 ± — -H + 3 


V.< 


462.5 


45  60         65 

I  I  I  J  I 

62.5  50.0  37.5  25.0     12,5 

25  20         16         10 


62.5 


62.5 


)  1562.5 
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TABLE  19. — Wheel  Determining  Maximum  Moment  for  Class  M 

Engine  Loading. 


Segments 
in  feet 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

65 

60 

65 

70 

75 

80 

85 

90 

100 

no 

1000  to  300 

2 

3 

3 

3 

6 

6 

6 

6 

7 

8 

i 
i 

9 

9 

» 

10 

10 

11 

290  to  250 

2 

3 

3 

3 

6 

6 

6 

7 

8 

9 

9 

9 

10 

10 

u 

240 

2 

3 

3 

3 

5 

6 

6 

7 

8 

8 

9 

9 

9 

10 

10 

11 

230 

2 

3 

3 

3 

5 

6 

6 

7 

8 

8 

9 

9 

9 

10 

10 

11 

220 

2 

3 

3 

3 

5 

6 

6 

8 

8 

8 

9 

9 

9 

10 

10 

11 

210 

2 

3 

3 

3 

5 

6 

6 

8 

8 

8 

9 

9 

9 

10 

10 

11 

200  to  160 

2 

3 

3 

3 

5 

6 

6 

6 

8 

8 

8 

9 

9 

9 

10 

10 

11 

150 

2 

3 

3 

3 

6 

5 

6 

6 

8 

8 

8 

9 

9 

9 

10 

10 

11 

140 

2 

3 

3 

4 

5 

5 

6 

6 

8 

8 

9 

9 

9 

10 

10 

10 

11 

130 

2 

3 

3 

4 

5 

5 

6 

8 

8 

9 

9 

9 

10 

10 

10 

11 

120 

2 

3 

3 

4 

5 

5 

6 

8 

8 

8 

9 

9 

9 

10 

10 

10 

11 

110 

2 

3 

4 

4 

5 

5 

6 

8 

8 

8 

9 

9 

9 

10 

10 

10 

11 

100 

2 

3 

4 

4 

5 

6 

6 

8 

8 

8 

9 

9 

9 

10 

10 

10 

11 

95 

2 

3 

4 

4 

5 

6 

6 

8 

8 

8 

9 

9 

9 

10 

10 

10 

90 

3 

4 

4 

5 

6 

6 

8 

8 

8 

9 

9 

9 

10 

10 

85 

il 

11 

TT 

11 

To 

10 

To 

7 

7 

8 

8 

9 

9 

9 

9 

10 

80 

n 

TT 

TT 

To 

To 

To 

To 

To 

To 

8 

8 

9 

9 

9 

10 

75 

li 

To 

10 

To" 

To 

To 

To 

To 

9" 

8 

8 

9 

9 

9 

70 

TT 

To 

To 

To 

To 

To 

To 

T 

T 

T 

8 

8 

9 

9 

65 

TT 

To 

To' 

To 

To" 

T 

T 

T 

T 

T 

T 

7 

9 

60 

IT 

IF 

10 

10 

9 

T 

T 

T 

T 

"9 

9 

8 

55 

10 

10 

9 

9 

9 

9 

9 

9 

g 

T 

60 

To 

10 

1 

T 

T 

T 

T 

T 

"s 

45 

8 

To 

T 

T 

T 

¥ 

¥ 

¥ 

40 

8 

8 

T 

T 

T 

T 

I 

35 

8 

8 

9 

T 

T 

8 

is  over  lined   . 

30 

8 

9 

9 

9 

1 

z. 

1 

25 

8 

9 

9 

9 

1 

2     3     4 

cbcbd 

20 

8 

9 

9 

[3ass  M  Engine 

16 

8 

9 

5    C 

^                 /-■ 

J 

K 

8     9 

1 

)  u 

10 

8 

^                ( 

^ 

A 

;C 

)C^  %^^^ 

<— 10 

444 

.-5^5> 

* ^15^ » 

«-5 

.^5i 

►5i 

5 

t5->i^5-» 

SPECIFICATIONS   FOR  BRIDGE  DESIGN  AND   CONSTRUCTION 


519 


III 


■5         hi 

a 


-el- 


0-oi-Gl- 


•ai0-9-€^ 
VJ 


eo(No5(NiN»-  —  '->-r-oooooo»o5o50sacaoccaooot-t-l-l-coifiia'veo 


«N<NiNINOJ(J»0»ei<N»llNe«(NO<. 


SS  O  to 
P  p  a 


0ilN.-<''-ir^i-1""'-<i-<i-Hr-i.-irti-iT-i«i-<»-ii-;i-Ii-<rHn--.'rHr-.i-<,--;i-.",-l»-i.-H^ 
.-l«r1i-iT-l.-lt-lr-irHi-l,-^r1"^r-<l-<«T-l«i-lt-iNOJ 

oir3io050«w5050x>t-t-t-t-i'-t-t-i-j--oB3CooooacQDooooOT-icO'rri- 


cOTji,-iMcooo05D05cnTtt-M(NX050ot-ioaoi-(NXo»u;mxco^T-ie«05 

•^oo(^(!oo■<1^oo^oxcoaoccoOTtococ5os»n(MaDlC(^*Oi»o^c:t^ccoaOln*- 
iOjo«350t-i-£-coa/Oi050o^o»<MmmTfiinmtot-i-CDo--o>oO'-io»ioeo 


■c  (N  m  T)<  >o  50  OS 


«Doooe»-w«5oocejr)'«Doooo»'*«DoooiN'>*cooooej^tooooinoiooo 

■^TIIir51OlO>OlOCD5O«O«3COt-l~-t-l-t-a000000D00O5OS05O-.  o:  0(N10t-Om 


•1  1-1  ^  .1  OJ  « 


e  3i  °  p. 

S  J?  -p  ■- 

2  O  «8  a 
*  O  ®.S 


SO)   O  M 
„  p  o  a 

a;  H 


oa30cr»«30-*o:eof^Nt-ojt-e«oo>ncooi^>nMiy!oao»to»'5"*'*coiNO 

mir3tOi0»O<n'<3'00MaJ'N'-i'-'OOC.  CJOaO^OOXIO&OOQOl-l-fit-C-t^t-l-.t- 


OKNNISOKNNINNiNNOJO^CNOlT 


W5©4iniO-^M'r><35-^OiWMOh-TJ'Q«0«MOO^^-t-CCO!DC»?OQO'^i-'30CCOO 

t-t-:OiO"^cccoo«c3*-<i-iT-'i-*oooo50scoQctX)c-i-t-:DcDtoic»ni^'Tj'Trcc 
mmmcioimmcimmoimoimconoiaiaiaiaiiiiaiaisicioiaiciiQiaioiiii 


i-tf-tOOi-ir-taDCCQONQCOO^DOOOOOOSt-OCCOt^Tj^P^OStDCOOOCinOJt^N 


acirto>i-i»-'0:ooso»GO©»t-i-<coioifliOTt*coo*i-iost*K3co^oDr»coot*^'^ 
00  o  —  M  ■*  >n  m  ^^  oa  o  —  "N  •^  10  «d  ^^  OD  <3>  o  1-"  5J  0*  M  ■*  ui  «c  50  ^-'  c»  05  OS  >^^  oi 


y-ista^iNaKuctoiOtnmmneomnmoo-vrT^V" 


(Ni-iO-^OOi-llOaOmOOSO»(MOSU5T-iOO'9'OONOSOOaOOSCJCO.-lOO«DSO»0» 

»o»-Hooso6aDt^':o«o^oCf-ico»-'t^Moo'^o»d-Htoe»ad'*^f*  Tj-ot^-^ao'w 
co-^U5*o:Dt'>QOOso^o«TriOt-.QOO'— cctn!CQ0Os^0'»'Vcct-osT-ir>iTr^»»-H 

0'-l(^»«T^'^o»l~ooo»01-le»eOTtlma5^-Qco30r-'<^Ja5'»>o»^-aoc:oo^T)• 

^Ti<-irHri  1-11-1  ^.-ii-iO*INO<INN«INe»0«l»Mi»COeOeO  TOOT  jceoeorj"-*^ 


520 


SPECIFICATIONS   FOR  BRIDGE  DESIGN  AND   CONSTRUCTION 


W 

OS 
H 

O 

6' 

< 
o 
k^ 
pb 
!?; 

M 

o 


o 

u 

g 

S 
pq 


o 
g 


t-J 


»1 

2  =  „T 


9-21-ei 


el 


el 


bo 
;S  9-et 

§  s-zi-G 

a,  s'zie 


bO 

B 

M 

o  0-oi-e 
^  0-oi-e 

0"0l 


f 


v^    o  o-oi 


3  do'oi-el- 


•■il  0'9-G 


I 


I- 


€:! 


? 

^ 

3g 

o=S 

f^SS 

*I^S 

5?JS;S 

05  00  ■<1<  .-1  ■* 

28So2S 

CO 

in-x> 

t-weo 

0-.  COON 

OQO-^  O 

'^'' 

i-<0»0» 

—  ^(NIN 

"C»e«ooo5 

or 

^^ 

eoo 

§s§ 

to  ooo 

ONinoi 

t-osto^. 

8S§g| 

OS  in^  o 

ot-(N  in 

e» 

^"  -" 

r-.rt(N 

—  «IN(N 

rHi-iOJOQTO 

1= 

o 

-f  9S 

1-.05 

3-.  <0  0 

in  t-f 

1 

eo 

115  CC 

r^w  in 

T)T)l3COS 

OS  CO  -^  cc 

"^ 

,-.e»Oj 

-<i-i«e«« 

«9 

•* 

int> 

O!^ 

i-ijoas 

(M  x-cb 

lOt^oSoo 

OS  CO  151  in  to 

^Tf 

«5i- 

sss 

30MJ-1- 

^ggS 

^ 

... 

.-i«(N 

.-.OlOJN 

^ 

«oe» 

TON 

OTOOO 

»-t-ooo 

OS  M"  — 00 

o«co  — 

ss^ 

cc-<*  inin-o< 
Soinoco-* 

^ 

i-oj  into 

aOTTOJO 

rl.-i 

1-H  T-ll-l 

^rtlN 

T-(Ne«(N 

Sa 

OCQO 

30  ■* 

i>tcio 

t-  CO  00  e»  in 

-•mjnocin 

o 

<M 

«-* 

TTtO 

inooo 

500^ 

to  .-IT)' in 

b 

O 

OS^  to,-. 

ot 

■*«D 

-ri^a) 

inojo 

tCOOTCO 

■^ 

1-1.-.^ 

r-^TH 

— 1  r-((JJ<5» 

5o 

T)<0 

e»r-i 

t-NO 

$??^SR 

tcu5  — e» 

sssss 

(N 

M^ 

coin 

■WCOl- 

to  ^-WlO 

CO  ei  CD  00  00 

OS 

,Hrt 

r-l^r-. 

'-"-"^'-' 

5d 

tn 

l-t- 

thCD 

inNin 

touoo 

dt-eieo 

osmtousos 

no 

coeot-t-  — 

CD»HTj>CO  t- 

0* 

inoco-w 

03 

rtT-. 

""'-' 

m 

win 

oei 

J?J^S 

in  e*  coo 

toooot- 

X'COtI't-it* 

in  o  CO  in  in 

> 

(NOT 

»■* 

■W5DQ0 

loasi-ioj 

'"' 

T-lT-l 

r- 

COM 

«» 

WW 

mtair. 

cotot- 

^  t-  coos 

in  OS  (N  M  95 

7-.  r" 

»-ii-1t- 

S.s 

«  o 

;i^ 

f-f^Cl^Sff^ 

;^^^ 

;?5?;?5§S 

;?5?## 

S^S^5?^2^ 

PhP. 

L,  ZD 

ea 

■«< 

in 

o 

i- 

CO 

OS 

o 

S  o- 

^•s 

SPECIFICATIONS   FOR   BRIDGE   DESIGN  AND   CONSTRUCTION 


521 


D 


pq 
Eh 


o 

c^o 

coco 

OOOOJ 

i-xin 

PC  CO  lOX 

in  -I'co  xt- 
55  —  X  ig  -^ 
—  X  S  ts  I- 

^1 

CD 

■^o 

00  in 

t-ooo 

OCX  in 
iSmT- 

Ol  — X  rt 

S  ^o".  s 

00 

to 

05IN 

"i- 

coo*-* 

t-  c  t-  o 

03  -^cox 

'^ 

"" 

r-ie«<N 

rnOJCO 

T-icoeo-* 

.-^eo  i<  •* 

o»  eo  ■*  in  in 

?? 

!0 

INO 

coin 

COOJOO 

X  — f-X 

XOl  T-"  CO 

C0O5  0JC0C5 

eo 

o  ■n- 

cot- 

E^S 

X  cc  in  o  T-( 

00 

«o 

rHlC 

CO  »-tco 

t-xtox 

o  -xJt-  •*  in 

.. 

T-lN<M 

.-i«CO 

T-.  OJCO  CO 

r-CO  -!<■* 

OJCO  •*  mm 

CD 

i>  — 

ss§ 

uot-in 

—  IMt-1 

X  -*tO02 

|g|§ 

eox^coco 
o5  CO  oj  m  >- 

1 

O    OQO 

-3'U3  t- 

0»  CO  CO  to 

t- 

to  oco 

oin 

0JO5J 

cot--*  to 

o.  -*  m  t-i  oj 

" 

.. 

.-lOlO* 

i-ieje» 

1-1  05  03  CO 

tH  CO  S3 -S< 

—  CO  -vir.tn 

o 

CJO 

coco 

.iNCO 

OOOi 

X(N-*t- 

xr — ^in 

m  o  o  in  — 

1 

s 

rtCO 

CO  ^ 

OiO-l  ■* 

t-inco 

-#  O'  COOi 

»-.ino:  — 

X  o:  O  O  CO 

^* 

lO 

ooo 

o>o 

y^a-.-^ 

intoojTf 

t-O  t-OJ 

XOJCOOO 

"" 

.-IrHIN 

rtOJiN 

i-HOJcoco 

—  OJCO-"* 

—  CO  ■*  -*  m 

cb 

S    tOQO 

cno 

cot- 

t^i-CO 

oox 

cnco  05X 

-—0  05  00 

05  -t<  o  ■*  OJ 

1 

CpCO  iCO  M  CO 

tOt^OJOJ    CO  —  OJO 

X  M  X  CO  o5 

o 

t~05 

OSTji    »-.00O 

CO  T-"  to 

-*-*oco  CO  X  in o 

I-  —  o  o  t- 

^_J 

rt  .-lOJ 

—  INOJ 

.-lO^COCO 

>-HOJ  CO-* 

—  CO  -*  ■*  -* 

o 

!S5 

OOO 

coo: 

-f  r-.t^ 

(MOOl 

(N  in  COO 

in  in  oi  -* 

CDOJ  CO  O  to 

1 

<rjos 

coin 

30-»  W 

comi- 

aj-*coto 

■*  ^  o  o 

0!<-  tocom 

n 

H 
0 

U5 

t-o-. 

OJCO 

Ot-O: 

«o^ 

into  Tfx 

:oo5  x-*m 

'"' 

^ 

1-1,-lT-l 

t-iNN 

.-lOJINCO 

— ■oj  meo 

—  OJCO  -*  -* 

K 

Ed 

iJ 

^ 

43 

coo 

■^  N 

m— (0»  irroo 

ooo-.in 

—  «01X 

-*  C0005  O 

^ 

J 

o 

00  00 

00  cc 

CO  in  0*  to  in  in 

T-Ojxa. 
CO  5j  i-o 

to  Ol  o^  o 

£2 

tA 

.o 

»ao 

00  (N 

O  tOQO 

■-.O5C0 
,-lrHIN 

-*inNco 
rtOjcoco 

-O  00  to  —  CO 
—  OJCO-*-* 

o 

i? 

1-<  V-H 

in  in 

w  CO  OS    X  ffj  >5 

oj  t^in— • 

oscoxin 

-*x  — coto 

I 

i- 

-•■CO    CO  o 

00-^^ 

g^gj 

T)<05-*C0    t-xco  — 

-<  m  ■*  i-  o 

O 

•* 

fflOO    OCOJ 

osini- 

OJOtOX 

CO  CO  o  ^ 

mto-*05T-4 

■^ 

r-(>-l 

r-l  — e* 

i-HOUNN 

—  OJCO  CO 

—  0J93C0-* 

CD 

§38 

X  in 

o  into 

OJTj<t^ 

o  to  CO  in 

1-H  t-OJlO 

X  m  T-1 OJ  CO 

J 

•n 

00  CO 

S3  t-  — 

■n<inc3s 

t-t-Ol- 

o  ■*coot 

0JO-*  ■wx 

^ 

■* 

;o  t- 

C-»-t 

en-*  to 

ooo 

rtosinco 

CONXOJ 

■*moj£~x 

1^ 

ilrl 

Y-HHOJ 

i-I^INO* 

—  (SIN  93 

—  ei  03  coco 

b 

t- 

Spio 

o*-.o 

xt-co 

c  coojo 

lOCOXX 

mco-*oos 

J 

« 

•s^ 

^S 

gooo-.-  ooioi^ 

Ol-COOJ 

oj— c»eo 

■*m  -i-coio 

■» 

int- 

l-o 

00  93  in 

OS  too 

—  00  coin 

oj  — too 

CO  CO  o  in  to 

'^ 

'"' 

.-(■■H 

'"'"' 

rt  —  (NOQ 

T-iOJ(SCO 

—  OJCO  CO  M 

CO 

M* 

!§§ 

05  05 

g-- 

•NOOJ 

O3S«00X 

— 'TiOSO 

COC5-*  ■*in 

1 

o 

CO  tow 

cc  t-  o«  to 

in  X  ■*  to  1  to -- in  —  in    1 

oo 

Tf  |int.  i«5ro 

onw^ 

osinx 

O  t-O*  CO 

—  osinx  Jojotx  CO-*    1 

tH  t-i 

T-.-H 

r-1-.OJaJ 

r-i  — OJCJ 

—  OJ  OJCO  CO 

"S  « 

CIS 

;?^^ 

I^el^e? 

;?^^^ 

=  o  o  o  o 

Nj-'vr^vr-'-.r-'vr-' 

a-ft 

t.  » 

|1 

co 

■* 

in 

to 

t- 

X 

^ 

o 

z-s 

523 


SPECIFICATIONS   FOR  BRIDGE  DESIGN  AND  CONSTRUCTION 


^ 

. 

e& 

om 

ill 

8SS 

ggii 

in  xcooJ 

^OJOOl-t- 

0 

■*CTi 

ooP 

lA  000 

iieOQOTi- 

"^ 

-. 

»"(N 

eioem 

ejTtiTji 

w^usce 

CO  10  CD  t- 

001a  t- 00  00 

^ 

CD 

■^0 

10  cc 

TO-^  c« 

010  CD 

l(3.-<-*00 

.-1-H.-0 

CO  l~-  CO  OS 

OCD0*0>T^ 

CON 

■aOQO  T- 

—  COCJ 

C-l  CD  0-.  — 

TO  c-  ■*  IN  CD 

l5 

0 

"TfQO 

l>CO 

O^t- 

TfOJt- 

t*  mcD  05 

Or-.»r-. 

TO  t-  in*^  -^ 

^^ 

"^ 

T-iN 

•NCCTO 

(MTO-* 

IN  -rinio 

55  in  CO  t- 

TOO  t-OOQO 

^ 

CO    000 

^■^ 

OOM 

-Hcoc: 

jjt-gt;^ 

00  00  INN 

iM^^^ 

05    COt- 

feS 

8SS 

•MOO  in 
mt~to 

COTO*^C-     OS03C003 

^ 

»H.-t 

r^(N 

IN05TO 

«eo-* 

W'tiein 

eiTCcocD 

nln^-aooo 

5d 

in  coo 

SfiS 

^ooco 

iftCDOOS 

005  ino5 

MQC  JrOW 
GO  irSo-^os 

COCO  »o 

coco 05  !J^;:;;5g ^ 

en  0  Tf 
-<TOeo 

ODt-rtCD 
IN  ■*  CO  CO 

OOTOOOOO 

TOint- t-t- 

g 

^^ 

-^(M 

NTO-fl- 

NTfinio 

Is 

oi  ^•o 

tot*    <DO00 

00  com 

Tj<  a:  CSl 

t- I- IN  IN 

rc^t-m 

TOTO^thOS 

0:  ,t-S 

-^  m  in (^J{^» 

^gg«;§5g^    gS^SS     1 

OJ 

00 

SJtO 

mm 

ODOJTO 

i-C-l 

THN 

rtOJTO 

iico  t 

5<-*«5in 

o^Tj^  mco 

NincD  t-t- 

5d 

(N 

01  <N 

00s 

^■*e» 

coto^- 

r-<T}ie»05 

niiNooinN 

1 

CD 

WOO 

ai  0 

t-OON 

CD  in  CD 

TO003  0J 

ssss 

>*  in  I-  35  a 

00 

■:4io 

■WW 

oeoo 

TOOS00.-I 

00  OS -V  INTO 

OJ 

,-H-. 

«e« 

T-H(NCO 

OIMtC 

INTOTliiO 

iN-«HOCD 

IN  Tfl  CO  £-  t- 

I3 

ID 

oin 

t-N 

000  t- 

in  QO*^  »n 

S"SSS!'5 

1 

(N 

00  rH 

5S 

^^05  t- 

IN  mo<  00^ 

t*  t*  N  OSO 

00 

«U3 

£-5DO 

miNO 

C^  Ci  t»^ 

•*IN-C(>05 

IN 

»^T-I 

^(M 

^OJTO 

.iMTO 

«»■>»'•«' 

iN-0'inin 

(N-*o;oi- 

^ 

OJQO 

t^QOt- 

McDosin 

^3;iN(N 
oooOin  T 

■«<osinr-ao 

Oi 

CO  ^ 

o»QOm 

->ro5>->  ■9' 

^incD  — C3S 

0 
<N 

,4-.ji 

CQ  0 

CO  tn  c^ 

Q0Oi> 

-lOlOt- 

TOOSlt- 

cDinos  t- 1* 

"'" 

rtO* 

rt(Sl(N 

-HMOS 

sneo-*-* 

o«'*in>o 

IN-fl-mcDCD 

5f 

■* 

mo 

050>-H 

Nb-TOCO 

05-*eoin 

■aiOD'^TO'^ 
OcDi-i-^  TO 

Ui 

xS 

«i-i 

COOTO 

'— CDO 

in  TT  CO  10 

^05  oin 

S 

t~ 

oeo 

no 

inoQo 

0DO5CD 

ottcoo 

10TOt>-*10 

i-Hi-l 

»-l(N 

«Ne« 

1-KN05 

INMTfiTfi 

(Ncoioin 

oj'*  10  CO  CO 

5b 

oso 

Tf<m 

eiei-* 

■*005  10 
CDO-Wt- 

■piCOt-« 

CDOSCOt-TO 

1 

s 

OTC* 

00  3J 

ao-a"  — 05 

C»t-CDt-|. 

bi 

t- 

OOT 

OJOS 

iO  Tti  t- 

C*  OD  CD 

osco^co 

—  l~00OJ 

i-irH 

—  NN 

7-1  (NTO 

—  CO'TT -* 

o»co-<>>in 

(S»-«ilOcDCO 

0 

§s 

TOO 

ggfe 

OJ^TO 

t-int-iffl 

ggN^OO 

1 

OTtJ< 

CDi-O 

t-incD05 

ooSoS 

Ci 

CC 

a  C* 

OJOO 

■*eoin 

COt-M 

30t-.O5.-i 

oincoo 

ciosejSo 

""" 

rtrt 

T-KNOJ 

i-HNOT 

.-iMTOTC 

IN  CO  Tf  in 

ojTOininco 

§.2 

0  e  0  0  0 

;:§5 

;5:s^ 

;^^ 

;?ji^# 

;5:^^ 

;?##'^ 

S^S^S^^S^ 

t,  KB 

TO 

■^ 

IC 

CD 

t~ 

00 

0 

0 

Sa 

z- 

SPECIFICATIONS  FOR  BRIDGE  DESIGN  AND  CONSTRUCTION 


523 


O 


^ 

CO 

■gfS 

COOJO 
(-f-00 

SfeSS 

C5  CO  1--03 

CO  03  O  0?  CD 

X'-O 

IIS 

cc  0-. «  ^  « 

^ 

s 

=  1- 

taxi 

moooa 

0  00  03  0 

O  t-«--T 

05CD— .03  •* 

,.^ 

MCI 

St  03 

OSrfiiO 

03X3  CO 

■*  CO  00  00 

Tl<t-<»0 

Tfoo^ojoi 

a= 

«o 

com 

oS 

oooiq 

»H00  ^ 

t-c»  A 

ss-§ 

T  o>  oj  o  o 

00-^00  535  O 

t 

t- 

t-c- 

ss 

OS  -"JioJ 

Isii 

k 

050 

OJl-*J 

TfltOCO 

OS  CD  »-i  0* 

r~t 

r-KN 

INM 

0*-<»<«3 

03  0  50 

03  50  00  00 

Tflt-OSO 

T  00  O  — '  0» 

as 

■Wt> 

OOi 

op-wos 

00<:O03 

cooinoo 

ogcoo 

&c^o?s=: 

1 

m 

1N05 

CO  03 

ggs 

»01O 

•f 

05  »0 

TKtO 

03  1O1O 

St^OOO 

o5o3«cc 

•j3  T-.  in  CD  t- 

OJ 

T-lOJ 

oim 

O*'^  »/3 

03  in  CD 

03  CD  t- 00 

■^l-OSOS 

•*00O  — .-1 

^ 

^ 

05O 

OiTllfO 

-HtDOS 

«03  03 

omooj 
t-ojcoS 

sgll 

0*05  0)0  00 

s 

CO 

ooo 

OOttOS 

005  0*  oi  03 

tH 

.-((N 

03  03 

01-*i3< 

03mcD 

03CDi-l- 

•*i>0DOS 

Tllt-O  T-I.-1 

cb 

'^ 

c5  T*" 

05  1-1 

03lf5  05 

coo*  OS 

as^osos 

COQOO'«* 

QQOt-On-1 

Oco o  in  ^- 

J 

s 

OOM 

OT0«O5 

CDOSOJ 

oo  TT  CD 

osgStio 

T'- 

C»Tl< 

OJTJI 

t>03  t- 

05  00  CO  03 

..^  CO05O5  O 

a* 

'"' 

—  (N 

0«03 

OJTJITJI 

0310  CD 

03CDI>i> 

03  CD  00  05 

■!)<t>050-ri 

o 

s 

IN  00 

OTJI 

^00  35 

i^O!j> 

03  00  Ot- 

C3st-OS00    OSCSOSTtlO 

t-CD 

sss 

t-Tf0S0S|:003O0*IO^05Gvei^      1 

^ 

CO 

l-OT 

0103 

-*aDr-03 'x)tD-<ro  jOJ^oSas    | 

N 

_ 

t-iiU 

0»O3 

0»-»-«i 

03  in  in 

03  O  t-  f- 

03:0  00  05 

■<*  t-05  OO 

T-l   1-1 

53 

^1 

S| 

Tf"*.-! 

1-1  03  'I' 00 

^0«  Tji  o 

OtJi-*cocO 

1 

s 

CD  Ot-t- 

01  £-  05  O:  03 

T-i— 5*0*03 

CD 

<N 

1(3  OlO 

OS  00  t- 

OSCDOST-l 

i>-JlT-li> 

N 

r-i 

i-ioj 

05  03 

■MTJliJi 

0*  -fliin 

03OcDt> 

03  CO  00  00 

■CJH>0500 

1-t  1-1 

b 

"Nt- 

r-iatta 

Sfeg 

i-OOO 

—  OCD  w 

^0*^0*g 

i>  — 

too 

OOOll- 

in  CD  o  w 

IM  OOOQD 
CO»!0C-9l 

i 

w 

50(N 

oot-in 

Olrfl-Os 

OS  OS  (^  050 

■^ 

.-UN 

0«03 

0«O3tJ< 

oi-'S'in 

030COCD 

oseot-oo 

COXiQOOSO 

Sd 

00 

S^ 

oco 

05  0JO 

gOS^ 

Sg^giS 

05OTOS03 

OS  CO  t"  0*  <o 

t- 

002 

05  05  ■* 

t-35 

O5O5  0JT-1 

^  Oi  05  »0  QO 

i6 

5D1-H 

005 

03  1^08 

rtOJOt- 

TjiOSCDOJ 

0O5DCD«D  CD 

<M 

■^ 

T-lIN 

e»o« 

oi«-<>' 

oi-cpin 

03  «3  CO  CO 

03Ot-Q0 

00  'to  GO  05  05 

o 

oo 

(SOJ 

03U3 

O5  03g 

•W03  0S 

CDt-OTiH 

05  03  0  03 

1 

M 

t-50 

03  05 

O30sei03    t-xt-o 

lOO 

OSOO 

CD  03  0* 

CO03O    03C-030S 

©i 

*^ 

r-<N 

.lOJ 

OlOS-fli 

oiTiiin 

03  0COCD    OM(3t-t- 

CC<©00OSO3 

o 

S»QD 

05  10-* 

ss-^ 

T-lt-'^CO 

CO  lO'^eo  — < 

•N05 

04  lO  05 

COt-OJOS 

1^ 

o 

>0  05 

00  00 

in  01  o 

OsSi-103 

0*0  —CD 

N 

^ 

1-1  .H 

-<o» 

0103  03 

oiTjiin 

0*  -r  CD  CD 

0301>t- 

CO  CO  00  OS  05 

fl.9 

eS  o 

vP  ©  o  ©  o 

^ 

;^5f 

;?ji*# 

;i:^s^ 

;?^#^  ;?^#^ 

I5^^ctf^^»^ 

an  P. 

t.  to 

m 

•* 

U3 

<o 

»- 

oo 

05 

o 

3P. 

^■s 

534 


SPECIFICATIONS   FOR  BRIDGE   DESIGN    AND   CONSTRUCTION 


?? 

t- 

00  CO 

§S| 

oinj- 

mm 

■NOJOto 

—  in  to  a-  o 

co«5 

■~Oin 

282 

mejcoS 

t^ cotot- 

t-QOOlBoD 

»ft 

o 

m 

(N 

weo 

eoio 

■>tcei> 

■*»-«» 

lOOS  — « 

tOOCO-w 

CO  »-i  in  CO  to 

«? 

Ol 

00  50 

OO)^ 

to  rr  in  CO 

ooincff  o»to 

^1 

to 

CO  00 

cSS 

inoo 

*- to  t-co 

OS  --  to  in  so 

a: 

»lO 

OC0  05 

t^t^OS 

C0  05  000 

05INt-tO 

in  in  to  th^ 

m 

" 

•NCO 

COU3 

TTCOtO 

-T  t-00 

inoDOi-i 

inoiN  w 

to  1-1 -f  to  to 

OJ 

(S!t- 

csiin 

CO  to  in 

dOc-- 

— irt  inco 

INNt-— 1 

k 

(N  1005 

310 

inco  -T 

o-.iNOs 

rt  t-050 

o>Oino5 

ooo  ■*  IN 

^SSi^o 

05  jeo  tP 

IN  OS 

?.  iNt- 

»n  in  to 

IN  I- in  00 

s 

y^ 

<MCO 

eOTji 

CO  to  CO 

■*i>00 

loonoo 

ino(Noo 

co^-winto 

Sd 

CO 

t-OJ 

coco 

eOr-CTl< 

coot- 

to  CO  to  CO 

0»(N0»C0 

in  w  CO  CO  op 

■N  OS  OS  coo 

l- 

S3  —   |r-<Xl 

inooQO 
oooio 

t-cooo 

to-w  Tt.  in 

CO 

00 

in-* 

INI- 

■*COTJl 

tOt-TiO-. 

(NCO 

CO-* 

CO  CO  CO 

Tl>t-00 

lOQOOO 

inOJMN 

to  ocoin  in 

CO  00 

^1 

oinS 

tOT-1,-1 

M  TfOO 

oinej'-' 

Ofooot-o 

o 

CO 

fr-Ol 

■*e«ao*— 

IN  00-^  ©I 

ssssi^ 

1 

00 

■*& 

t-OJ-* 

CO^N 

OSCOOIN 

in -"I"  00  to 

S2 

,_, 

<NCO 

COTf 

CO  in  to 

•*  t-QO 

TfoOOO 

ino5^(N 

tooeoii'in 

CO 

0»'# 

CO  CO 

05  inco 

—  ■*»- 

rHCOinOD 

TH  — QOCO 

in  in-*  Tt«  ^^ 

50 

CO 

o  -t 

OtX 

.Cl><- 

■*in  t- 

,-lO(MO 

l-COCOO".  |IN-*OI-».CO 

^1 

t- 

■fl-O* 

OlO 

cot- IN 

OOthoOO 

co«in(M  cncoiNint- 

S 

y^ 

IN  CO 

CO-* 

CO  in  CO 

TftOOO 

■»ooa50 

ino5-r-iiN  inoco-^Tji 

CO 

~ 

1(3  o 

ejc3 

OTfio 

t-  O  "Tf 

o  in  coo 

■*Ot-,-l     -lw-*l-Qp 

b> 

Tf  '  *t  «o  '  i- CC 

coSiN 

-»{-«- 

oDoo  t—  in 

moocot-  totoj-ioiH 
INCIWOS   t-ooo,-«o5 

f-    CC  r-   |05  Tf     lOCO  ^ 

iH  t-00 

a;  ocint- 

OJ 

1-1    C^  CO  1  (M -^  ,  00  ira  CD 

■»  cot- 

TT  t-OiOS 

inooT-ii-i  inoo?-*'* 

so 

CO 

■3JI> 

iNt»<  l-^-tiQD 

-)•  t-co 

«c:  TtcO 

05— IOSCO    OOSOOtC-" 

cb 

Cd 

00  t^ 

a:  T-H  CO  t-  o   T-«  oc  (- 

in  :D(N05 

i-cocoin  oc-iMt-to 

QO 

XS3 

•»^  -^oi  o  in  CD 

in  to  CO  -^ 

oi-03to;cot-int-05 

1-H 

,,^ 

(NCO 

(NTf 

CO  in  in 

■9<0£- 

-*{-o:  05 

inoooT- 

m  OS  -N  CO  CO 

CO 

as 

C0O5 

05tD{- 

co  in  ■* 

•*int- to 

eoin-c-— 

INt-IIO»-iO 

o 

Jo 

oot- 

iNint--r  icooo-*-* 

■rt-OOOOt- 

^1 

o 

WO! 

"2 

eoeoS 

05  Tji  ■* 

■*TroiN  Oi-<j"toco 

■*  »n  ^  131  in 

^ 

,_, 

OJ(JJ 

«•* 

CO  in  in 

CO  tot- 

•*  t-05  05 

•*000>-i 

in  OS  "N  CO  CO 

CO 

so 
I 

s 

ooco 

in  in 

■*05t-    COCOtO 
t-C-tO    OSINt- 

g::s?g 

■*(S—co 
oj  -tfincc 

t- t-t-  INCO 

OON  ^COQO 

iiS 

!D 

,-.05 

OjT-iCO 

t-OJIN 

(N  55  ooo 

t-eicco 

m 

"^ 

INO* 

(N-* 

CO  in  in 

coco  t- 

^  I—  00  OS 

T).0DO  — 

inosT-icoco 

cc 

fes 

00  CO 

,-iCOO» 

co-*aiOolt-i-i(N  — 

-^OD^OSOO 

o 

CD 

in  t- 

onco  T- 

t-coooin  iinosoco 

coin  — too 

1 

u: 

ooo 

C0  05 

T-ioin 

to  o  o 

—  oint-  tooot- 

—  osintoQO 

s 

y^ 

c»ej 

IN  CO 

CO  in  in 

CO  tot- 

-*l-ooao  Tjioooo 

inoDT-iNe» 

CO 

ts  o  ■ 

c  o  o  o  o 

^ 

;S5j; 

r^Cl"^^ 

;J;5^^ 

;S^^^ 

;:?^2^:^ 

r^^oS^^i^ 

X,  P. 

li 

m 

TP 

>n 

to 

I- 

00 

05 

O 

Sa 

^^•5 

SPECIFICATIONS  FOR  BRIDGE  DESIGN  AND  CONSTRUCTION 


525 


M 


If:)  -T* 
coco 


t-lNOS 


Ot-QO 
O5O3  0D 


o  oc  o 


OS  Gi  lo  ao 


IO  r-cD 

(NOCO 


•j;c6  03 


05.-^    T-  CO  « 

o  ^  Iqdoog* 

lO  I*     -^f  W3  T— 


TO  fr-O*  TT 

OTJOOO 

to^cc* 

0»500  rt 


Oios  :dco 
--r  C5  CO  -T' 
(^  c*  -^  o 

^  ast- 


-  -HOOJ 

ooino 

Oi  IO  OS  ^- 


■>*U30 
.     lA^iO 

OVNOOCO 


eot-i-o 

30  11  t-  <-- 
lOO  '-•CO 


O  QTj  CO  Ol  p 

CD  In  5 1-1 00 


. !  O  S  lO 

OJ  GC  lO  -^  t- 


rr  lOQOi-f 

oao^M 

CDT-it-OJ 

ooioooo 


CO  i-t  lO  ^-  o 
*>»  o  oi  lO  ^- 

0O>-l  r^OCO 


05  t»  — ^  "^  "i^ 


ojeoco  t-QO 

--050  coo 


Oi  CO  O  CO  CO 
i-cOJCNO* 


OiOCO  ■n'OCOCDOiWCOr-i 

CD  O  CO  CO  C35  IO  O  1  CO  lO  O  ■»:»« 

CO n' 00  CM  — lOo   r-icsotio 

coo—  b-C^'^^lO    OOCOt^OO 


CO-*    «5il 


•*CO    lOQOOO    COOS'-    to— CO-* 


lOO 
CJCO 


CO  00 
OO 
so  -* 


TfOO 
— *IO 

00  CO 

00  lO 


^H  c"-  CO  OS  CO  o;  CO 


OS  coo 

T-IQO  — 
O0D'<* 

lOt-oo 


O  — CO 

■*-*  — 

00  ir:  OS 

inoio 


0(Naooio 

OliO  OS  (M  W 


eoiOi—OsoD 

—  —  00  com 

CD  O  OS  O  lO 

OO  IO  X  —  -; 


CO  GO  — CD 
"*COCO  0« 
CO  —  CO  l- 

CO  ^-^  CO  CO 


OS  CD  t- 

co  r^  OS 

CO  00  CO 

Tlieoi- 


CD  — CO 
TPCOl- 


ino'^" 

3-.  TlCO 
^00  OS 


O  — (NiO 
CDOO»0» 


-*  CO  IO  — 

OOOQOt- 

—  —  o  — 

t-Ol  lOCD 


cot-o  — 

t-— —  (N 
l-CD-*  T 

CO—  1'  IO 


OSt-l^  — 

TTCO-TOS 
TO  t-CO 

CO  — eoTji 


o  t-oeo 

OS  OS  O?  CO 

oj  t-'*eo 

CD  O  CO  "^ 


—  iOi>  — o 

CO  T  IO  (M  t- 
(MCO  — —  lO 

OO'^QOOO 


■^CKIO  t-00 

■o  oD  in  0-.  c 

00  CD  CO  —  CD 


t~  CO  ^-  OS  OS 


eS  o 
Oh  O. 


il 


W^W^Ctf^ 


;?s^^^ 


i^^c6^^ 


•o  e3s  »^  l-  P 

X  TT*  CD  O.  t' 

-*  O  to  Ofl  CD 

i>  CO  CO  00  00 


T  lO  -*  —  X 
OiOJOSN  lO 
—  tC  I-  -*  i> 

i~  (N  in  t- 1- 


r-05co53'-< 

-*  —  —  OS'-l 
OS  —  ■*  O.  CO 

CD  0»  lO  CD  t- 


526 


SPECIFICATIONS  FOR  BRIDGE  DESIGN  AND   CONSTRUCTION 


•5  T 

S  o-oi-G  1- 

o  O-OI-G  dr 

o-oi^|- 

T 

■-n  o*9-€  ^'- 

^1 


03 

mto 

nrfoo 

350-* 

»10r-l00 

t-'>*oot-o 

9S  «  OS  1-1  00  «o 

OS « to  i-H  t- 00  in 

COOXNXOJl- 

S» 

gS*" 

?ss 

SSSS;: 

Tj"  GO  OJ  CS  t- OS 

t-  in  ■*  5j  r- 

oj  »  — QDinm  X 
xtoin55(r<« 

5?SSg?S2'- 

5» 

oeo 

C-0«D 

m  — o 

NOJ'WUS 

-HOooe«i- 

00  OS  00  >-i  •fl"  TT 

m  CO  in  o  OS  in  CO 

lO  O  lO  t- 00  OJ  OS  lO 

S°^ 

SS"" 

JSSS 

aooawM 

U5C0OJ  — 

s^ggs 

?iS^§i;=^ 

o-f  o»--*inx 
xtoincoojr-i 

88gS5gSS'- 

oo 

QDOkO 

t-COCD 

tcost-i- 

JOtOOOt-'* 

coin50  0jo.-< 

>-H  C»  CO  OS  IN  iii-i 

osT-cotiTftotoei 

§=° 

CO  T-t 

^§3 

iOC0<Mt-i 

?:S§£5i:;=' 

g§S^SS«= 

ggg?«S2»- 

o 
J 

ecto 

cnoeo 

Tiin,- 

O5  5oe»x 

50  i-H  O  "^  CO  00 

to  OJ  OS  »- lO  X  OS 

e*  11  ■*  in  in  ^  00 —■ 

SJ*- 

CO  T-1 

^S3 

§-;?gS2 

§sggs=» 

^s^sss'- 

gSS?JgS2^ 

? 

«D0» 

OiO^ 

OJt-«>  rtcooo-a" 

>-<«OOQOt- 

00 1»  CO  to  coin 

to  CO  •*  in  X  in  to 

u;o»t--^o»/5i-<oo 

^*-    gS"" 

"«S 

oc>n  i-c— . 

lOCON  — 

CO  ^  w  »-< 

£§?gSS" 

coosccooej-ri-  occ«-"Oso»cD 
t-inTj<coNr-i       xtcinTMOj-- 

o 

GO  C*    v^OiOi    t^CiTt 

ooeooi 

»-<  O  i- Tf  CO 

QOOOOSOSO'M 

XOXeOi-i(MCO    t- 5»  — —■  t- OS  X  CO 

g=° 

10t--<5' 

OJiraco 

SeoeJ  — 

05  oi  o=  X  av 

10-01IN.-C 

in  OCO"*rCDQC 

50ioeoNi-i 

>-cad-»»r»'NTi<t-^'t-''r-idoca>oJco' 
oio-rcoo*^       i-toio-»e5.-iT-i 

o 

oc« 

-^INO 

in-r-iia 

oi>ao-* 

—c rt(N0=05 

GOQOO-itOOC 

o  Tji  rt  —  ■*  OS  o  OS  in -^  t- X  oo  lo  oo 

^'■° 

S£;^ 

5:S?i 

OlOJOO 
ttCOUt- 

t-  .-1  00  i-  00 
O  TJ«04  T-t 

CO  op  in  Ti- in  t- 
»^eo(Ni-i 

OCCCO'-fT-'COC-  l-'tWOSXt-OieiCO 
t- in  ■*  03  (M --I           t- CO  TT  03  Ol  r- r1 

^"^ 

CO  T-< 

(M  CO  1-1 

oinco^-t 

^-*  »M  o  o 
T»icoe»Ti 

OCOINttO 

IC  03  t-  t-  00 
•OK)0*T-1 

00  OS  e«  ■*  0*  to 

.-1  to  -i<  co'  in  r-' 

to  ^COC*  t-i 

a: iO'<i'Oxint-  ot»xojost-8J"i 

t^TjI— 'o'c'or'co  :  co' o  t-^  t-^  co' oc  o»  CD 
toin^ooMTi       I'-tO'^cooiT-ti-i 

OSIOt- 

sad 

--eoi-t- 

00  ^CO  OS  00 

inooot-t-co 

t>.incDOso»i-<in  oes^t-oeJooQO 

loeJos'x'ooocD  T-.' OS  to  in  CO  x' i-i  in 
eoincoSi'N'i       1^  in  tt  CO  «  ^  ^^ 

00 

(SOOT)"  coo 

O  in  U5  CD  00 

ioeooji-1 

ooin.-i«o 

OS —<  OS  X  CO  to  (M 

CD  to  iO  «  O  t- -f  CD 

ODt- 

lOfc-OS 

§S3 

eacoeta 

ej  •<i' lo  50  to 
■weoeiT-i 

ns  iH  th  lo  »- CD 

OSX'^t-f-^OS 

INC0  00t-O0»!»00_ 

to  •»  oj  ej  -I- 1-'  o  in 
CO  lo  T?  «  e»  1-1 1-1 

2-9 

08  o 

a- P. 

;?# 

;?^^ 

;^j^^ 

;?e?#:;^ 

;$:sr;r^^ 

;?##:^#^ 

;?##5^;^#js 

oooooooo 

us 
aft 

05 

•* 

in 

to 

t- 

oo 

OS 

o 

SPECIFICATIONS   FOR  BRIDGE  DESIGN  AND  CONSTRUCTION 


527 


ns 


PQ 


TftO 


OJOO 


.-I  in  00 


0050 


ONOJ 


©•"JIOO 

woo  00 
so  55  .-I 


OS  »n  tp 


tot- 

MO 


Ot(i 
030 


ejo' 


1-1 1(5 


«oe< 

OOJ 


oos 
ood 


■^cjin 


rlini-l 


o*oio 

l-<-H<0' 


oouj 


F^ci^^ 


10  05QO 

OS  lot-' 


odira  t^ 


'Ni-Ir-ilO 


.-ido"-* 


dos'oi 


omo»m 


05  0?  into 


t-'wt- 

tnojd 


iniOT)- 


0»-i-< 

OStHSD 


•<jio»r- 


:?^^ 


^  GO  03  05 

in  in  to  05 


ojeo  t- 


00050  ■* 

ci  03  in  00 


Tjiooosi-i_ 


;4?^s?;^ 


I-  03  t-  f-  « 

in  03  03  d  03' 

XltOTJiN  i-l 


00  O  r-  I-  e»  to 

to  ^  ^  f—  CO  *— ( 
05  t-  in  03  (J>  r1 


thojo-ho  osiniHi-it-<i(< 

Soi  05  to  05  I  ■*  ej  00 1^  5»  ^ 


T*i003lOQO 

ej  -H  ej  ip  ff  j 


to  o  to  o)  to 
dd-H-«oj 

—     7-*0!l!.-( 


OOOlOr-KN 

CO  — 1  IN  to'  ei  ^ 

O5t-in03(NiH 


o  to  ^  05in  o 

05  to  U5  03  <M  -- 


ooo5coo3in  OT-iei<MOJo> 

odocQ'9<(N  oJoodiood 
t-in-^o-^TH  ootoinccNi-t 


o  t-  o  t>  00 


.-itOOi-ii-' 

in  to  OS  05  ej 
c-in  co(Mth 


!y!T)<o5inos 
^  in  oo  oi  1-1 

t-lO03(S  rH 


0»  OJ  05  O  t- 
r-<'*tO0Ji-l 

t-ineoot-H 


in  o&  03  to  in 
de»in.-<TH 


i-ineoej^ 


■MI-05  — IM 


O  I—  05  ^  M*  t— 

t-^  to  oJ  ii"  d  d 

00  to-*  03  01  -H 


(35  CO  CO  too  to 

■«<  >n  CO  03'  d  d 

OOtO^COO!  « 


t-  00  OJ  to  ■*  CO  ej 
tin-^'i- jo'dd 

O  QC  to  -1<  03  01  i-i 


■*  10  in  t-  00  00 .1 
in  03"  05  to  oj  d  d 

O  00  to  "T  CO  1-1  — 


e>  X  oj  00  01  -I-  c 

03^'o»l(3  0ldc 
O  00  to  Tf  00  i-l 


oooorHinooD 
join  --03  05 


05  01 1-  -»<  OS  to  t- 

00  00'  d  •»)•  d  00'  d 
03 1- in  ■»  03 1-1 


in  in  in  t- s»  01  in 

toco  00  coo  ood 
05 1-  in  Ti"  CO  — 1 


OJOlOSi-ilpiHUOl 

06  « in  ad  oi  d  06  d 

1-1  o  <-  in  ■*  oi  1-1 


oDei->i«oaDinoirt 
1-1  OS  I-  in  'J'  5<  •-> 


coi-iooosi-t05ino5 


0»T-l010C''3<-<)<,-iOO 

d  d  -^  T)i  d  i-'  i-^  06 
!-■  o»  t- in  •*  ei  ri 


■fototoinoot-i- 

_^  OS  03  o5  to  to  go 
oactoincooi« 


o»  00  ■*  OS  ■*  00 -^ 

Tj«'T)<t-'oidt-'d 
OS  t-in'S'oirt 


CO  OS  •*  UD  IC  •'}' 

oi  05 1>|  oi  d  d 

QD  to  ■>9<  CO  I- .-1 


t-  ■*ino  wN 
doitoeidd 

CO  to  TJ"  CO  .-1  r- 


inoco  i-itoo 

odrHio'--ao'd 
t- to  rf  03  T-i  1-1 


Tj<  to  »-i  1-1 01 00 


OSi-l-^i-lTH    tOOSTHOOOOS 

toino5oii-i  i-io-*coi-i 


-5^  w*  0?^ -^  i5^  i-^- cl^  oj^ -^  itf^  tc^ 


OS  iH  01  .I  t- tC  03 

1-1  CO  d  01 OD  i>  d 
OS  t- in  •<*  ei  1-1 


t- Tf  11  05  C  O  "i 

d  •-•  in  1-1 00 1^  d 
00 1- in  m  01 1-1 


in  t- OS  05  (N  to  OS 
t*  OS  05  O  t- to  00 

00  toin  ^01 1-1 


01  o  00  CO  ■*  01 1- 
inoooiosdd  00 

OO  to  10  05  01  1-1 


>A  xOS  vOS  vOl  v^  ^Cb  v.Cb 

•^  »r- 95^  liMff- ^  t-^ 


oor-iintooi^to 
d  00'  oi  00  d  d  Qo' 


>  00  to  10  CO  Cl  1-1 


inoin^fit-fr-oin 
co-rftoi-it'^indQo' 

O  GO  to  in  05  Cl  i-t 


OSOSOSCOODi-itOCO 

o~-*ddiniood 
o  00  te  10  05  01 11 


i*ios-^T-iosincoci 
godeodinTtiinod 
a»  t>  to -qi  OQ  01  iH 


OOSOSOOOSOSO 

dt-i-jodino3'<*ad 

to  TP  03  Cl  11 


inoinosi-i^inos 

COtOQtO^'co'^l- 

OS  t- to  -*  03  01  i-t 


©OOOOOOO 
■J^  ^  ^ -^  Ifl^  ^  l^  0^ 


528 


SPECIFICATIONS   FOR  BRIDGE  DESIGN   AND   CONSTRUCTION' 


i 

'A 

H 

1= 

SI 

oo 

■»eoao 

ONtt 

.oaceoo 

.-  ffl  CO  CO  CI 

00  o  in  m  o  t- 

r-.  «5  ■-.  to  ■-.  CD — 

-HOOint-OOrnOS 

5S 

-•OOS    U5J-CO 

gsss 

sssss 

^SSSSS 

i-c  CO  0-.  t-  OS  TT  « 

eoot-iocoea^ 

52ggSggJ2 

§5 

(NX 

-XJ0O5O 

XtOO 

•ncsooo 

o-*  T(«  05  :o 

O  lO  ■»  t-  «0  U3 

OS  00  OS  t«  CD  93  OS 

00  o  »-<  lO  e»  to  I- oo 

SO  CO 

gg;=-- 

?3^?5 

iESg;S 

oi  ■*  o'  .-c  «5 
Ot-U3  05»- 

SiBS^SS 

Sof^ScSS^ 

5<  — iSco  inooSr-i 

l5 

T1>«J 

00  com 

t-oas 

■JJO-*CO 

oaojoinco 

«^-,J._0>CO 

00  OJ  O  00  o  c:  I- 

■^•-'CDCOSO  T-TSO 

o»eo 

g§^- 

OJSO« 

fegSS 

o  «  OS  t-in 

O  t-  Tt  CO  i-< 

■* t-co  mt-co 

--<X  W»(N  — 

0  o  o  ir:  00  CO  >-i 

01  o  t-  in  CO  o5 1- 

|2g§5SS2 

US'* 

O3  00-* 

•*'*.-l 

00005  0 

COO>;Or-iO 

5>  t-  CO  U5  00  1- 

00  CD  CO  OS  •*  »0  W 

OCOUOJOCDrt'* 

r-ICO 

sgg^* 

p;g^ 

tnoo  !OQ0 
»oeoi-i 

§i:^SS 

CT  lO  e-i  OJ  so  CO 

^  00  50 -a- C*  T-. 

01  OS »- lo  CO  01  ^ 

eo  Ii  00  so  ■«•  05  S -> 

? 
^ 

00  CO  1  o  eo  (S 

ut-oo 

MCOMt- 

l-0(NtOX 

H0JC005-*CTi  ,t-OSOOOO«-* 

I-  T)i  l>  «  I-  ^  t-  80 

V 

S2  iSS*  g^lS 

SSSi:  Sjg^s:: '335382  |82Ss§;:  5|gS'^S§S 

!? 
s 

Ot-   i-cao.-i  COCS-* 

c3u;t-05  |0a>50.-o 

OJxeicoot-  -^cooD  —  'j'l-OJ  ccxi(No;aou5-*T-i 

o» 

K5(N          !D-a<(N    00O«T-(    cntCT]<OT»-c 

oooio  —  too? 
O00  5Or)"N" 

|gg3g^;:§SSS^g?SS 

eoo5 

(NCC05    -^OJO    Tft-THO    IN500:OM 

CO  ■*  cj  t-  lO  m 

oj  t- in  «  OS  CO  11 

Ol-t-XOOSOO 

§2 

oino?coo  — oo 

CCO00CO-T03e*.-l 

^ 
g 

»ot- 

ojoooo  !Ou5£-  oo:ini^  in<OTi<,-i«  oojn  —  o-*  NomiNmasos 

in  t- oj  t»  OJ -*  CO  00 

S2 

ON         CD-*OJ    3DIOCCT-I    OSffl'O'OJrt    O  {- in -fli  (M  .-" 

^c=iiiocoo»i^iOJooccc-<j<coii 

o 
1 

l-io  Nmo  ooaoso  io«o:co  t-itsootooi  |o-w»jio«d»j 

ocoocooint-  e» 00 1- in »n 00 CO  » 

teS 

ss°^ 

0^(M 

SSS2 

oeoia  00 CO 

05  50  TTN'-i 

■N  00  t- 05  ■O' SI    T)<00500'->0    lOrtO'-rrOOSOS 

ci~ocooj.-i  rt0550>neo(N-«  ^ox^-veo^ 

J 

o 

OM 

eooon' 

0^03  o^ 

0-*M'~i 

O  lO  —  o:  t- 

i--05eio-.oio:0  50!D-*iOTHa3  050^-*ooeioio 

t-o* 

ggl^ 

sss 

&g§?s 

ss^ss 

SgSSSS 

INQOt-OSTJi«ole*0050C0  0050S 

«OD<cr}<ooiS«^  ojoi-so-oieori 

OS 

-»r^ 

o*-*e» 

OTHtO 

totouoo 

■*Tl'-*»-» 

i- iO  «-!  OS  t- 00 

osossoioot-'*  !0.->ineo«t-co'<ii 

s2 

gS=^ 

lOOCTi 

t>U5eOrH 

»^  ■*  ■*  t>^  CO 

sssissun 

ggg^S§2|§&§§§S* 

1"^ 
5a 

;?^ 

^N^c^ 

;:?5?#:^ 

;$:^s|;^;^ 

;?«f;^^;^# 

;?5?#;^##j§ 

ocoocooo 

eo 

Tf 

u: 

«o 

*- 

00 

03 

O 

SPECIFICATIONS   FOR  BRIDGE   DESIGN   AND   CONSTRUCTION 


529 


Hi 


jio'd 
JOS'-" 


looin 


s;2 


o'lO 


0JU5 


05  05 


MOO 


05in 


01  tC 


00U5O 


OTOOO 


O  TJH  O     Tfl'  ^  5P 


(sosin 


?0  -^Tj" 


oootc 
in  <n'  o 


MMN 


m  CO    05  90  O 


C05« 
COOCO 


05-*t> 


QO  1-H  f-H  -irll 

S  — cooj 
t-TTOJ 


(N  •*  00  CO  I- 

.-i00O5<OO5 
INOOlOCC  rH 


C0O5  9J;OmiN 

(-  -^  :0  rH  ^  CD 

CO  o  I-  m  CO  T-< 


coooioj 


O  CO  CO  00 

'r>  C5  oj  fh 


in  Tf  05  o 

o'qO  — r-i 


o>noo5 


t-oeo  'i-cD;cco 


■*05  0 

orj  00  •* 


5H>C0  05 
■^  CO  OS  35 


t>o6-* 


00  t- 0*50 

ojoioso! 


t-COi-IOCO 

05  t-  05  »  05 

^xincOfi 


(N0J-*5DO5 

00  CD  00  in  00 
^oDincoi-i 


t-OCOCOTf 

CD  o  ^-  tn  00 
T-caooco  rt 


0>iN'l"^"0  05<N,avO0!-tiO"r3DQ0 

CO  .-i' •>»  Ol  1(5  t-  rr    Q0t-»0JOO  "1<(» 
iO(N05CD-1'OJ>-iZcOOaO-^^0<T-l 


CDCOOJOOIO 

in  CO  o  »-H  ^  CD 
CO  o  i"»  in  CO  th 


05C0(N  •*00  00 

CO  oj  ■*  o  o  in 

CCOt-OCOi-H 


OJ  CD  C«  Ol  05  CD  O 

—  05  tH  CD  TP  t-  1> 
O  rH  05  CD  ^  0»  *-' 


CO  O  05  '^  CO  CO  00 

05  00  C5  »n  -^  I*  co' 

-^  T-.  00  CD  -^  •?»  »-" 


(NOINOOincD 

oii-i'woJOin 
coor-Tf  coi-H 


CO  -*  t-  CO  l>  O  CO 

t-'cdo6T)<coc^co 
■*  ^  00  CO -a- N  T-i 


CO  OJ  t-  CO  OJ  CO  CO  CO 

CO  *n  cp"  *-i  05  05  -I*  M 

COCOOOOiOOOfM^ 


Tfi-'j'coco-^co'^in 

-^  CO  in  o  ao  05  -«•  05 

CO  CO  o  00  in  CO  oi  1-1 


O!  -^  05  CO  CD  X  OJ  CO 

OJ  .-i  CO  05  {^  00  T*  01 
CDCOOl-inCOOiiH 


o»  00  00  05  o  I  ■*  CO  o»  T-1  oi  •*  CO  05  in  ^- o»  t- ■*  .-i  oo  in  oi  oo  co  o  >-" 

inccco-^ao'oo5  0i*c7soin'iin'^r*cococDcolc^05o«aocox-^oi 

— <OOiOCOt-i     C005W*CC'-1i-T  —  00CD-rOI»-i    COOJOC-moOOJri 


t»  c»  t-i  in  CD 
cooJco  -fl^r^ 


ococoojco 
oi  T-i  in  Tti  t- 
i-iooinco>-i 


■S'Tj.inooo 

o  c  -*  CO  i> 
■-1 00  in  CO  T- 


05  0«  t^  ■*  I- 

OO  05  CO  CO  CO 

oi- in  CO  1-1 


CDCOCO'<*"00  ^ 

00  00  woo  OS  in 

O*  05  C*  -^  05  i-t 


COO!C0t-lOO5 

CO  CO  O  t>  OS  -^ 
«  CR  I-  Tj<  o*  '-' 


om-^oojco 
in  in  o;  t--  oc  -^ 

OJOSCD  t  OJi-i 


05  CO  CO  00  CO  Tji  05 

co"  CO  CO  05  OJ  co'co 

TJ-  T-*  GO  CO  -^  05  »-< 


0»  I-  O  35  O  1-1  O 

T-H 1—  in  —  oJ  CO  CO 

■^  i-H  00  CO  TJi  05  — ' 


05  i-H  00  O  ■*  00  00 

35  CD  CO  T-1  T-i  in  05 
CO  iH  OO  CO  ■^  05  1-1 


05 1-1  Tt  CO  35  •*  o»  in  c- »H  05  in  CD 
co-<j<oDcoodT)>  t-^o6o5  0  0inoJ 

05C-.  O'<*'05i-I    COOOOCO'WOl  — 


99oc»0'*  iToomcDin  — 
5:1 00  05  co' CD  Uh  05 1-*  in  00  Tfi 

Ot-lOeOr-ie5a5CD^05i-l 


t- 00  1-1 1- 05 

in  CO  05  oj  co' 
ot-inco-H 


in  Ti>  in  05  05  05 

05  1-1  CO  -^  oo'  CO 
1-1  05  CO  Tf  Ot  i-i 


00OOi-<O05t-35 
t-  00  -r-  £»'  CO  t-'  co'  1-1 

»nc50t'inco05w 


mo5ini-(i-i"^moo 

incDOicDint^cow 
in05O5i-»inco05i-i 


COtH— 10C00505CO 

co'  '^ooiii-^  co'  CO  1-1 
m  01 35  C"  in  CO  oi  1-1 


ino5  05t-incoo5-^ 


050Din05eo05mcococ0Q0t-O5t-co 
inco'i-i'o5  0ino5  od  o  in  ©5  o>' in  05  i-i 


fiS 


S  CIS 


SiSfi 


W^^^ 


;^^#:;^ 


;?5S;^:#::|: 


^C^-CCT'^ 


coooo  in-"*  05^ 


^  05  CO 'ii  t- 05  CO 
CO  lO  0  00  05  1*05 

eooooinco05  " 


,^a -„a  ^  ^  s«  %p  vp 

nl'^  01^  OS*  ^  lO^  »^  l-^ 


!•  05  05  I-  in  CO  05  1 


■  35 1>  in  CO  o<  .— 


o  ©  o  o  o  c  o 
i^er-^^ia^^t^i 


530 


SPECIFICATIONS   FOE  BRIDGE  DESIGN  AND   CONSTEUCTION 


'tS 


b 

^ 

tO-H 

^UJO 

ooo 

omoor- 

OOIOOKN 

00  OJ  t-  CO  CO  00 

OJ  Oi  04  Ol  CO  1-"  0> 

m'«"*c  -H^t--* 

fei:; 

t-Tj't-i 

05§M 

©ocom 

cSSS5>5» 

gSSBSSS 

t-ooot-mSi-c  cr. mo>Ci«D-«'Si-i 

^ 
^ 

rtO 

00  05  05 

=>-q<l- 

to  to  CO  05 

CO  rH  CO  ooo 

OOJ-ONt-h    (N  •<*  O  rr  O  00  o 

CO  t- o  o  •*  CO  m  oc 

fes 

fcSS 

SSS 

gg^S 

»05  1>0>-H 
C0  05  50->1<N 

ssgsg?s  e|sgs§s 

S  m  N  OS  CO  •«•  04  T-i 

<©  00 

mm  oo 

O00-* 

SJOOOOt^ 

— lomeooo 

IN  t-ooeoa:o 

CO  00  00  CO  m -oi  00 

OOt-0!CDi-i04i-i 

in  r^ 

feSg 

tooTn-Tr 

coScoSS 

SSSfeSS 

c-  CO  o  I-  m  f  0  i-i 

00l6o»5cO*e4T-l 

^ 
g 

0!0 

t-r-lt- 

OSt-li- 

oootm 

t-OOOQOtO 

m  ■>*  OS  t- -"iji  00 

-*eot-ooo5on> 

00  04  ■*  00  OS  m  OS  o 

mo5»H 

C^CO  T-H 

osmco 

2g2^S 

|S;5§SS 

SSSSSSi: 

|SS?2§§2 

gKSgS^SS 

b 

i 

io>n 

05t-5D 

oomoo 

to  (Ml- CO 

0050-*-* 

t-lNOOOCD 

CO  00  CD  05  ■«■  o5  in 

m -*  o  00  04  o  CO «» 

gs 

??gn 

c»mN 

CO  J- to  t 

OS  05  CO  00  d 

5SSSSS 

sgsg^ss 

S§SSS§5§2 

OSTJI 

1-1  com 

ooom 

CO-*  (NO 

C0  05  0JO0J 

OOSOCOCO^ 

ojco-*  — X  coco 

04 1- CO  i- ■*  m  ■*  I- 

n 

ss 

ss;:: 

g§§ 

2g^s 

coosSeod 

ooiNOjmcoi- 

-*  r-.  CX3  m  CO  11 

m  005  ojopos  m 

CO  CO  05  t- ■*  IN  ii 

S^SSBS^SS 

(5 

o 
1 

CO 

TCN 

C0  05-* 

00  5JOJ 

iMmt-oo 

ooommo 

osmocooKN 

IN  OO  CO  (N  OJ  CO  1-H 

O  OS  04  CO  CO  O  T-c  to 

iJ 
H 

^ 

S2 

t-COrH 

§g§ 

i-Hiomco 

gssss 

Co'  —1  i-H  ■*  CO  t-^ 
-*  rHQO  mCO  1-1 

co'oo'od-Hcccjim' 

CO  CI  05  t- "*  N  1-H 

g^^SsS^SS 

«3 
CO 

ooo 

•*mej 

oomoo 

omiim  ojt-050oo 

COOJi-HOOOO 

OJ  CO  i-< -*  t>  O  OS 

ooi-oomosmoo  •* 

sss 

Sfe;: 

—  moo 
aimoj 

S?!gg5 

l-(N<N0DO5 

(NO5  5OC0.-H 

ISSSg*:: 

r- f^  r- o  t- OS -* 

CO  01  05  i> -*  (N  1-1 

g^sss^^s 

CO 

05  05 

moi-H 

c-csm 

t>50  5DSa 

00  to  rH  CO  CO 

0S05TH  *  moo 

0»  t-  OS  CO  1-H--  I- 

meo-^mojocoeo 

coin 

t-COi- 

O-<S"0D 

osmoj 

QOCO  -^CO 

or--*  IN 

^S§So2 

IN  -JO  CS  CO  OJ  CO 

-"j-ot-mco^ 

OS  m  in  OS  t-  00  -* 
m  N  OS  CO  •«»' 04 1-1 

gl^SS^gJS 

03 

i 

t-QO 

0  500 

oeo(N 

J5Q0001 

comco  'H-* 

OCOINOOi-HCD 

04  01 1-  00  m  m  CO 

como-*m-*eoi-< 

« in 

gg:: 

sss 

Ot-5<(N 

•*  O  1-1 1-  OS 
INCft  tOCOrH 

2|gsg?s 

m  S  OS  S  •*  04 1-1 

coo  —  "Jfi-c-HiQCO 
t-*-H00CO-*04i-i 

^co 

OSOJOS 

to  CD  00 

iHOoeo-u-t-osoo 

§2 

SS2 

oom(M 

|gi^§J 

|§SS2 

g|J:gSS 

g|§£«SS 

l^  CO  O  «)  CO  ?  04  ^ 

B.S 
«  O 
Oh  O, 

;?# 

;^^s!  ;^si?s^ 

;4?J?#;? 

if:^^^;^ 

;?^^^;#^ 

;:?5?####tS 

©ooooooo 

CO 

-ji 

m 

to 

l- 

00 

OS 

o 

SPECIFICATIONS   FOR  BRIDGE  DESIGN  AND  CONSTRUCTION 


531 


>ooo 

t-COTT 

i-i-*r- 

•^rt-KO 

CO  .-■  oo  -^  ■♦ 

o  t-  I-  •»  00  oj 

0*  o  r-  Tj*  CO  f-  CD 

COCOCOi-HincOCOCO 

eoS 

COCO  -r 

2?2ii? 

§§;SS 

{-  1-1  1-t  OS  -^ 
CO0»00  TOJ 

—  Tj'-aiooj— . 

Oi  T  <Z>  L-  Tf  f^ 

g|^gS55i^s|3sa??s 

«lTf< 

CO  00  0* 

-l(Nrt 

9lOO»t- 

1Ot-1t).00^ 

C0C0OCD—0> 

CO  e*  •<*  00  OS  o  ■>»• 

OS  00 1^  o  1-c  t- o  ^ 

coo 

§SS 

r^  t^CO 

s^s^s; 

t~s»'roose»o 

00  "^  Oco  -^  c* 

2|§gSS;S 

gte^sssss 

CO 

NO 

ODOJOS 

(NOCO 

t-cnoico 

t-ooo>oo 

ri  00  0»  ■*  Tl<  I- 

■*  CO  —  0*  01  -O"  Ol 

in -<j<  —  —  i- 00  in  0* 

§a 

OiOCO 

0»  "^T-l 

sgs 

sggs 

rH^-Oit-CO 
CO  — l>-0<0« 

3cooco5e* 

CO  O*  CO  OS  O  CO  00 

ocoo*oococo  — 

ojob-*  —  i-loeo  — 
o*  i-H  T-i  — 1 

Is 

col- 

CO  CO  CD 

(NOO(M 

o»eoo»09 

05Cf-T-iin 

l- CO  T)<  CO  t- ■>»' 

tC  CO  OS  CO  0*  00  o 

—  OCOrHCOOOCOO 

ss 

g5S 

CO  00-* 

T-iCOCO 

COO»U5l> 

coo3»ns< 

ooirai>t-co 

SgSfe°§ 

IllfegigS 

Tf  —  0*  00  00  0*  —  CO 

o^jo^ot-inco  — 

?? 

•* 

•wco 

QCOTf 

SJCDOO 

i>t>OSlffl 

oo5-*Na? 

a*  t>  CO  >-i  o  i-H 

e*o*coo  — —  00 

t>inco  — ooscooo 

ss 

t-rj<CO 

^feS? 

C0*>O(M 

CO  OJ  CO  CO  CO 

in  — t--*oi 

t-maito-voi 

oo'  CD  00  co"  00  in  i- 
OS  in  —  00  in  CO  »-H 

ost-oscoco— *»-tin 

0*  —  —  S*"^""''^ 

^ 
1 

iOO! 

«-*0J 

OJ  TT-* 

NOO-^ 

OQ0O-*C» 

ooojooooeoQO 

i>  0*  ■>#  Tji  o  in  in 

■^OOS— (TfOt^CO 

§s 

^^2 

OS  as  CO 

—  OS-*  t- 

S2g!§g 

CO  0*  in-T*  o  o5 

I- CO  OS  CO  CO  r-i 

■^  CO  CD  -^  I-  -^  t- 

OS  in  — 00  in  CO  — 

in^tco-siin- oin 
—  t^  CO  o  i>  in  CO — 

CO 

«OK5 

CO  T-t 

COOOOi 

OOTfT-l 

>-ieio 

£>COOt»_ 

00  >^  coco' 

0*001005 

ot- CO  CO  in 

OOOCO  Tl<  c* 

inot-TT  oj 

T»<_i-oincDin 

OOS  MiCO  00O5 
t>0>05COC0  — 

OS  0* —<  00  OS  OS  CO 

o'  o  Tt!  o»  in  CO  j> 
osin- ooinco  — 

—  inCO— lOSOrH-^t 

^ 

^ 

Ol-Ht- 

ooeia* 

ocoin 

ifJcOM 
OCDCO 

<MCOOCO 

CO  Ifl  (MCO 
OQOOiOOJ 

ocoo?  00  0* 
i>  co'  OJ  CO  oj 

^  Oi>T)<0J 

0  —  0*0*00  01 

i>  r-  (^»  c*  t^  OS 

CO  o*  OS  CO  co- 

O —  00  0*  00  o*  o 
?>  t-  r->  — 1  Tf  CO  C- 

oo-*- ooinso  — 

t-;Oco  — -uioin  — 

JR  te  s;  2  5*  °^  OS  in 
Ococooi>-roiT-t 

& 
fe 

T-  —  IN 

ocoo 

cooiei 

o»eo 

t-0  0  05 

o  in  00  05  00 

-5<'  •*  o'  OJ  1-i 
Tl<0i>-*0} 

co  in -"jio— OS 
CO  0*  OS  coco  — 

o  — i>coooinoo 

CO  in  o  o  OS  —  OS  o 

0*  CO  OS  o6  CS  00  CC  ■*' 
OCOOJOSt^tJiO*- 

o 

i 

CO-*    OOOJOi 

oS« 

OJcoosin 

r-i  OJ  31  in 

O^OO-S-OJ 

oco-*oin 

—  aiosiN- 
^oco'croj 

OJOOCOOSCOt- 

o  — '  oo'  OS  CO  00 

CO  0*00  in  CO  — 

ooiocsi-ooin 

OS  —  1-- b-  0*  — 1  CD 

i-  T(i  o  t-  in  CO  — 

ooo*oin  —  eot- 

00  O  CO  CD  OS  t^  oo'  ■*' 

oscoo*osco-^c*^^ 

is 

i 

^OJ 

OOt-h 

i-ceoo» 

i-i'*eoco 

incoi>co-«< 

«5int-o*oin 

—  in  CO  — e*  in-* 

^•  0*  00  o  00  in  o  CO 

SS: 

2?2 

ococo 

§ssg 

OiT-iOOi-l  — ■ 
COOCOttOJ 

00  O  f— OS  CO  00 

in  0*00  in  CO  — 

t- OS  CO  t^  C*  ^- CO 

i^  CO  o  t-  in  CO  — 

^Sggg^SS 

a  a 

;:i;^ 

^^^ 

;S^s^ 

^^^^ 

;?sf:sr^^ 

;?;?sl?^#'^ 

;?^^^;^^j§i 

oooooooo 

CO 

■<* 

in 

CO 

£- 

00 

OS 

o 

AMERICAN  SOCIETY  OF  CIVIL  ENGINEERS 

INSTITUTED     1852 


TRANSACTIONS 

This   Society   is   not   responsible   for   any   statement   made   or   opinion   expressed 
in  its  publications. 


Paper  No.  15 19 

Discussion 

TENTATIVE    SPECIFICATIONS    FOR    STEEL    RAILWAY 
BRIDGE  SUPERSTRUCTURE* 


By  Messrs.  F.  E.  Turneaure,  Burton  R.  Leffler,  Francis  P.  Witmer, 
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F.  E.  TuRNEAURE,f  M.  Am.  Soc.  C.  E.  (by  letter). — As  both  live  loading 
and  impact  have  been  recent  subjects  discussed  by  the  American  Railway 
Engineering  Association,  the  work  of  the  Special  Committee  on  Specifications 
for  Bridge  Design  and  Construction  of  the  Society,  was  greatly  simplified, 
and,  in  general,  consisted  of  a  careful  review  of  the  publications  of  that  Asso- 
ciation and  the  consideration  of  new  material  or  new  aspects  that  may  have 
appeared  since  that  time. 

Engine  Loading. — A  detailed  study  of  the  relative  effects  of  various  engine 
loadings  in  use  and  the  standard  Cooper  series  has  been  published  by  the 
American  Railway  Engineering  Association.:}:  The  most  significant  of  these 
diagrams  are  re-published  as  Figs.  1  to  6,  inclusive,  and  show  clearly  the 
relative  effects  of  the  Cooper  series  as  compared  with  engine  loadings  in  use. 
Of  these  diagrams.  Fig.  1,  Group  1,  shows  seven  heavy  road  locomotives  of 
various   types;    Fig.    2,    Group    2,    shows    six    locomotives,    representing    the 

*  Abstracts  of  discussions  on  the  Tentative  Specifications  for  Steel  Railway  Bridges 
presented  as  a  Progress  Report  of  the  Special  Committee  on  Specifications  for  Bridge  Design 
and  Construction  to  the  Annual  Meeting  of  the  Society,  and  published  in  Proceedings,  for 
December,  1921,  April,  May,  August,  and  October,  1922.  These  abstracts  are  published  in 
Transactions  by  the  authority  of  the  Committee  on  Technical  Activities  and  Publications  as 
valuable  contributions  to  the  subject. 

t  Cons.  Engr.  ;  Dean,  Coll.  of  Mechanics  and  Eng.,  Univ.  of  Wisconsin,  Madison,  Wis. 

t  Proceedings,  Am.  Ry.  Eng.  Assoc,  Vol.   21,  p.   561. 
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heaviest  of  the  various  types  of  engines  now  generally  used  in  special  service; 
Figs.  3  and  4  show  the  actual  moments  and  shears  producei  by  the  loading 
shown  in  Figs.  1  and  2,  and,  likewise,  the  moments  and  shears  produced  by 
Cooper's  E-60  loading;  and  Figs.  5  and  6  show  the  moment  and  shear  curves 
for  the  locomotives  covered"  by  Groups  1  and  2  (Figs.  1  and  2),  plotted  as 
percentages  of  Cooper's  E-60  loading. 

As  a  basis  of  this  study,  the  Cooper  series  was  recommended  by  the  Com- 
mittee of  the  American  Railway  Engineering  Association  and  adopted  by 
that  Association.     The  reasons  presented  by  the  Committee  were  as  follows: 

1. — No  one  existing  type  of  locomotive  loading  gives  maximum  moments 
and  shears  for  spans  of  all  lengths,  whereas  the  system  recommended  does 
approximate  the  high  points  of  the  curves  of  all  the  existing  types. 

2. — This  system  of  loading  produces  stresses  slightly  smaller  in  short- 
span  bridges  and  slightly  greater  in  long-span  bridges  than  those  produced 
by  the  heaviest  types  in  operation,  which  provides  adequately  for  the  engines 
now  in  use,  and  for  future  development  in  engine  and  car  loadings  which 
will  increase  the  load  per  foot  on  long  structures. 

3. — This  system  is  the  adopted  standard  of  measurement  of  strength  of 
existing  bridges  on  the  majority  of  roads,  and,  having  been  in  use  for  a  num- 
ber of  years,  conveys  a  clear  picture  to  engineers  and  operating  officials. 

The  question  of  some  equivalent  uniform  load  or  other  simple  conven- 
tional loading  was  considered  by  the  Committee,  as  well  as  the  reasons  pre- 
viously mentioned;  but  in  view  of  the  fact  that  this  problem  has  been  before 
bridge  engineers  for  many  years  and  has  been  also  discussed  at  length  by  the 
Committee  of  the  American  Railway  Engineering  Association,  it  was  not  con- 
sidered necessary  at  this  time  to  make  an  elaborate  study  of  this  general 
problem.  The  Cooper  loading,  therefore,  was  adopted  for  the  reasons  already 
stated. 

The  standard  loading  specified  by  the  Committee  is  Cooper's  E-60,  but  for 
special  cases  it  is  provided  that  the  load  may  be  varied  as  required  by  the  engi- 
neer. This  provision  is  more  elastic  than  that  given  by  the  specifications  of 
the  American  Railway  Engineering  Association,  which  state  that  in  no  case 
shall  the  load  be  less  than  E-45.  For  multiple-track  bridges,  the  percentage 
reduction  for  one  and  two  tracks  is  the  same  as  that  given  in  the  specifica- 
tions of  the  American  Railway  Engineering  Association;  but,  for  four  tracks, 
the  reduction  is  30  instead  of  25  per  cent.  Considering  the  fact  that  the 
impact  formula  is  to  be  applied  to  each  of  the  four  tracks,  it  was  believed 
that  a  reduction  of  30%  for  four  tracks  was  entirely  safe. 

Impact. — The  impact  formula  of  the  American  Railway  Engineering  Asso- 
ciation was  first  adopted  at  the  meeting  of  the  Association  in  1918,  and,  as  a 
part  of  the  revised  specifications,  again  in  1920.  It  was  based  primarily  on 
the  impact  experiments  made  by  that  Association  and  reported  in  its  Pro- 
ceedings for  1911,  1914,  1917,  and  1918.  Other  experiments  considered  were 
those  mentioned  by  Mr.  C.  W.  Anderson  in  his  paper,  "On  Impact  Coefficients 
for  Railway  Girders",*  read  before  the  Institution  of  Civil  Engineers. 

*  Minutes  of  Proceedings,  Inst.  C.  E.,  Vol.  CO  (1914-15),  p.  178,  and  Vol.  CGI 
(1915-16),  p.  301. 
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In  addition  to  the  work  of  the  American  Railway  Engineering  Associa- 
tion, the  Committee  has  also  considered  the  study  of  the  Indian  Railway 
Bridge  Committee,  1919-20,  and  certain  English  experiments.*  The  Indian 
Railway  Bridge  Committee  has  been  engaged  on  a  series  of  tests  and  theo- 
retical studies,  but  only  partial  results  have  been  published;  thus  far,  how- 
ever, they  do  not  indicate  any  maximum  results  higher  than  those  of  the  Com- 
mittee of  the  American  Railway  Engineering  Association.  The  English  tests 
referred  to  are  particularly  interesting  and  valuable  because  they  were  made 
by  a  recently  developed  extensometer  in  which  the  deformations  are  magnified 
by  the  movement  of  a  mirror  and  the  record  is  made  on  a  photographic  film. 
This  arrangement  reduces  the  inertia  of  moving  parts  to  a  minimum,  and 
should  produce  a  more  reliable  apparatus,  especially  for  tests  on  short  spans. 
These  tests  are  also  interesting,  because  many  of  them  were  made  on  very  short 
spans  which  were  not  well  covered  by  the  tests  of  the  American  Railway  Engi- 
neering Association.  The  value  of  some  of  the  published  results  is  consider- 
ably affected  by  the  shifting  of  the  zero  of  the  diagram  during  the  test, 
and  because  of  the  great  differences  between  the  calculated  static  stresses  and 
the  observed  slow-speed  values.  Comparing  these  experiments  with  those  of 
the  American  Railway  Engineering  Association,  it  appears  that  results  for 
spans  of  more  than  40  ft.  are  fairly  well  confirmed  by  the  English  tests.  On 
the  whole,  the  English  tests  show  smaller  results  for  these  spans  than  those 
of  the  American  Railway  Engineering  Association.  For  spans  less  than  30 
or  40  ft.,  the  results  obtained  by  the  Committee  of  the  American  Railway 
Engineering  Association  were  not  generally  satisfactory,  on  account  of 
instrumental  vibrations,  and  in  the  report  of  that  Committee  not  much 
weight  was  given  to  results  on  such  short  spans.  In  selecting  a  formula,  the 
Committee  of  the  American  Railway  Engineering  Association  was  guided 
primarily  by  the  results  of  tests  of  spans  of  30  ft.  and  more,  and  for  shorter 
spans  by  past  practice,  in  which  the  impact  has  been  taken  at  about  100  per 
cent.  These  considerations  resulted  in  the  formula  adopted,  which  gives  a 
reversed  curve,  starting  at  100%  for  zero  span  and  dropping  to  75%  for 
100-ft.  spans.  These  values  are  the  same  as  those  given  by  the  old  formula 
of  the  American  Railway  Engineering  Association,  and  between  these  span 
lengths  the  new  formula  gives  somewhat  higher  values.  For  spans  exceeding 
100  ft.,  the  new  formula  gives  values  less  than  the  old  one,  the  difference 
gradually  increasing  with  the  span  length. 

In  discussing  the  type  of  formula  to  be  preferred,  two  main  points  were 
considered:  First,  the  proper  impact  values  for  short  spans,  say,  up  to  25 
or  30  ft.;  and,  second,  the  proper  values  for  spans  longer  than  about  150 
ft.  For  intermediate  lengths,  there  is  little  difference  between  the  old  and 
new  formulas,  and  no  material  change  was  suggested  by  any  member  of  the 
Committee. 

For  very  short  spans,  the  principal  results  are  from  the  English  tests 
mentioned,  which  include  spans  as  short  as  7J  ft.     Two  formulas  have  been 

♦  Engineering  News-Record,  October   20,   1921,   p.   642. 
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proposed  by  those  in  charge  of  these  tests,  the  one  preferred  being ; 

1-20 


Z  = 


90  +  i. 

This  formula  gives  133%  impact  at  zero  span  and  somewhat  lower  values 
than  the  American  Railway  Engineering  Association's  curve  between  spans 
of  35  and  200  ft.,  and  higher  values  for  longer  spans. 

Another  impact  curve  which  gives  a  value  exceeding  100%  for  zero  span, 
and  which  conforms  well  to  the  test  of  the  American  Railway  Engineering 
Association,  is  that  of  Henry  B.  Seaman,  M.  Am.  Soc.  C.  E.*  This  formula 
is  an  elliptical  curve,  tangent  to  the  F-axis  at  zero  span  and  to  the  X-axis 
at  1  000  ft.  span. 

Another  formula  of  the  same  type  as  the  old  formula  of  the  American 
Railway  Engineering  Association  was  suggested  by  a  member  of  the  Com- 
mittee, namely, 

140  +  L 
This  formula  gave  an  impact  of  125%  for  zero  span. 

For  spans  of  200  ft.  and  more,  all  experimental  results  indicate  that  the 
old  curve  of  the  American  Railway  Engineering  Association  is  much  too 
high,  but  naturally  there  is  considerable  difference  of  opinion  as  to  the  proper 
values  to  adopt. 

The  desirable  type  of  formula  appeared  to  be  dependent  on  whether  or 
not  the  impact  percentage  for  zero  span  was  to  be  made  more  than  100  per 
cent.  If  increased  to  125  or  130%,  the  old  type  of  formula  could  be  made 
to  fit  the  tests  satisfactorily;  but  if  100%  was  taken  as  the  value  for  zero 
span,  then  such  a  curve,  if  kept  high  enough  for  spans  of  less  than  150  ft., 
would  be  too  high  for  long  spans. 

Burton  R.  Leffler,!  M.  Am.  Soc.  C.  E.  (by  letter).  For  columns, 
the  straight-line  formula  and  the  parabolic  formula  give  practically  the 
same  average  unit  stresses.  The  Rankine  formula  gives  different  average 
stresses.  The  writer  prefers  the  parabolic  formula,  if  it  is  necessary  to  con- 
sider a  column  from  a  purely  empirical  standpoint.  The  parabolic  curve  fits 
the  tests  through  the  whole  range  to  the  point  of  tangency  with  Euler's 
curve.  Neither  of  the  other  two  formulas  has  this  quality;  it  is  necessary 
to  state  one  or  more  limits.  The  wi'iter  believes  that  it  is  a  mistake  to  con- 
sider column  tests  from  a  purely  empirical  standpoint. 

It  has  become  the  practice  to  draw  a  line  through  plotted  results  and 

assume  that  the  equation  of  the  line  represents  the  whole  phenomena. 

I 
Euler's   formula   fits    the    tests   for   long   columns,    say,   for  —   more  than 

1' 

150,  when  due  consideration  is  given  to  the  degree  of  fixation  at  the  ends. 

A  long  thin  column,  such  as  a  sword  blade  or  a  steel  straight-edge,  may  fail 

by  pure  buckling,  with  unit  stresses  below  the  elastic  limit.     Euler's  formula 

expresses  the  law  of  failure  for  a  straight  spring. 

*  Tratisactions,  Am.   Soc.   C.   E.,  Vol.   LXXV    (1912),  p.   318. 

t  Engr.    of   Bridges,   N.    Y.    C.    R.    R.,   Lines   West   of   Buffalo,   Cleveland,   Ohio. 
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A  short  column  fails  because  the  unit  stress  at  some  section  exceeds  the 
strength,  or  the  elastic  limit,  of  the  material.  It  does  not  fail  because  the 
average  unit  stress  is  high.  For  very  short  columns  the  average  unit  stress 
is  equal  to  the  highest  unit  stress.  At  any  section  of  a  column  there  is  an 
axial  force  and  a  bending  moment.  For  short  columns  the  bending  moment 
is  zero,  or  nearly  zero,  depending  on  how  closely  the  column  is  centrally 
loaded. 

The  problem  of  the  column  is  one  of  bending  moment.  The  very  fact 
that  columns  fail  with  an  average  unit  stress  below  the  strength  of  the 
material  is  evidence  that  it  is  impossible  to  centralize  the  load  at  every 
section,  regardless  of  how  central  the  load  is  at  the  ends  of  the  columns.  This 
is  due  to  the  non-homogeneous  character  of  the  material,  caused  by  imper- 
fection of  manufacture  and  fabrication.  For  like  reasons  a  correct  theory 
of  the  failure  of  a  tension  member  includes  the  consideration  of  a  bending 
moment.  Every  structural  member  in  a  bridge  has  a  bending  moment;  in 
tension  members  its  effect  is  negligible,  whereas,  in  columns,  it  is  important. 

At  any  section  of  a  column  the  bending  moment  may  be  assumed  as 
caused  by  the  load  being  eccentrically  applied.  There  may  be  an  additional 
eccentricity  due  to  the  load  being  visibly  non-central  at  the  ends  of  the 
column. 

As  soon  as  an  eccentricity  is  assumed,  a  correct  column  formula  can  be 
developed.    The  formula  is: 

/ 


P 


ec  IP 


which  is  known  as  the  secant  formula,  and  is  somewhat  cumbersome  to  apply. 
p  is  the  average  unit  stress,  e  the  eccentricity,  r  the  radius  of  gyration,  I  the 
length  of  the  column,  and  c  the  distance  from  the  gravity  axis  to  the  extreme 
fiber.  The  other  terms  are  well  known.  The  formula  is  for  columns  having 
knife-edges  (not  pins)  at  the  ends.  For  other  end  conditions,  suitable  values 
of  I  must  be  used.  The  reader  is  referred  to  the  different  treatises  on 
mechanics  of  materials. 

All  the  terms  are  determinate  for  the  ideal  column;  but,  for  the  practical 
column,  visibly  centrally  loaded,  e  is  unknown;  it  must  be  determined  by 
experiments.  The  results  of  the  experiments  must  be  interpreted,  keeping  in 
mind  the  relations  of  the  other  terms  of  the  secant  formula. 

The  second  term  in  the  denominator  of  the  formula  determines  that  part 
of  /  caused  by  the  bending  moment. 

A  column  formula  which  represents  the  bending  fiber  stress  without  the 
term,  c,  must  be  wrong.  The  distance  to  the  extreme  fiber  and  the  radius  of 
gyration  are  fundamental  terms  in  any  formula  which  purports  to  give  a 
bending  fiber  stress. 

The  secant  formula  compels  the  designer  to  consider  the  section  of  a 
column  in  a  thorough  manner.  It  is  interesting  to  note  that  Tredgold  and 
Gordon  considered  the  c  term  to  be  important  in  a  column  section.     Deter- 
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mining  the  area  of  a  column  section  should  be  something  more  than  a  blind 

I 

use  of in  a  formula. 

r 

The  writer  regards  the  tests  of  columns  as  useless  until  engineers  rational- 
ize the  results.  The  form  of  the  section  and  the  difference  between  a  purely 
rolled  column  and  a  built-up  column  should  be  given  more  study. 

Where  a  problem  admits  of  a  partial  rational  treatment,  it  seems  wrong 

to  solve  it  in  a  purely  empirical  way.    Engineers  should  couple  rationalizing 

and  experimenting. 

I 
Let  us    consider   further    the  formulas:      Take   —  =  40.     The  fiber  stress 

r 

due  to  bending  is  2  000  lb.  for  the  straight-line  formula,  400  lb.  for  the 
parabolic  formula,  and  1  700  lb.  for  the  Eankine  formula.  As.  the  straight- 
line  and  parabola  almost  coincide,  why  the  difference?  The  writer  will  leave 
this  to  the  reader  to  think  about.  If  the  shear  for  column  lacing  is  calculated, 
marked  differences  will  also  be  fgund. 

The  secant  formula  includes  Euler's  formula.  Arthur  Morley  deduces 
the  formula  by  a  substitution  of  terms  in  the  chain  of  reasoning  leading  to 
Euler's  formula.* 

The  secant  formula  fits  the  results  of  tests  closer  than  any  other.f 
The  advocates  of  the  Rankine  formula  claim  that  it  is  rational,  but  how 
can  it  be  with  the  c  term  omitted?     The  late  J.  B.  Johnson,  M.  Am.  Soc; 
C.  E.,  deduced  the  formula:}:: 

/ 


P  = 


1  +  -?-  + 


E    \rj 


r^     '     10  ^ 

The  formula  is  based  on  the  bending  diagram  as  being  a  parabola;  for 
the  secant  formula,  the  diagram  is  a  sinusoid.  Rankine's  formula  is  derived 
from  Johnson's  formula  by  omitting  the  second  term  of  the  denominator  and 
substituting  an  empirical  constant  for  the  coefficient  of  the  last  term.  Such 
transformation  is  not  valid;  it  shows  Rankine's  formula  to  be  strictly 
empirical.  On  account  of  this  transformation,  the  formula  does  not  fit  test 
results  as  well  as  the  parabolic  formula. 

A  riveted  column  should  be  designed  for  a  section  less  than  the  gross. 
Riveted  tension  members  are  designed  for  net  section.  Probably  a  somewhat 
less  allowance  would  do  for  columns.  Riveting  should  be  reduced  to  a  mini- 
mum, and  should  be  symmetrical  at  any  section  of  the  column.  The  ordinary 
column  composed  of  two  channels  connected  by  single  lacing  is  unsym- 
metrically  riveted. 

Symmetry  should  be  a  cardinal  principle  in  column  design,  it  reduces 
the  unknown  eccentricity;  minimum  fabrication  is  also  conducive  to  this  end. 

Francis  P.  Witmer,§  M.  Am.  Soc.  C.  E.  (by  letter). — ^In  Fig.  7,  curves 
are  shown  for  the  following  column  formulas: 

*  Morley's  "Strength  of  Materials",  Article  104. 
t  "Modern   Framed    Structures",    Pt.    3,   Article   43. 
t  Loo.   cit..  Article   134   of   Fourth   Edition. 
§  Cons.  Engr.,  New  York  City. 
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The  Rankine  formula: 

16  000 

'=  p     (" 

"^  13  500  r^ 
The  parabolic  formula: 

S  =  12  500  -  0.25  (~)   (II) 

The  straight-line  formula : 

I 
S  =  15  000  —  50  —  (max.  12  500) (Ill) 

The  straight-line  formula: 

S  =  16  000  —  70  —  (max.  14  000) (IV) 

One-half  the  Euler  formula  for  ultimate  strength  of  round-ended  columns: 

1    /296  000  000\ 

'-^hr^ "' 

Oae-half  the  eccentricity  formula  for  ultimate  strength  of  round-ended 
columns : 

«=v/ ^^°^^\ (VI)- 

r^  cos  —       

A  formula  of  Eankine  type : 

S  =  ^^ (VII) 

z  ?-* 

in  which  z  has  variable  values,  taken  so  as  to  produce  a  curve  practically 

identical  with  Formula  (VI),  except  that  S  has  a  maximum  value  of  13  000 

I 
(below  —  =  30). 

A  suggested  straight-line  formula: 

S  =  15  500  ^  60  —  (max.  12  500) (VIII) 

r 

For  Formulas  (V)  and  (VI)  the  elastic  limit  is  assumed  at  32  000  lb.  per 
sq.  in.  Formula  (VI)  not  only  corresponds,  theoretically,  to  a  constant  initial 
eccentricity  of  0.8  in.  (which  is  about  5%  of  the  depth  of  the  column),  but  it 
can  also  be  shown  that  this  same  percentage  of  eccentricity  is  consistent  with 
a  modulus  of  elasticity  of  nearly  ^  +  10%,  on  one  side  of  the  column,  and 
E  — 10%,  on  the  other  side,  so  that  it  is  also  in  harmony  with  a  not  unrea- 
sonable assumption  as  to  variation  in  E.    The  curve  of  Formula  (VI)  agrees 

*  In  formula  (VI),  all  columns  are  assumed  to  consist  of  two  15-in.  channels,  33  lb., 
latticed,  and  the  eccentricity,  e,  is  assumed  at  0.8  in.  for  all  cases. 
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as  well  with  test  results  as  Formulas  (I),  (II),  (III),  or  (IV),  and  has  the 

additional    merit    of    being    continuous    for    all    values    of   --,    blending   into 

Euler's  curve  for  the  higher  values.  The  only  valid  objection  to  its  adoption  is 
the  inconvenience  of  applying  it.  Formula  (YII),  therefore,  has  been  devised 
to  give  practically  the  same  curve  as  Formula  (VI),  but  to  have  the  advantage 
of  the  Rankine  formula  as  to  ease  of  application,  except  that  the  coefficient, 
z,  of  r^,  instead  of  being  constant,  varies  according  to  a  simple  law. 

If  objection  is  raised  on  theoretical  grounds  to  a  variable  coefficient  of  r^ 
in  a  formula  of  the  Rankine  type,  it  may  be  met  by  the  argument  that  the 
Euler  formula,  itself,  may  readily  be  transformed  into  a  Rankine  formula,  in 

which    z    varies    from    13  500    at   about   —   =  171    to  9  250  at  —  =  infinity. 

r  T 

Why,  then,  should  not  a  variable  value  be  considered  reasonable  for  lower 
length  ratios,  where  Euler's  formula  is  not  applicable? 

A  little  consideration  will  show  that  the  column  shear  due  to  assuming 
the  bending  to  be  caused  by  an  initial  eccentricity,  is  less  than  that  due  to 
assuming  it  to  be  caused  by  an  initial  deflection,  and,  therefore,  to  be  on  the 
safe  side,  the  latter  assumption  should  probably  be  made  in  calculating  shear- 
ing stresses,  although  at  some  sacrifice  of  consistency.  With  a  column  formula 
of  the  Rankine  type,  this  assumption  will  lead  to  a  shear  having  the  value, 

•jr  T*  T 

V  =  (if  the  curve  is  assumed  to  be  a  sinusoid),  P  being  the  total  load, 

z  c 

L  the  length,  c  the  distance  from  the  neutral  axis  to  the  extreme  fiber,  and 

z  the  coefficient  of  r^  in  the  Rankine  formula.    Hence,  Formula  (VII)  may 

be  consistently  used  for  calculating  column  shears. 

It  cannot  be  denied  that  some  formula  would  be  desirable,  that  had  a 

I 
rational  form  and  that  would  be  applicable  to  higher  values  of  —   than  the 

T 

limiting  ones  prescribed  in  the  specifications.  Although  adherence  to  these 
values  admittedly  would  control  ordinary  bridge  design  along  safe  and  proper 
lines,  yet  there  is  no  doubt  that  any  formula  recommended  by  the  Society  will 
be  applied  on  occasion  to  higher  values  than  those  prescribed,  as,  for  example, 
in  investigating  the  strength  of  existing  structures,  or  in  the  design  of  special 
structures,  such  as  transmission  towers;  and  the  formula  recommended  should 
not  lead  to  results  either  dangerous  or  unduly  on  the  safe  side.  Formula  (II) 
would  produce  the  latter  result,  and  Formula  (III),  the  former,  if  pushed  to 
extremes.  Formula  (I)  would  be  fairly  conservative,  but  its  curve  lies  con- 
siderably above  that  of  Euler  for  higher  length  ratios,  and  this  makes  its 
use  in  such  cases  questionable.  Undoubtedly,  Formula  (VI),  or  its  simpler 
equivalent.  Formula  (VII),  would  be  preferable,  if  it  were  not  considered  too 
difficult  of  application. 

If  a  straight-line  formula  was  adopted  finally,  it  would  seem  that  it  should 
lie  somewhere  between  Formulas  (III)  and  (IV),  as,  for  example,  a  line  pass- 
ing through  S  =  12  500  at  —  =  50,  and  drawn  tangent  to  Euler's  curve,  F. 

r 
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Formula  (VIII)  is  suggested  as  approximating  these  conditions.     Its  results 

would  not  differ  materially  from  those  of  Formulas  (I),  (II),  or  (III),  for 

I 
ordinary   length   ratios,   and  it   could   safely   be   used  up  to  —  =  200,    as    it 

does  not  depart  materially  from  Euler  up  to  that  point. 

In  conclusion,  the  writer  wishes  to  emphasize  once  more  the  suggestion 
that  the  formula  adopted  by  the  Society  should  be  one  which  can  be 
properly  used  by  engineers,  with  a  minimum  of  reservations  as  to  its 
applicability,  because  it  may  be  safely  predicted  that  it  will  be  extensively 
used  on  its  own  merits,  entirely  apart  from  the  general  body  of  the  specifica- 
tions, in  view  of  its  authoritative  source,  and,  therefore,  it  should  not  be  in 
any  degree  misleading. 

James  E.  Howard,*  Esq.  (by  letter). — Referring  to  the  subject  of  column 
formulas,  it  appears  to  the  writer  fundamentally  desirable  to  restrict  the 
length  of  columns  when  feasible  to  do  so.  The  failure  of  a  column,  if  it 
occurs,  is  likely  to  be  the  result  of  an  emergency,  such  as  being  called  on  to 
act  as  a  collision  strut. 

The  manner  of  failure  in  the  last  stages  of  long  and  short  columns  differs. 
A  period  is  reached  in  the  failure  of  a  long  column  when  sudden  lateral  de- 
flection, or  springing,  occurs,  attended  with  great  loss  in  resistance.  If,  per- 
haps, a  long  column  was  forced  out  of  line  a  certain  distance,  collapse  of  the 
structure  would  certainly  follow.  A  sudden  drop  in  sustaining  power  is  not 
characteristic  of  a  short  column. 

Concerning  column  formulas,  the  writer  has  been  forced  to  take  a  position 
at  variance  with  prevailing  views,  raising  the  question  whether,  in  practice, 
they  are  what  they  purport  to  be. 

An  early  series  of  tests  on  Phoenix  columns  was  made  by  the  writer,  the 
results  of  which  have  been  reported  to  the  Society  by  Messrs.  Clarke,  Reeves, 
and  Company .f  Certain  queries  arose  during  the  making  of  these  tests,  which 
led  to  making  another  series  soon  thereafter  on  plain  square  bars.  The  latter 
measured  3  in.  on  a  side,  were  tested  chiefly  with  pin-ends,  and  were  of  dif- 
ferent ratios  of  slenderness. 

At  the  time  of  these  tests,  few  modified  column  formulas  had  been  pre- 
sented, those  of  Euler,  Rankine,  or  Gordon  being  in  use.  A  feature  was 
brought  out  in  the  tests  of  the  square  bars,  not  peculiar  to  these  small  members, 
but  common  to  structural  shapes,  which  seemed  to  militate  against  any  formula 
except  a  purely  empirical  one,  namely,  the  presence  of  a  state  of  internal  strain 
which  arose  from  two  causes,  the  cooling  strains  of  fabrication,  and  those 
set  up  by  cold  straightening.  Although  the  investigation  of  these  internal 
strains  was  not  undertaken  until  some  years  later,  when  numerical  values 
could  be  assigned  them,  nevertheless  the  importance  they  played  was  then 
quite  evident. 

It  appeared  subsequently  that  internal  strains  from  these  two  causes  dif- 
fered somewhat.    Strains  from  cold  straightening  were  more  likely  to  influence 

•  Engr.   Physicist,  Interstate  Commerce  Commission,  Washington,   D.  C. 
t  "Experiments  upon  Phoenix  Columns",  Transactions,  Am.  Soc.  C.  E.,  Vol.  XI   (1882), 
p.  1. 
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the  results  of  compression  tests  than  cooling  strains,  considering  each  sep- 
arately, and  as  applied  to  long  columns.  The  reason  for  this  was  that  internal 
cooling  strains  might  and  probably  would  leave  a  substantial  margin  between 
the  value  of  the  elastic  limit  of  the  metal  and  their  own  magnitude.  This 
margin  would  represent  the  external  stress  that  the  member  could  endure  with- 
out taking  a  permanent  set,  that  a  state  of  residual  perfect  elasticity  of  some 
degree,  would  remain  in  the  member. 

Cold  straightening  is  an  overstraining  of  the  metal,  in  which  there  is  im- 
pairment of  the  elastic  limits  of  tension  and  compression,  in  addition  to  which 
internal  strains  are  set  up  by  the  resilient  action  of  the  metal  when  the 
straightening  force  is  removed.  These  internal  strains  are  left  in  a  state  of 
equilibrium,  but  delicately  poised,  in  which  their  relations  to  each  other  are 
easily  disturbed. 

Having  these  features  in  mind,  it  appeared  that  the  elastic  limit  of  a  column 
would  vary  in  different  parts  of  its  cross-section,  and,  as  early  permanent  sets 
would  develop  locally,  that  the  strength  of  a  long  column  in  particular  would 
be  affected  by  the  state  of  internal  strain  of  its  component  parts.  Here  was  a 
factor,  it  seemed,  that  might  have  an  influence  on  the  strength  of  the  column 
of  such  degree  that  the  application  and  use  of  a  formula  would  be  nullified. 

Internal  strains  have  no  influence  on  the  modulus  of  elasticity  of  the 
metal,  except  that  overstraining  is  known  to  lower  its  value  temporarily,  but 
from  which  there  is  early  recovery.  The  presence  of  internal  strains  leads 
to  the  display  of  early  sets,  perhaps  premature  local  buckling,  and  local  yielding 
has  its  effect  on  the  ultimate  strength  of  compression  members.  Failure  in  this 
manner  is  not  taken  into  account  in  a  column  formula. 

Internal  strains  equivalent  to  working  stresses,  according  to  current 
practice,  can  hardly  be  regarded  with  indifference  in  their  relation  to  a  column 
formula,  and,  not  being  taken  into  account,  may  assist  in  explaining  the 
recurrence  of  the  discussion  of  the  subject. 

Crosby  Miller,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The  Society  should 
consider  the  development  of  a  specification  using  a  unit  tensile  figure  of  about 
23  000  lb.  per  sq.  in.,  and  a  live  load  that  would  represent  the  greatest  which, 
in  the  opinion  of  the  designer,  would  ever  pass  over  the  structure,  this  live 
load  to  be  expressed  in  the  Cooper  loading.  A  specification  of  this  type  will 
result  in  a  saving  in  material,  due  to  the  use  of  a  higher  unit  stress  for  dead 
load,  and,  where  no  future  load  greater  than  E-60  is  anticipated,  would  allow 
the  use  of  a  lighter  structure. 

C.  D.  PuRDON,t  M.  Am.  Soc.  C.  E.  (by  letter). — The  following  suggestions 
in  regard  to  specifications  for  steel  railway  bridges  are  offered.  The  width, 
center  to  center,  of  trusses,  should  not  be  less  than  one-twentieth  of  the  span. 

Where  there  is  much  snow,  the  guard-rail  bolt  should  be  countersunk  flush 
with  the  top  of  the  guard-rail;  a  snow  plow  may  strike  it. 

•  Bridge  Engr.,  Chesapeake  &  Ohio  Ry.,  Richmond,  Va. 
t  Cons.  Engr.,  St.  Louis  Southwestern  Ry.,  St.  Louis,  Mo. 
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Wliy  not  take  the  actual  load  per  foot  for  ballasted  floors?  The  alternate 
load  of  75  000  lb.  on  each  of  the  axles  on  a  10-ft.  span  equals  15  000  lb.  per 
ft.  as  a  maximum. 

The  writer  thinks  it  would  be  better  to  specify  E-10  and  to  make  the 
lower  limit  E-45.  For  many  branch  lines,  engines  of  about  E-25  loading  are 
ample  for  the  loads  they  have  to  haul,  and  E-60  means  hauling  so  much  more 
dead  load.  The  limit  of  E-45  would  take  care  of  such  cars  as  the  50-ft. 
gondolas  of  70  tons  capacity,  of  the  Pennsylvania  Company. 

As  the  coefficient  of  expansion  for  steel  is  0.0000065  per  degree  Fahren- 
heit, it  would  seem  that  the  coefficient  of  the  American  Railway  Engineering 
Association  of  1  in.  per  100  ft.  is  ample. 

In  connection  with  impact,  it  has  been  stated  that  some  English  experi- 
ments gave  125%  on  a  length  of  7  ft.  6  in.  The  alternate  loading  of  75  000  lb 
on  each  of  two  axles,  7  ft.  6  in.  apart,  gives  more  than  the  regular  loading,  25% 
on  a  5-ft.  length,  reducing  to  11%  on  a  10-ft.  length;  this,  with  the  impact 
formula  of  the  American  Railway  Engineering  Association,  would  give  an 
impact  of  125%  on  5  ft. 

This  alternate  loading  does  not  affect  a  length  of  more  than  11  ft.  The 
fact  that  the  American  Railway  Engineering  Association  specification  is 
limited  to  spans  of  less  than  300  ft.  seems  to  have  been  overlooked. 

G.  B.  Woodruff,*  Assoc.  M.  Am.  Soo.  C.  E.  (by  letter). — The  following 
suggestions  as  to  detailed  specifications  for  steel  railway  bridges,  are  offered: 

Rolled  beams  can  be  used  to  advantage  up  to  spans  of  35  ft. 

In  order  that  the  main-track  alignment  may  be  kept  straight,  if  is  often 
desirable  to  build  four-track  bridges  with  four  trusses. 

With  heavy  rails  (135-lb.)  and  guard-rails,  rails  and  fastenings  will  weigh 
more  nearly  200  lb.  per  lin.  ft.  of  track. 

The  writer  believes  that  economy  of  design  requires  the  use  of  a  heavy 
live  load  (say.  Cooper's  E-90)  and  of  increased  unit  stresses.  A  50%  increase 
in  live  load  would  increase  the  unit  stresses  in  stringers,  hangers,  and  some 
web  truss  members  about  50%  above  the  specified  values,  while  the  chord 
members  of  heavy  bridges  would  be  overstressed,  say,  only  25  per  cent. 

The  lateral  force  should  be  700  lb.  per  lin.  ft.,  as  it  is  simple  to  calculate, 
and  will  give  satisfactory  results. 

The  writer  believes  that  provision  for  an  expansion  of  1  in.  for  every  100 
ft.  in  length  is  sufficient.  He  is  familiar  with  a  number  of  bridges  where  the 
expansion  bearings  have  been  marked  to  determine  the  expansion,  and  believes 
the  figure  given  is  more  than  sufficient. 

It  may  be  called  "practicable"  to  use  8  by  8  by  1-in.  angles,  with  no  covers, 
for  a  girder  flange.  The  specification  that  "preferably  the  angles  compose 
50%  of  the  flange  section  and  in  no  case  shall  the  flange  cover-plates  compose 
more  than  60%",  is  more  definite. 

Flange  splices  are  necessary  in  very  long  girders,  and  the  writer  believes 
that  this  specification  should  be  extended  as  in  those  of  the  American  Rail- 
way Engineering  Association.  r  ,    .,- ,.-,;  .,,..,, 

*  Asst.  to  Bridge  Engr.,  Lehigh  Valley  R.  R.,  Bethlehem,  Pa. 
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Rules  for  the  rating  of  old  structures  have  been  published  recently,  which 
allow  a  unit  stress  of  26  000  lb.,  with  secondary  stresses  not  considered.  It 
would  seem  that  the  margin  between  this  and  a  30  000-lb.  yield  point  is  very 
small.  Some  railroads  are  now  specifying  a  33  000-lb.  yield  point  and  prac- 
tically the  same  elongation  and  bending  tests. 

The  writer  does  not  believe  that  full  punched  work,  for  main  sections,  has 
any  place  in  a  present-day  specification  for  railroad  bridges,  esjxjcialjy  if 
that  metal  is  to  be  stressed  to  26  000  lb.  per  sq.  in.,  and  considering  that,  in 
the  bridge  shop,  workmanship  is  subordinated  to  tonnage. 

C.  E.  CoNOVER,*  M.  Am.  See.  C.  E.  (by  letter). — Relative  to  bridge  design 
for  electric  traction:  From  all  information  that  has  come  to  the  writer's 
attention,  cars  equipped  with  direct  drive  produce  but  little  impact,  probably 
not  more  than  10%  for  ordinary  speeds.  As  a  matter  of  fact,  probably  most 
of  that  comes  from  imperfect  track  or  wheel  conditions.  It  is  believed  that 
the  impact  for  such  bridges  could  be  reduced  so  as  to  be  not  more  than  25 
per  cent. 

In  regard  to  depth  and  spacing  of  girders,  the  writer  would  suggest  for 
bridges  for  electric  railway  operation,  with  cars  operated  by  direct-drive 
motors,  that  the  girders  might  as  well  be  5  ft.,  center  to  center,  reducing  the 
strain  on  the  ties.  It  is  his  judgment,  based  on  information  that  has  come 
to  his  attention,  that  the  impact  in  the  case  of  such  cars  is  very  small.  There 
seems  to  be  little  necessity  for  attempting  to  eliminate  the  direct  effect  of 
this  impact  by  not  having  wheels  directly  over  the  girders. 

Edward  GoDFREY,f  M.  Am.  Soc.  C.  E.  (by  letter).— The  impact  for 
bridges  to  carry  electric  traction  exclusively,  is  required  to  be  one-third  as 
great  as  for  railroad  bridges.  In  the  writer's  judgment,  an  impact  allowance 
of  25%  for  all  members  of  a  traction  bridge  is  sufiicient.  Impact  is  due 
almost,  if  not,  entirely  to  roughness  of  the  track  or  unbalanced  wheels.  The 
effect  of  impact  on  any  member  has  little  or  no  relation  to  the  length  of 
span  or  loaded  portion;  it  depends  on  the  imminence  of  the  member  to  the 
track.  In  very  short  spans,  the  member  or  girder  is  naturally  closer  to  the 
track,  and  tests  show  higher  impact.  There  is  nothing  in  test  results  of 
impact  observations  to  justify  a  formula  that  varies  the  impact  with  the  span 
length.  The  only  rational  method  of  taking  care  of  the  dynamic  effect  of 
rolling  loads  is  one  on  the  order  of  Cooper's  specifications,  in  which  the  effect 
of  live  load  on  a  member  is  varied  in  accordance  with  the  directness  of  its 
action  on  that  member.  In  the  matter  of  traction  bridges,  it  seems  that  the 
standard  practice  of  using  an  impact  of  25%  of  the  live  load  on  all  members 
should  be  used. 

If  one  sits  on  the  bottom  chord  of  a  bridge  while  a  5-ton  automobile 
passes  at  a  great  speed  over  the  bridge,  and  from  the  same  location  compares 
the  results  with  what  happens  when  a  horse,  pulling  a  light  wagon,  trots  across, 
one  will  be  convinced  that  the  suddenness  of  application  of  the  load  has  little 

•  Designing  Engr.,   Transit   Comm.,   New   York   City, 
t  Structural  Engr.,   Pittsburgh,  Pa. 
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to  do  with  the  dynamic  effect,  whereas  vertical  vibration,  due  to  the  roughness 
of  the  floor  or  the  track,  or  any  other  cause,  has  a  large  influence. 

No  column  formula  can  be  even  approximately  correct  that  fails  to  take 
into  account  imperfections  in  columns,  this  is  particularly  true  for  struc- 
turally permissible  columus.  Years  ago,  engineers  observed  that,  in  the  zone 
of  structurally  permissible  columns,  test  results  were  grouped  about  a  prac- 
tically straight  line  and  then  curved  up  in  the  zone  of  slender  columns.  On 
the  strength  of  this,  the  straight-line  formula  for  columns  was  urged  and, 
later,  generally  adopted. 

This  straight-line  formula  is  suitable  because  it  not  only  is  simple  of 
application,  but  it  also  virtually  recognizes  imperfection  in  columns,  as  it 
comes  nearer  to  an  agreement  with  the  strength  of  commercial  compression 
members  than  any  other  formula  in  use. 

Among  engineers  who  favor  theory,  there  seems  to  be  a  movement  to 
return  to  the  curved-line  formulas.  The  chief  argument  for  the  curved-line 
formula  is  the  inapplicability  of  the  straight-line  formula  to  slender  columns — 
columns  outside  the  range  of  structural  specifications.  If  the  straight-line 
formula  was  shown  to  give  false  results  within  the  limits  where  it  is  used,  this 
would  be  an  argument  against  it;  but  because  it  fails  to  give  proper  results  in 
a  field  where  the  use  of  compression  members  is  forbidden,  is  no  reason  for  its 
abandonment. 

A  formula  that  would  give  a  ''whip-shaped"  curve  of  column  unit  stresses, 
that  part  in  the  region  of  permissible  structural  columns  being  straight  and 
that  in  the  "slender"  zone  curving  up,  would  agree  best  with  test  results.  A 
curve  of  this  shape  would  naturally  have  a  complex  equation,  and  its  use  would 
impose  an  unnecessary  burden  on.  the  computer. 

That  test  results  do  group  around  a  "whip-shaped"  curve  has  been  shown  in 
results  published  in  an  article*  which  is  a  plea  for  the  revival  of  the  Gordon- 
Rankine  formula. 

There  is  no  reason  why  the  straight-line  formula  should  not  be  used  for 
columns  up  to  the  maximum  ratio  of  slenderness  permitted  in  structures, 
slender  compression  members,  such  as  posts  for  transmission  towers  and  struts 
for  aeroplanes,  being  designed  by  a  formula  appropriate  to  that  used  in  the 
design  of  long  struts.  The  Euler  formula  is  the  proper  formula  for  this 
purpose,  but  it  is  useless  for  designing  structurally  permissible  columns. 

Tests  demonstrate  that  steel  is  not  as  good  in  compression  as  in  tension. 
It  is  not  clear  why  the  user  of  the  Gordon-Rankine  formula  should  be  allowed 
a  maximum  unit  stress  of  14  300  lb.  per  sq.  in.,  whereas  the  user  of  the  straight- 
line  formida  is  allowed  a  maximum  of  12  500  lb.  per  sq.  in.  There  is  no  con- 
nection between  the  type  of  formula  used  and  the  maximum  unit  stress 
allowed.  It  seems  well  to  adopt  an  upper  limit  of  12  500  or  13  000  lb.  per 
sq.  in. 

The  unit  pressure  allowed  on  concrete  masonry  is  600  lb.  per  sq.  in.,  which 
gives  an  undue  advantage  to  concrete  over  limestone  masonry  which  is  allowed 
400  lb.  per  sq.  in.    Bridge  seats  are  seldom  grouted  or  embedded  in  a  manner 

•  Engineering  News-Record,  March  10th,  1921,   p.  431,  Figs.  1,  2,   and  5. 
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that  would  give  a  true  bearing,  and  for  tliis  reason  unit  pressure  should  be 
kept  low. 

Secondary  stresses  and  bending  moments  due  to  deflection  of  floor-beams 
may  be  safely  ignored  in  ordinary  structures;  in  fact,  it  is  doubtful  whether 
they  need  ever  be  considered. 

Specifications  should  contain  a  definite  pronouncement  on  the  subject  of 
tension  on  rivet  heads.  Inhibition  of  tension  on  rivet  heads  defeats  its  own 
purpose,  whether  that  purpose  is  to  secure  good  design  or  to  prevent  such 
tension.  Tension  on  rivet  heads  gives  rigidity  and  stability  to  all  riveted 
structures.  Without  it,  structures  would  rattle  and  fall  apart;  it  is  this  ten- 
sion that  supplies  the  friction  that  plays  a  major  part  in  holding  riveted 
pieces  together. 

Hardly  a  design  can  be  made  that  does  not  involve  some  direct  tensile 
stress  on  rivet  heads.  Rivets  are  capable  of  taking  a  large  amount  of 
tension  on  the  heads  and,  with  proper  design,  of  doing  so  with  safety. 

On  this  subject  the  following  is  recommended: 

"Tension  on  rivet  heads  will  be  allowed  only  when  the  connection  is 
symmetrical  and  contains  at  least  four  rivets.  The  bending  at  the  heel  of 
connection  angles  must  be  considered,  as  well  as  the  bending  on  the  part 
to  which  the  detail  is  attached.  When  |-in.  rivets  are  used,  the  connection 
angles  should  be  f-in.  metal  and  the  gauge  of  rivets  2  in.  With  |-in.  rivets 
use  4-in.  angles  and  l|-in.  gauge.  Additional  rivets  must  be  provided  to  take 
any  shear  Qoming  on  the  same  connection," 

The  writer  made  a  series  of  tests*  which  seemed  to  show  clearly  that  the 
minimum  net  area  of  a  bar,  measured  on  a  zigzag  line,  joining  rivet  holes,  is 
the  measure  of  the  value  of  the  bar  in  tension.  Opportunity  was  afforded  to 
bring  evidence  to  controvert  this,  but  no  such  evidence  was  furnished.  Tests  on 
riveted  seams  were  cited,  but  a  riveted  seam  in  which  the  stress  originates 
in  the  rivets,  is  quite  different  from  a  bar  or  flat,  in  which  the  stress  is  axial 
and  merely  distributes  itself  around  holes  cut  out  of  the  section. 

D.  B.  Steinman,!  M.  Am.  Soc.  C.  E.  (by  letter). — In  fixing  unit  stresses 
for  design,  the  safe  stress  for  dead  load  should  govern.  A  basic  unit  stress 
of  20  000  lb.  per  sq.  in.  would  leave  ample  margin  below  the  elastic  limit, 
and  would  unquestionably  be  safe  for  dead  load.  Providing  for  dead  load 
stress  at  16  000  lb.  per  sq.  in.  is  a  waste  of  metal.  Years  ago.  Cooper  estab- 
lished 20  000  lb.  per  sq.  in.  as  the  working  stress  for  dead  load,  and  the  advance 
since  then  in  the  structural  art  should  justify  a  reduction  and  not  an  increase 
in  the  "factor  of  ignorance." 

The  difference  between  the  effect  of  live  load  and  that  of  dead  load  should 
be  taken  care  of  by  the  impact  allowance  and  not  by  a  reduction  in  working 
stress.  If  20  000  lb.  per  sq.  in.  is  a  safe  stress  for  dead  load,  it  is  also  a  safe 
stress  for  live  load  plus  impact. 

The  provision  for  future  increase  in  live  load  should  be  made  by  assuming 
a  heavier  live  load,  and  not  by  reducing  the  working  stress.     To  provide  for 

•  Engineering  News,  May  3d,  1906. 
t  Cons.  Engr.,  New  York  City. 
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probable  increase  in  loading  by  using  a  reduced  working  stress  is  illogical, 
and  results  in  an  unbalanced  design.  Tbe  live  load  may  increase,  but  the 
dead  load  will  not;  as  a  result,  the  bridge  members  carrying  the  largest  pro- 
portion of  dead-load  stress  will  be  the  most  extravagantly  designed,  and  the 
members  carrying  the  largest  proportion  of  live-load  stress  will  be  relatively 
tbe  most  deficient  in  section.  It  cannot  be  disputed  that  exactly  the  reverse 
condition  ought  to  be  the  objective  in  proper  design.  To  secure  the  largest 
possible  margin  of  strength  for  increasing  loads,  with  a  minimum  expendi- 
ture of  metal,  the  extra  metal  should  be  distributed  among  the  various  mem- 
bers in  proportion  to  their  live-load  stresses.  Accordingly,  the  most  economical 
and  best  balanced  design  will  be  secured  by  adhering  to  the  principle  previously 
enunciated,  faamely,  the  provision  for  future  increase  in  live  load  should  be 
made  by  designing  for  a  heavier  live  load,  and  not  by  reducing  the  working 
stresses. 

The  writer  maintains  that  the  working  unit  stress  in  tension  should  be  at 
least  20  000  lb.  per  sq.  in.  instead  of  16  000  lb.,  and  that  the  other  unit  stresses 
should  be  increased  in  the  same  ratio. 

Live  Load. — It  is  disappointing  to  have  the  important  question  of  live  load 
overlooked,  and  to  retain  the  ancient  Cooper  loading  in  the  proposed  specifi- 
cations. 

The  Cooper  loading  does  not  correspond  to  modern  locomotives,  and  its 
retention  as  a  standard  for  design  is  unscientific.  Its  use  produces  designs  that 
are  unbalanced  for  modern  loadings.  For  instance,  the  Pennsylvania  Rail- 
road N-l-S  locomotives  are  equivalent  to  Cooper's  E-55  for  some  bridge 
members  and  to  Cooper's  E-76  for  others,  a  range  of  variation  of  38  per  cent. 
The  Erie  2-10-2  locomotives  are  equivalent  to  Cooper's  E-53  for  some  bridge 
members  and  to  Cooper's  E-70  for  others,  a  range  of  variation  of  32  per  cent. 
Other  locomotives,  compared  by  the  writer,  gave  similar  ranges  of  variation. 
In  other  words,  structures  designed  for  the  arbitrary  Cooper  loading  will 
not  be  of  uniform  strength  for  a  given  modern  locomotive;  some  of  the  mem- 
bers in  a  span  will  be  defective  in  strength,  and  some  of  the  spans  in  a  line 
will  be  disproportionately  weak,  in  comparison  with  others,  and  this  difiFerence 
in  strength  may  be  as  much  as  30  or  40  per  cent.  A  loading  that  yields  such 
disproportionate  results  may  well  be  regarded  as  obsolete.  A  Cooi)er  engine 
diagram  does  not  represent  modern  locomotives,  and  should  not  be  used  for 
designing  modern  structures. 

An  argument  advanced  for  retaining  the  Cooper  loading  is  that  it  affords 
a  convenient  standard  for  rating  bridges;  but  the  writer  maintains  that  a 
standard  that  has  become  warped  to  such  an  extent  as  to  yield  results  that 
fail  to  harmonize  by  30  to  40%  has  outlived  its  usefulness.  A  loading  should 
satisfy  the  following  requirements : 

1. — It  should  give  results  that  harmonize  closely  with  the  stresses  produci- 
ble by  modern  heavy  locomotives. 

2. — It  should  be  heavy  enough  to  provide  for  the  probable  future  increase 
in  loading  during  the  desired  life  of  structures.     Accordingly,  it  should  be 
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25  to  50%  heavier  than  the  average  present  loading  (supposed  to  be  represented 
by  Cooper's  E-60). 

3. — It  should  be  presented  in  such  form  as  will  yield  maximum  facility 
of  application  and  will  discourage  meaningless  refinement  of  computation. 

Impact. — In  past  American  practice,  there  have  been  two  different  types 
of  impact  formulas: 

1. — Formulas  based  on  the  ratio  of  live-load  stress  to  live  plus  dead-load 

stress,  ^A_. 

2. — Formulas  based  on  the  length  (Z)  of  load  producing  the  stress. 

The  writer  is  convinced  that  formulas  of  either  class  are  only  partly  cor- 
rect; and  that,  to  be  truly  scientific  and  comprehensive,  an  impact  formula 
should  combine  both  the  factors  enumerated.    In  other  words,  a  term  of  the 

form, ,  should  be  incorporated  in  the  impact  formula. 

'i  +  i> 

The  inclusion  of  this  factor  will  make  automatic  correction  for  the  greater 
inertia  resistance  of  the  heavier  sections  in  a  given  structure  and  of  the 
heavier  structures  in  a  given  line.  It  will  apportion  the  largest  relative 
additional  metal  for  impact  to  those  members  in  which  the  live  load  bears 
the  largest  ratio  to  the  dead  load,  thus  contributing  to  the  longevity  of  the 
structure  under  increasing  loads.  It  will  yield  results  conforming  to  the 
principle  that  impact  should  be  less  on  bridges  with  solid  ballasted  floors 
than  on  those  with  open  decks.  It  will  yield  a  reduced  impact  for  bridges 
carrying  a  highway  floor  in  addition  to  the  railway  tracks.  It  will  be  a  partial 
compensation  or  incentive  for  adopting  the  heavier  and  more  rigid  construction 
in  a  choice  between  alternative  designs.  It  will  automatically  increase  the 
impact  tax  on  very  short  spans  and  reduce  it  on  very  long  spans.  More- 
over, it  will  yield  a  formula  applicable  without  change  to  all  types  of  structure 
on  a  line,  instead  of  requiring  different  formulas  to  be  used  for  steel  trusses, 
concrete  arches,  etc. 

The  formula  recommended  in  the  Tentative  Specifications  is  defective  in 
that  it  makes  no  distinction  between  light  and  heavy  constructions  of  the 
same  length  of  span;  for  instance,  it  would  yield  the  same  impact  stresses 
for  bridges  with  solid  decks  as  for  those  with  open  floors.  This  defect  would 
be  remedied,  and  the  other  advantages  mentioned  previously  would  be  secured, 

L 
if  the  impact  formula  was  corrected  to  include  the  factor, -. 

_L/    -p    U 

The  revised  formula,  moreover,  should  conform  with  observed  effects  by 
yielding  impacts  exceeding  100%  for  very  short  spans.  Accordingly,  the 
writer  would  propose  the  following  formula  for  impact  percentages  so  aa 
to  combine  the  two  contributing  factors  of  load  length  and  load  ratio : 

100  +  Z       L  +  D' 
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The  values  yielded  by  this  formula  for  open-deck  spans  of  various  lengths 
conform  closely  to  the  maximum  impact  percentages  recorded  in  the  Ameri- 
can and  the  English  tests.  This  is  shown  by  Fig.  8,  where  the  graph  of 
impact  values  calculated  by  this  formula  (for  open-deck  spans),  practically 
coincides  with  the  highest  test  values  recorded  from  all  lengths  of  spans.  For 
solid-deck  spans,  the  impact  values  yielded  by  this  formula  are  appropriately 
lower.     The  formula  is  simple  and  easy  to  apply. 

Column  Formula. — The  conditions  do  not  warrant  hair-splitting  precision 
in  fixing  working  stresses  for  columns,  and  there  seems  to  be  little  justifica- 
tion for  using  quadratic  formulas  when  a  simple  straight-line  formula  gives 
essentially  the  same  results.  A  straight-line  formula  with  a  horizontal  maxi- 
mum should  suffice. 

One  important  point  that  has  not  been  provided  for  in  any  of  the  standard 
specifications,  is  the  difference  in  permissible  stress  in  columns  having  dif- 
ferent forms  of  open  or  closed  sections.  Closed  or  box  sections  are  safer 
against  buckling  than  open  sections,  and  solid  diaphragms  or  cover-plates 
are  more  effective  than  planes  of  latticing.  This  difference  in  value  of  dif- 
ferent forms  of  section  should  be  represented  in  the  column  specification.  The 
colimin  formula  should  allow  a  higher  working  stress  for  the  sections  that 
are  known  to  be  safer,  so  as  to  offer  a  premium  for  the  selection  of  the  more 
substantial  designs,  instead  of  encouraging,  as  the  present  specifications  do, 
the  adoption  of  open,  flaring  sections  for  the  sake  of  economy. 

On  the  basis  of  a  working  stress  of  20  000  lb.  per  sq.  in.  for  tension,  the 
writer  would  reconunend  that  the  following  working  stresses  be  specified  for 
columns : 

For  a  closed  section,  or  a  section  with  two  diaphragms,  or  a  section  with 
one  diaphragm  and  two  planes  of  lattice: 

I 
22  000  —  100  —  (maximum,  20  000). 
r 

For  a  half-open  section  with  one  cover-plate  and  one  plane  of  lattice,  or 

a  section  with  one  diaphragm  without  latticing: 

I 
20  000  —  100  -^  (maximum,  18  000;. 

For  an  open  section  with  two  or  more  planes  of  lattice: 

I. 
.      19  000  —  100  —  (maximum,  17  000). 

The  writer  maintains  that  the  adoption  of  such  specifications  for  column 
design  will  be  conducive  to  better  and  more  consistent  designing. 

If,  in  addition,  it  is  desired  to  include  in  the  column  formula  the  extreme 
fiber  distance,  c,  as  urged  by  Mr.  Leffler,*  the  writer  would  suggest  that  the 

term,  100  — ,  in  the  formulas  previously  mentioned,  be  replaced  by  a  term: 
r 

I     c 

SO . 

r     r 

*  See  p.  542. 
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Spacing  of  Trusses. — Past  practice  has  required  a  width  between  centers 
of  trusses  of  about  one-sixteenth  of  the  span,  and  it  seems  to  be  a  step  in 
the  wrong  direction  to  reduce  the  prescribed  width  to  one-twentieth  of  the 
span. 

Pin  Stresses. — The  safe  bending  stress  in  extreme  fibers  of  pins  is  better 

I 
represented  by  40  000  —  1  000  -,  than  by  a  flat  value  of  24  000.* 

Reversal  of  Stress. — Except  for  the  connections,  there  is  no  physical 
justification  for  the  reversal  clause,  requiring  an  increase  in  section  for  reversal 
of  stress.  It  has  been  defended  as  a  disguised  method  of  increasing  the  sec- 
tions of  web  members  for  prospective  load  increase;  but  this  object  ought  to 
be  accomplished  in  a  direct,  straightforward  manner  by  designing  the  struc- 
ture for  the  probable  future  loading.  The  greater  impact  on  web  members  is 
fully  provided  for  in  the  impact  formula  proposed  by  the  writer. 

Combined  Stresses. — With  a  basic  unit  stress  of  20  000  lb.  per  sq.  in.,  the 
augmentation  of  the  working  stress  for  a  combination  in  which  lateral  and 
longitudinal  forces  are  included,  may  be  20% ;  and  if  secondary  stresses  are 
also  included,  the  augmentation  may  be  30  per  cent. 

Overload. — With  a  basic  unit  stress  of  20  000  lb.  per  sq.  in.,  it  is  assumed 
that  the  design  load  is  about  25%  higher  than  the  present  loadings.  Con- 
sequently, only  25%  increase  in  live  load  need  be  considered  in  the  overload 
clause.  In  addition,  it  should  be  stipulated  that  any  reversal  of  resultant 
stress  that  may  be  caused  by  a  25%  increase  in  live  load,  should  be  provided 
for  in  the  design  of  the  member. 

Net  Sections. — In  1920,  the  writer  submitted,  to  the  Bridge  Engineers' 
Committee  of  the  New  York  Central  Lines,  a  specification  derived  from  theo- 
retical considerations  and  confirmed  by  experimental  results: 

"The  net  section  of  riveted  members  shall  be  the  least  area  which  can  be 
obtained  by  deducting  from  the  gross  sectional  area,  the  area  of  holes  cut  by 
any  straight  or  zigzag  section  across  the  member,  counting  the  full  area  of  the 
first  hole  and  a  fractional  part  of  each  succeeding  hole,  the  fractional  part 
being  determined  by  the  formula, 

P 

1.3 — -  (but  not  to  exceed  unity), 

where  P  is  the  pitch  (longitudinal)  distance,  and  G  is  the  gauge  (transverse) 
distance  from  the  preceding  rivet." 

The  writer  has  emphasized  the  importance  of  designing  bridges  for  ulti- 
mate loads  with  ultimate  safe  stresses.  The  retention  of  this  feature  in  the 
specifications  adopted  by  the  Society  will  be  an  important  achievement;  it  will 
yield  balanced  designs  conducive  to  the  longest  possible  life  for  the  structure. 

Percival  S.  BAKER,f  M.  Am.  Soc.  C.  E.  (by  letter). — The  Pencoyd  formula, 
which  has  been  largely  used  during  recent  years,  increases  the  impact  only  a 
small  amount  on  spans  of  less  than  100  ft.,  but  on  spans  of  more  than  100  ft. 

*  See  the  writer's  article,  "Higher  Stresses  for  Bridge  Pins".  Engineering  News-Record, 
March  24,   1921. 

t  Engr.  of  Bridges  and  Bldgs.,  P.  &  R.  Ry.,  Philadelphia,  Pa. 
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the  decrease  is  marked,  amounting  to  6%  for  a  150-ft.  span  and  20%  for  a 
300-ft.  span.     A  more  desirable  formula  appears  to  be : 

/=  125 V2OOO  L  —  L\ 

which  follows  the  tests  closely,  increasing  the  impact  considerably  on  the 
shorter  spans  and  not  decreasing  it  so  much  on  the  longer  spans,  when  com- 
pared with  the  Pencoyd  formula.    In  the  writer's  opinion,  the  formula, 

300 

""'  +  m 

is  not  as  good  as  the  Pencoyd  formula,  but  the  fornmla, 

125 V2OOO  L  —  L\ 

8 

is  better. 

As  all  the  column  formulas  in  common  use  agree  well  with  tests,  within  the 
limits  allowed  in  good  design,  there  seems  to  be  no  good  reason  for  departing 
from  the  straight-line  formula  adopted  by  the  American  Railway  Engineering 

Association  in  1906  and  1910,  namely,  16  000 — 70  — ,  which   has  been  widely 

used.     The  writer  would  place    the  upper   limit   about   13  300,    which   would 

correspond  with  an  —  of  40. 
r 

A  greater  value  should  be  allowed  for  an  angle  connected  by  lug  angles  than 
for  one  connected  by  one  leg  only. 

A.  W.  Carpenter,*  M.  Am.  Soc.  C.  E.  (by  letter). — It  is  to  be  questioned 
whether  end  floor-beams  are  to  be  preferred.  They  add  to  the  expense,  make 
back- walls  less  accessible,  are  not  practicable  on  ends  more  than  slightly 
skewed,  and  the  writer  never  found  any  necessity  for  them. 

Overload. — The  A.  R.  E.  A.  Specifications  provide,  in  effect,  for  a  75% 
increase  in  live  load  without  more  than  50%  increase  in  the  specified  unit 
stresses  in  web  members.  Ordinarily,  chord  members  and  end-posts  of  trusses 
up  to  a  span  of  300  ft.  will  carry  a  live  load  increase  of  60  to  75%  (varying 
with  the  length  of  the  span),  with  an  increase  of  not  more  than  50%  in  the 
designing  unit  stress.  In  order  that  the  interior  web  members  may  not  be 
stressed  more  than  50%  above  the  designing  unit  stresses,  with  the  increase 
in  live  load  which  would  increase  the  corresponding  chord  unit  stresses  50%, 
the  web  sections  must  be  increased  slightly,  and  it  seems  well  to  require  this 
as  it  adds  comparatively  little  expense  to  the  structure.  The  A.  R.  E.  A. 
Specifications  provide  for  the  extreme  case  of  75%  overload.  By  providing  for 
an  overload  in  interior  web  members  equal  that  which  the  chords  will  carry 
with  the  same  50%  increase  of  designing  unit  stress,  the  desired  end  would 
be  attained  in  perhaps  the  most  satisfactory  manner. 

*  Asst.  Valuation  Engr.,  N.  Y.  C.  &  H.  R.  R.  R.,  New  York  City. 
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Lateral  Forces. — Centrifugal  force  taken  at  6  ft.  corresponds  closely  to  the 
height  of  the  center  of  gravity  of  the  locomotive. 

The  writer  sees  no  occasion  for  formulas  more  complicated  than  the  straight- 
line  formula.  There  is  one  thing  in  connection  with  column  strength,  how- 
ever, which  perhaps  has  not  been  considered  and  which  might  make  a  worth 
while  subject  of  investigation,  that  is,  the  effect  of  impact  on  columns  and 
compression  members.  The  horizontal  "cut-off"  of  the  column  formula  for  low 
ratios  of  length  to  radius  of  gyration  is  probably  all  right  for  static  loads,  but 
for  impact  it  is  questionable.  The  impact  effects,  as  the  writer  conceives  them, 
are  momentary  in  their  extremes.  It  requires  time  as  well  as  load  to  cause  a 
compression  failure.  The  case  may  well  be  similar  to  that  of  timber  beams,  as 
noted  hereafter.  It  may  be  different  with  a  tension  member.  To  take  care 
of  this  feature  the  amount  of  impact  could  be  made  less  for  compression  mem- 
bers than  for  tension  members,  although  retaining  the  respective  working  unit 
stresses  proposed.  It  seems  likely  that  compression  members  of  ordinary  truss 
bridges  are  being  made  disproportionately  heavy  on  this  account. 

Relative  to  tension  in  extreme  fibers  of  timber,  the  Committee  on  Timber 
of  the  American  Society  for  Testing  Materials  reported,  in  1921,  in  reference 
to  working  stresses  in  structural  timber  beams,  as  follows: 

"It  is  also  well  determined  by  the  tests  that  resistance  to  suddenly  applied 
loads  is  much  greater  than  to  slowly  applied  or  constant  loading;  therefore, 
the  condition  of  loading  will  affect  the  amount  of  allowable  stress;" 

and,  also, 

"From  the  above  it  will  be  seen  that  in  order  to  have  a  rational  design 
it  is  necessary  to  state  working  stresses  of  different  amounts  for  different 
kinds  of  loadings  and  exposure  of  timber.  As  an  example,  for  dense  structural 
yellow  pine,  the  maximum  working  stress  will  be  1 100  lb.  per  sq.  in.  This  is 
for  constant  loading  and  for  submerged  locations  where  the  timber  is  con- 
stantly wet.  In  locations  in  the  weather,  such  as  bridges,  the  allowable  work- 
ing stress  for  constant  loading  is  1  400  lb.  per  sq.  in.  Under  cover,  where  the 
timber  is  always  dry,  the  allowable  working  stress  for  constant  loading  is  1  600 
lb.  per  sq.  in." 

Also, 

"From  the  tests,  it  is  determined  that  the  resistance  of  timber  is  approxi- 
mately proportional  to  the  speed  of  loading.  For  constant  loading,  the  stresses 
above  given  are  proper,  but  for  sudden  loading,  resulting  in  100%  impact, 
the  successive  loadings  being  far"  enough  apart  so  as  to  allow  reasonable 
recovery  of  the  timber,  the  allowable  stresses  may  be  doubled  (not  to  exceed 
2  800  lb.  per  sq.  in.),  the  stresses  due  to  this  sudden  loading  being  those  actually 
computed  from  the  load  with  the  impact.  For  other  proportions  of  impact, 
less  than  100%,  the  allowable  working  stress  may  be  increased  in  a  ratio 
equal  to  the  percentage  of  impact.  For  dense  structural  yellow  pine,  the  allow- 
able working  stresses  would,  therefore,  be  as  follows: 

1.  For  wet  or  submerged  locations.  ..   1100  -|-  1100  I  lb.  per  sq.  in. 

2.  For  exposed  locations   (bridges) ...   1  400  +  1  400  7    "       "     "      " 

3.  For  constantly  dry  locations 1600  -j-  1  600  7    "       "     "      " 

where  7  is  the  proportional  impact  stress." 

These  quotations  from  the  report  of  the  A.  S.  T.  M.  Committee,  are 
given  because  the  writer  (who  is  in  no  way  connected  with  that  Committee) 


DISCUSSION  ON  BRIDGE  DESIGN  AND  CONSTRUCTION  559 

believes  it  to  be  the  most  rational  exposition  of  the  subject  he  haa  seen  and 
that  it  points  out  the  proper  method  of  specifying  working  stresses  for  timber, 
although  the  constants  of  the  impact  factors  seem  rather  high.  It  will  be 
noted  that  the  A.  S.  T.  M.  Committee  would  allow,  for  dense  structural  yellow 
pine,  2  800  lb.  per  sq.  in.  (fiber  stress  in  bending)  for  live  loads  with  100% 
impact,  2  100  lb.  per  sq.  in.  with  50%  impact,  but  only  1  400  lb.  per  sq.  in. 
for  all  dead  load  or  a  sustained  live  load  without  impact. 

Benjamin  W.  Guppy,*  M.  Am.  Soc.  C.  E.  (by  letter). — A  desire  on  the 
part  of  some  members  to  have  the  Society  sponsor  some  kind  of  a  bridge 
specification  has  been  noted;  but  what  kind,  a  working  specification  or 
a  general  specification?  A  working  specification  is  necessarily  narrow.  It 
is  a  definite  set  of  rules  issued  by  the  purchaser  in  order  to  obtain  the 
kind  of  a  bridge  he  wants.  It  is  a  part  of  the  contract.  It  should  not 
be  used  in  Court,  except  as  evidence  of  what  is  required  under  the  contract. 
When  prepared  by  an  individual,  it  is  the  embodiment  of  his  personal  pre- 
dilections; when  prepared  by  a  committee,  it  is  usually  a  compilation  of  com- 
promises and  is  subject  to  modification  by  the  individual  user.  A  general 
specification,  on  the  other  hand,  should  be  broad.  From  it  the  purchaser  should 
be  able  to  draw  the  necessary  inspiration  and  information  to  enable  him  to 
prepare  a  working  specification  for  any  kind  of  a  bridge  at  any  location.  It 
should  furnish  the  information  which  would  enable  a  user  to  determine  the 
maximum  safe  carrying  capacity  of  his  structure,  in  so  far  as  it  is  possible 
to  do  so.  It  should  be  capable  of  being  used  in  Court  as  a  guide  in  determining 
right  and  wrong  in  bridge  design. 

The  construction  of  any  bridge  requires  a  minimum  expenditure  to  secure 
the  requisite  service  and  security.  Additional  expenditures,  to  obtain  increased 
strength  and  rigidity,  to  facilitate  maintenance,  and  to  minimize  the  effects  of 
accidents,  are  optional  with  the  purchaser.  Moreover,  the  cost  of  the  bridge 
superstructure  is  only  one  unit  in  the  cost  of  the  project,  and  should  be 
balanced  against  all  other  items  of  cost,  in  order  to  obtain  the  total  minimum 
expenditure.  All  of  which  should  be  recognized  and  provided  for  in  a  gen- 
eral specification. 

Span. — What  is  the  necessity  of  recommending  limiting  span  lengths? 
Why  not  state  limiting  conditions  instead?  The  maximum  span  for  I-beams 
is  determined  by  three  factors:  Loads,  unit  stresses,  and  section  moduli. 
Their  use  is  determined  by  these  three  factors  plus  relative  economy. 
The  purchaser  should  have  the  option  of  substituting  built  sections  for 
I-beams,  in  order  that  the  work  may  not  be  delayed,  or  for  any  other 
good  reason,  hence  there  is  no  minimum  limit  for  plate  girders.  The 
maximum  span  for  plate  girders  is  determined  by  weights  and  dimensions 
that  can  be  handled  and  shipped  to  the  site,  the  question  of  relative  economy 
always  being  considered,  and  this  includes  annual  cost  as  well  as  first  cost. 
As  between  riveted  and  pin  trusses,  it  is  a  question  of  economy,  rigidity  desired, 
and  local  conditions  controlling  erection. 

*  Engr.  of*  Structures,  Boston  &  Maine  R.  R.,  Boston,  Mass. 
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Live  Loads. — The  use  of  the  Cooper  series  of  engines  should  be  con- 
tinued for  well-known  and  oft-repeated  reasons.  The  proper  E  value  to  use 
is  a  matter  for  individual  judgment,  based  on  past  experience  and  an  estimate 
of  future  traflfic  development.  It  is  good  judgment  to  use  an  E  value  in  excess 
of  the  equivalent  E  values  of  the  heaviest  engines  in  service.  A  recommended 
percentage  of  excess  could  be  stated.  The  proper  E  values  for  use  on  diiferent 
classes  of  roads  could  also  be  recommended. 

Unit  Stresses  and  Materials. — Relative  to  the  appropriate  unit  stresses 
to  use  with  different  grades  of  materials,  and  specifications  for  these  materials : 
The  relation  between  the  various  stresses  should  be  such  that  a  bridge  will  be 
obtained  of  uniform  strength  throughout.  Would  it  not  be  practicable  to 
write  all  stresses  as  functions  of  T,  the  axial  tensile  stress,  and  then  specify 
the  appropriate  values  of  T  for  the  diiferent  grades  of  material. 

Expansion  Bearings. — The  object  of  hinged  shoes  is  to  reduce  secon- 
dary stresses  induced  by  deflection  of  the  bridge  or  tipping  of  the  masonry  and 
to  prevent  the  eccentric  application  of  reaction  due  to  deflection  of  the  bridge. 
If  the  ends  of  girders  are  properly  designed  with  sole-plates  of  the  minimum 
size  necessary  to  meet  the  specified  stress  for  bearing  of  metal  on  metal,  the 
displacement  of  the  end  reaction  due  to  deflection  will  have  no  serious  results. 
The  requirement  is  not  a  necessity  as  has  been  proved  by  the  long  and  success- 
ful lives  of  a  large  number  of  bridges  not  equipped  with  pin  shoes. 

The  writer  believes  a  minimum  span  length  of  100  ft.  is  sufficient,  except 
for  very  shallow  or  very  heavily  loaded  girders,  when  a  limiting  span  length 
of  80  ft.  can  be  specified. 

Inclined  Bearings. — Wliat  valid  objection  can  there  be  to  allowing  a 
short-span  plate  girder  to  slide  on  a  plane  parallel  to  the  grade  instead  of  on 
a  horizontal  plane.  If  the  bridge  is  on  a  grade,  something  must  be  beveled, 
if  there  are  no  pin  shoes.  It  is  simplest  to  put  the  bevel  in  the  bed-plates. 
Suppose  the  sole-plates  are  beveled  and  the  bridge  arrives  -wrong  end  to; 
it  will  be  necessary  to  go  to  a  wye  or  turn-table,  or  laboriously  turn  the 
girder  at  the  site;  or  suppose,  as  has  happened,  it  is  discovered  at  the  site 
that  all  the  shoe-plates  have  been  riveted  up  with  the  thick  ends  at  the  ends 
of  the  girders.  On  the  other  hand,  if  a  casting  has  been  incorrectly  placed, 
it  is  easy  to  jack  up  and  reverse  it. 

Any  clearance  diagram  included  in  railway  bridge  specifications  should  be 
presented  merely  as  a  recommended  diagram  to  be  followed  where  it  does  not 
confiict  with  the  law  or  in  the  absence  of  specific  instructions.  In  thickly 
settled  localities,  there  necessarily  must  be  modifications  in  clearance  often 
requiring  legislative  approval,  otherwise  the  cost  of  furnishing  certain  facilities 
would  be  prohibitive. 

Unless  the  floor  of  the  bridge  is  planked,  ties  should  be  spaced  far  enough 
apart  so  that  one's  foot  will  not  get  wedged  between  them.  The  minimum 
that  can  safely  be  used  is  about  6  in.,  and  10-ft.  ties  are  long  enough,  pro- 
vided an  occasional  tie  is  extended  and  a  sidewalk  is  built  outside  the  guard- 
stick.  These  walks  have  become  common  in  railroad  yards  and  are  being 
called  for  more  and  more  frequently  by  Safety  First  Committees.     A  floor 
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of  12-ft.  ties,  without  a  sidewalk,  does  not  afford  a  good  passageway  alongside 
a  train,  especially  when  it  is  coated  with  snow  and  ice. 

The  reduction  percentages  to  be  applied  to  loads  for  multiple-track  bridges 
should  be  such  that  the  total  live  load  plus  the  impact  minus  the  reduction, 
will  not  be  less  than  the  live  load  without  impact.  Such  bridges  in  or  near 
yards  and  terminals  will  be  loaded  on  all  tracks  more  frequently  than 
similar  bridges  on  the  road. 

Referring  to  unit  stresses:  After  the  correct  relationship  between  the 
various  stresses  has  been  determined  for  each  class  of  material,  the  ques- 
tion of  the  actual  pounds  per  square  inch  to  be  used  can  be  left  to  individual 
judgment. 

Should  not  the  combined  fiber  stress  be  limited  to  a  tension  of  16  000  lb. 
per  sq.  in.,  and  the  proper  reduction  be  made  for  compression  ? 

Referring  to  details  of  design:  There  will  always  be  a  difference  of  opin- 
ion concerning  the  value  of  certain  details.  In  a  section  on  this  subject, 
particularly,  a  compilation  of  the  varying  clauses  of  different  specifications 
will  prove  of  value,  especially  if  accompanied  by  a  full  discussion  and  explana- 
tion of  each  requirement. 

It  may  be  stated  that  local  conditions  exert  such  a  great  influence  on  the 
development  of  any  design  that  they  cannot  be  ignored  in  a  general  specification. 

G.  G.  Thomas,*  Esq.  (by  letter). — As  the  American  Railway  Engineering 
Association  Specifications  of  1910  appear  to  give  economical  spans,  it  is  the 
intention  of  the  writer's  Company  to  continue  their  use. 

The  principal  reasons  for  adhering  to  the  1910  Specifications  are: 

First. — The  impact  allowance  called  for  is  less  for  spans  of  100  ft.  and 
less  than  in  the  1920  Specifications;  this  will  represent  a  saving  in  tonnage, 
as  the  Company's  bridges  are,  as  a  rule,  plate-girder  spans.  The  impact  allow- 
ance in  the  1910  Specifications  appears  to  cover  amply  the  actual  stresses 
caused  by  impact,  as  far  as  present  experience  and  experiment  show. 

Second. — The  compression  formula  and  the  limiting  compressive  stress 
allowed  in  the  newer  specifications  will  give  heavier  and,  therefore,  more 
expensive  trusses  than  the  older  specifications. 

Charles  Evan  Fowler,!  M.  Am.  Soc.  C.  E.  (by  letter). — The  fact  is  . 
generally  admitted  that  the  Cooper  loadings  are  out  of  date,  and  are  only 
being  retained  as  a  matter  of  expediency.  The  adoption  of  a  new  system  , 
that  is  logical  and  that  will  distribute  the  metal  properly,  as  between  short 
and  long  spans,  was  shown  to  be  feasible,  by  the  writer,:};  in  his  paper  on 
the  "Revision  of  the  Niagara  Railway  Arch  Bridge."  The  Cooper  loadings 
could  still  be  used  as  a  measuring  stick,  and  it  seems  presumptuous  to  state  that 
railroad  operating  officials  could  not  understand  such  a  change. 

The  matter  of  impact  is  certainly  better  provided  for  in  the  elliptical 
curve,  but  for  a  specification  presenting  the  ultimate,  it  should  also  have 
factors  for  variable  and  critical  speeds. 


*  Engr.  of  Bridges,  Atlantic  Coast  Line  R.  R.,  Wilmington,  N.  C. 

t  Cons.   Engr.,  New  York  City. 

t  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXIII    (1919-20),  p.   1919. 
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With  a  proper  loading,  full  allowance  for  impact,  secondary,  and  all  other 
stresses,  modern  unit  stresses  on  a  basis  of  not  less  than  20  000  lb.  per  sq.  in. 
for  structural  steel  in  tension,  should  be  adopted.  The  writer  believes  engi- 
neers should  go  even  higher  and  make  it  possible  for  the  railways  to  finance 
the  replacement  of  large  numbers  of  old  and  light  bridges.  The  fabricating 
companies  should  see  the  advantage  to  them  and  join  heartily  in  such  a 
movement. 

The  adoption  of  a  column  formula  must  wait  on  a  thorough  study  of  all 
the  recorded  test  of  columns.  There  are  many  engineers  who  believe  that 
such  a  study  would  result  in  the  adoption  of  the  Gordon  formula,  and  this 
may  be  true.  It  may  be  found,  however,  that  a  straight-line  formula  is  prac- 
tically correct;  and,  even  if  the  formula  adopted  would  prove  as  complicated 
as  the  secant  formula,  it  need  not  frighten  any  one,  for  the  unit  stresses  for 

I 

various  values  of  —  can  be  tabulated. 

r 

It  does  not  matter  what  specifications  are  written  or  published,  it  is  likely 
that  each  railway  or  each  large  system  will  continue  to  have  its  own  specifica- 
tion. They  will  usually  modify  the  specification  standardized  by  a  technical 
society  to  suit  their  own  needs.  The  American  Railway  Engineering  Asso- 
ciation proceeded  with  its  specification,  regardless  of  the  fact  that  the 
Society  did  not  join  in  it;  and  the  writer  inquired  of  O.  E.  Selby,  Jun.  Am. 
Soc.  C.  E.,  Chairman  of  the  A.  R.  E.  A.  Committee,  about  a  number  of 
things  that  had  come  up  in  his  practice,  particularly  at  Niagara,  especially 
as  to  column  formulas,  unit  stresses,  impact,  and  locomotive  loadings.  An 
invitation  was  received  to  attend  the  Committee  meeting  at  Pittsburgh,  Pa., 
which  meeting  was  held,  the  writer  thinks,  in  October,  1919.  The  question  of 
a  column  formula  was  discussed  by  F.  E.  Turneaure,  M.  Am.  Soc.  C.  E.,  and 
about  sixteen  other  Committee  members,  all  of  whom  agreed  that  the  logical 
thing  to  do  was  to  take  all  the  tests  on  columns,  of  the  past  thirty  years,  and 
weed  out  the  columns  that  were  poorly  designed,  poorly  tested,  or  had  failed  in 
detail.  This  would  leave  the  data  on  good  columns,  properly  tested,  from  which 
to  plot  curves  for  the  different  end  conditions,  and  then  decide  logically  what 
column  formulas  to  adopt,  which  would  be  likely  to  conform  with  the  ideas  of 
some  of  the  discussers,  with  H.  B.  Seaman,  M.  Am.  Soc.  C.  E.,  and  particularly 
with  the  belief  of  George  II.  Pegram,  M.  Am.  Soc.  C.  E.,  that,  when  such 
results  are  obtained,  they  will  agree  closely  with  the  Gordon  formula.  The 
A.  R.  E.  A.  Committee  did  not  carry  out  this  work. 

0.  E.  Hovey,  M.  Am.  Soc.  C.  E.,  worked  out  the  lines  or  formulas  for  the 
light  and  heavy  sections  from  the  report  of  the  Special  Committee  on  Steel 
Columns  and  Struts ;  and  from  the  diagram  (Eig.  15)  that  appears  in  the  Niag- 
ara paper,*  it  may  be  seen  that  the  Gordon  formula,  as  there  plotted,  and  the 
lines  as  plotted  by  Mr.  Hovey,  are  nearly  parallel  for  the  central  part  of  the 

40  I 
Gordon  curve,  or  from  upward  ;    so    that    some    Gordon   formula,   in  the 

r 

vpriter's  opinion,  will  finally  satisfy  every  one,  and  there  is  no  need  to  worry 

*  Transactions,  Am.  Soc.   0.   E.,  Vol.  LXXXIII    (1919-20),  p.   1959. 
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about  the  working  out  of  a  complicated  formula,  because  it  can  be  tabulated 
once  for  all. 

The  other  major  matters  are  unit  stresses  and  locomotive  loading.  The 
question  of  unit  stresses  for  alloy  steels  is  referred  to  subsequently,  but  such 
unit  stresses  should  certainly  not  be  less  than  two-thirds  of  the  elastic  limit  of 
any  material  used,  or  on  the  basis  of  20  000  lb.  in  tension  for  structural  steel. 

It  may  be  interesting  to  give  some  idea  of  the  investigations  being  made 
for  the  Detroit  long-span  bridge,  which  must  be  largely  of  alloy  steel.  Nickel 
steel  and  silicon  steel  are  being  used  very  often,  and  certainly  a  comprehensive 
specification  ought  to  cover  them  and  the  corresponding  unit  stresses.  At 
Detroit,  the  only  silicon  steel  offered  was  one  with  an  elastic  limit  of  45  000  lb., 
and  a  steel  with  an  elastic  limit  of  55  000  lb.  is  required.  This  was  taken 
up  with  one  of  the  best  metallurgists  in  the  United  States.  It  is  very  desirable 
that  tests  should  be  made  on  the  series  of  silico-manganese-molybdenum  steels, 
referred  to  by  Mr.  G.  W.  Sargent  before  the  American  Society  for  Testing 
Materials,  with  carbon  from  0.10  to  0.55;  manganese  from  0.45  to  0.75;  phos- 
phorus less  than  0.04;  sulphur  less  than  0.05;  silicon  from  1.75  to  2.00;  and 
molybdenum  from  0.25  to  0.50. 

In  the  matter  of  locomotive  loading,  the  A.  R.  E.  A.  Committee  insisted 
on  adhering  to  Cooper.  The  Committee  had  prepared  a  number  of  diagrams 
(two  of  which  are  published  in  the  writer's  closure  of  the  Niagara  paper*) 
purporting  to  show  that  the  Cooper  loading  was  close  enough;  E-60,  however, 
was  as  much  as  15%  too  light  for  the  shorter  spans  and  probably  5%  too  heavy 
for  the  longer  spans,  as  compared  with  actual  loadings.  The  diagrams  did 
prove  just  what  has  been  brought  out  in  this  discussion. 

Referring  to  the  matter  of  impact  formula,  it  was  found  at  Niagara  that 
some  loadings  gave  more  than  100%  on  short  spans.  Many  variations  in 
impact  were  found  on  the  550-ft.  span,  as  compared  with  other  data,  owing  to 
the  fact  that  impact  is  due,  not  only  to  the  sudden  application  of  the  load, 
but  also  to  unbalanced  drivers,  bad  rail-joints,  vibration,  and  all  the  additions 
that  a  strain-gauge,  or  whatever  instrument  is  used  for  taking  impact  readings, 
will  sum  up  in  a  total  which  will  cover  everything  that  is  deleterious  to  the 
structure. 

The  writer  believes  that  the  English  formula  presented  is  the  best,  for 
a  simple  curve,  that  could  be  develoi)ed.  C.  W.  Lloyd-Jones,  Chief  Engineer, 
H.  E.  H.,  The  Nizam's  Guaranteed  State  Railways,  India,  who  came  to  the 
United  States  in  1921,  spent  some  time  with  Professor  Tumeaure,  and 
obtained  a  great  many  impact  data. 

Specifications  should  cover  only  points  of  general  design  and  general 
detail,  and  sections  covering  Unit  Stresses  and  Details  of  Design  should  be 
printed  in  a  separate  pamphlet  for  use  in  the  designing,  drafting,  and  templet 
departments  of  the  railway  and  bridge  companies.  Likewise,  sections  covering 
the  Quality  of  Materials  and  Workmanship  should  be  printed  in  a  separate 
pamphlet  for  the  use  of  railway  purchasing  and  inspection  departments  and 
the  shops  of  the  bridge  companies;  and  there  should  be  a  third  pamphlet  on 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXIII    (1919-20),  pp.  2021  and  2023. 
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Inspection,  Painting,  and  Erection.  These  sets  of  rules  can  then  be  referred 
to  by  number  in  the  general  specification. 

The  general  specification  then  should  cover  General  Designs;  Artistic 
Features;  General  Data;  Loads  and  Unusual  Forces;  Unit  Stresses;  Details 
of  Construction;  and  Material  and  Workmanship,  in  two  separate  pamphlets; 
Inspection,  Painting,  and  Erection  in  detail,  or  else  in  a  third  pamphlet;  and 
Foundations  in  general,  with  foundation  details,  preferably  in  a  separate 
pamphlet. 

Each  large  railway,  or  at  least  each  great  system,  will  undoubtedly,  as  stated, 
have  its  own  general  specification,  but  there  need  be  no  reason  for  duplicating 
the  matter  suggested  for  printing  in  the  three  separate  pamphlets. 

Frederick  E.  Schall,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  following 
suggestions  are  made  with  regard  to  railway  bridge  specifications :  Four-track 
bridges  may  be  built  with  four  trusses,  to  avoid  disturbing  the  alignment  of 
the  two  inside,  usually  main,  tracks. 

Spacing  of  Trusses. — The  minimum  spacing  of  trusses  or  girders  fixed  at 
one-twentieth  of  the  span  seems  to  the  writer  not  as  good  as  the  one-fifteenth 
fixed  in  the  A.  R.  E.  A.  Specifications. 

Weight  of  Materials. — With  heavy  rails,  such  as  135  lb.  per  yd.,  with  tie- 
plates  and  steel  guard-rails,  the  weight  of  rails  and  fastenings  should  be 
increased  to  200  lb.  per  lin.  ft.  of  track. 

Impact. — The  impact  formula  of  the  1920  A.  R.  E.  A.  Specifications 
should  meet  the  requirements  for  open-floor  bridges,  except  for  spans  of  25 
ft.  and  less.  For  these  short  spans,  a  reduction  of  the  unit  stress  of,  say, 
1  000  lb.  per  sq.  in.,  such  as  was  made  in  some  of  Cooper's  si>ecifications, 
might  be  adopted  to  good  advantage,  as  short  spans,  stringers,  etc.,  receive 
the  most  severe  usage  under  trafiic. 

For  concrete  ballasted  floor  bridges,  for  which  a  smaller  impact  than  for 
open-floor  bridges  should  be  expected,  a  modified  formula  for  impact  should 
be  incorporated  in  specifications,  based  on  the  necessary  tests. 

Overload. — In  order  to  obtain  a  properly  co-ordinated  structure  under 
a  50%  overload  specified,  a  live  load  50%  greater,  with  impact,  than  is  desired 
for  normal  conditions,  coupled  with  proportionately  increased  unit  stresses, 
might  be  used  in  determining  the  sections  required  for  the  various  parts. 

The  shearing  unit  stress  in  plate-girder  and  I-beam  webs,  if  correctly 
stated  at  10  000  lb.  per  sq.  in.,  net  section,  seems  considerably  at  variance 
with  the  A.  R.  E.  A.  Specifications,  which  allow  a  unit  stress  of  10  000  lb.  per 
sq.  in.  gross  section.  The  writer  prefers  the  allowable  unit  stress  based  on  net 
section,  as  this  method  tends  to  prevent  the  over-punching  of  web-plates. 

Strength  of  Connections. — Connections  carrying  live-load  stress  should 
have  a  strength  equal  to  that  of  the  members  connected,  regardless  of  the 
computed  stress.  Connections  for  laterals  and  similar  members  may  be  pro- 
portioned for  the  calculated  stress.  Connections  should  be  made  as  nearly  as 
practical,  symmetrical  with  the  axis  of  the  member. 

*  Bridge  Engr.,  Lehigh  Valley  R.  R.,  Bethlehem,  Pa. 
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Built  Tension  Members. — The  minimum  length  of  stay-plates  for  riveted 
tension  members  should  be  specified. 

Cover-Plates. — Flange  cover-plates  need  not  be  fully  develoi)ed  at  the  the- 
oretical ends.  The  requirement  of  the  A.  R.  E.  A.  Specifications  of  extending 
the  cover-plates  18  in.  beyond  the  theoretical  length  seems  to  be  more 
consistent. 

Flange  Splices. — Splices  for  flange  members  in  long  girders  are  generally 
necessary;  the  manner  of  such  splicing  should  be  described. 

Bents  and  Towers. — Bents  and  towers  should  usually  be  united  in  pairs  to 
form  tovpers,  but  where  single  bents  occur,  the  colunms  should  have  either 
hinged  ends,  or  the  columns  and  anchorage  proportioned  for  bending  due  to 
horizontal  forces  and  temperature  stresses. 

The  yield  point,  in  pounds  per  square  inch  for  structural  steel,  in  the 
writer's  opinion,  should  be  fixed  at  33  000,  or  at  least  made  32  500  which  would 
be  50%  of  the  upper  limit  of  the  tensile  strength  requirement. 

Class  of  Workmanship. — For  the  main  sections  of  railway  bridges,  sub- 
punched  and  reamed  work,  or  drilled  work,  only,  should  be  used,  to  assure 
the  best  results  under  the  present  bridge  shop  methods,  where  tonnage  output 
plays  such  an  important  part. 

O.  H.  Ammann,*  M.  Am.  Soo.  C.  E.  (by  letter). — There  appears  to  be 
no  good  reason  why  specifications  cannot  be  written  that  will  cover  the  entire 
field  of  bridge  design.  There  is  much  common  ground  in  the  design  of  ordi- 
nary and  extraordinary  bridges,  and  the  field  of  large  bridges  is  practically 
virgin  in  so  far  as  common  understanding  in  the  fundamentals  of  design  is 
concerned. 

Such  si)ecifications  should  cover  the  fundamental  principles  of  sound 
design,  load,  and  stress  assumptions,  quality  of  material  and  workmanship, 
as  applicable  to  all  kinds  of  bridges,  thus  allowing  a  wide  margin  for  the 
ingenuity  and  judgment  of  the  designer  in  the  working  out  of  the  style,  gen- 
eral arrangement,  and  type  of  details. 

The  true  purpose  of  specifications  is  uniformity  in  strength.  If  too  narrow 
and  restrictive  as  to  style  and  type  of  design,  they  tend  to  shackle  originality 
and  progressiveness,  promote  conventionality,  and  lack  the  necessary  elasticity 
to  adapt  themselves  to  the  ever-changing  conditions. 

Some  of  the  more  important  features  of  specifications,  on  which  there 
appears  to  be  considerable  diversity  of  opinion,  are  the  live  load,  impact 
formula,  and  unit  stresses,  more  particularly  the  compression  formula. 

Live  Load.— The  Cooper  engine  loading  has  become  a  standard  by  which 
railroad  bridges  can  be  easily  gauged  as  to  carrying  capacity,  and  should  not 
be  lightly  abandoned,  unless  another  engine  loading  is  produced  that  is  more 
tmly  representative  of  the  great  variety  of  present  and  futiire  locomotives. 

Compared  with  any  equivalent  uniform  load,  which,  after  all,  must  be 
based  on  actual  weights,  any  engine  loading  possesses  the  not  insignificant 
advantage  of  conveying  to  the  mind  a  truer  picture  of  the  actual  load. 

^  Cons,    Engr,,   New   York   City. 
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In  the  Cooper  loading  both  the  engine  concentrations  and  the  uniform  train 
load  behind  the  engines  can  be  adapted,  by  simple  proportion,  not  necessarily 
the  same  for  both,  to  the  actual  increase  in  weight  of  these  train  units,  and 
the  loading  has  thus  sufficient  flexibility  for  all  practical  purposes. 

Impact. — The  new  impact  formula  of  the  American  Railway  Engineering 
Association,  is  an  improvement  on  the  old  formula,  because  it  results 
in  a  justified  economy  of  metal  for  spans  longer  than  about  100  ft.;  but  it 
is  less  simple  and  retains  the  defect  of  the  old  formula  of  giving  impact  values 
that  are  too  low  for  single-load  concentrations  and  short  lengths  of  load,  up 
to  about  25  ft. 

Mr.  Seaman's  formula*  and  the  simpler  one  proposed  by  Maj.  Mount  are 
better  in  this  respect  and,  for  all  greater  span  lengths,  give  sections  (the  only 
proper  criterion  for  comparison)  which  differ  by  not  more  than  5%  from 
those  obtained  by  the  proposed  formula. 

On  account  of  its  simplicity,  the  writer  considers  Maj.  Mount's  formula. 


/_120_N 

V90  +  X/^ 


or  a  slight  modification  thereof,  much  to  be  preferred  to  any  of 


the  other  purely  empirical  formulas. 

All  the  previously  mentioned  formulas,  if  used  in  connection  with  a  basic 
unit  stress  of  16  000  lb.  per  sq.  in.,  result  in  a  waste  of  metal  in  long  spans 
of,  say,  more  than  500  ft.  This  is  not  due  so  much  to  the  impact  formula 
as  to  the  low  unit  stress,  but  if  a  higher  unit  stress  were  allowed,  the  formulas 
would  give  too  low  values  for  short  spans ;  in  other  words,  the  impact  formulas 
and  the  unit  stresses  are  not  properly  correlated  for  all  span  lengths. 

The  simple  empirical  formula, —,  in  combination  with  a  unit  stress 

^  ^  '  100  +  L' 

of  20  000  lb.  per  sq.  in.,  would  give  good  results  for  all  span  lengths. 

Whichever  of  the  aforementioned  formulas  may  be  adopted,  the  writer 
would  recommend  that  the  length,  L,  should  be  taken  to  mean  the  aggregate 
loaded  length  on  all  tracks.  This  will  result  in  a  justified  economy  in  bridges 
with  more  than  one  track.  Although  no  comparative  test  results  are  available, 
it  is  only  reasonable  to  expect  that  the  impact  percentage  decreases  with  in- 
creasing number  of  tracks. 

Further,  on  account  of  the  "cushioning"  effect  of  the  ballast,  it  is  rea- 
sonable to  expect,  and  the  English  tests,  barring  erratic  results,  prove,  that 
the  impact  in  ballasted  bridges  is  considerably  less  than  in  open-floor  bridges. 
The  writer,  therefore,  would  recommend,  pending  further  investigation,  that 
ballasted  bridges  be  proportioned  for  only  a  fraction,  say,  75%  of  the  impact 
allowance  in  open-floor  bridges. 

The  semi-empirical  formula,!  of  Gustav  Lindenthal,  M.  Am.   Soc.  C.  E. 

a 

1  200  +  -- 

(  n 


I  +  d    600  +  4a  ' 
■whatever  justification  its  derivation  may  have,  is  the  only  one  which  takes 

*  See  p.  595. 

t  Engineering  ffeios,  August  1,   1912. 
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all  the  factors  mentioned  automatically  into  consideration.  In  combination 
with  the  high  basic  unit  stress  of  20  000  lb.  per  sq.  in.,  it  gives  reasonable 
results  in  all  cases. 

For  single-track  bridges  with  open-tie  floor,  and  spans  up  to  about  500  ft., 
it  results  in  steel  weights  that  agree  fairly  well  with  those  of  the  other 
formulas.  In  longer  spans,  in  bridges  with  ballasted  floors,  and  in  bridges 
with  more  than  one  track,  it  effects  a  justified  saving. 

Unit  Stresses  and  Column  Formula. — The  writer  does  not  favor  the  use 
of  low  unit  stresses.  He  would  rather  make  liberal  assumptions  for  the 
external  forces  and  possible  combinations  of  such  forces,  and  let  the  maxi- 
mum stresses  under  extreme  conditions  reach  high  values  (close  to  the  elastic 
limit  in  tension  members  and  to  two-thirds  of  the  buckling  strength  of  compres- 
sion members),  provided  that  design  and  details  are  excellent  in  every  respect. 

It  may  be  apprehended  that  the  indiscriminate  use  of  the  proposed  low 

unit  stresses  for  compression,  in  particular,  will  result  in  unnecessary  waste 

of  metal.     There  appears  to  be  no  justification  for  such  low  unit  stresses  for 

I 
properly  designed  compression   members   of   small   values   of      .    These    low 

stresses  will  encourage  poor  design  under  cover  of  a  safe  margin,  rather  than 

result  in  greater  safety. 

In  the  writer's  opinion,  the  old  American  Railway  Engineering  Association 

I 
formula,  16  000  —  70  — ,  in  connection  with  the  unit  of  16  000  lb.  per   sq.  in, 
r 

for  tension,  gives  a  safe  stress  for  properly  designed  columns.  The  specifica- 
tions should  prevent  poor  design  by  prescribing  suitable  reductions  in  the  per- 
missible stress  in  cases  where  thin  unstiffened  webs,  flimsy  latticing,  such  as 
flat  lattice-bars,  wide  unsupported  flanges,  or  composite  parts  of  the  section 
without  direct  lateral  support,  are  used. 

The  Rankine  formula  is  unnecessarily  complicated.  Its  apparent  scientific 
form  is  not  justified,  because  the  law  of  proportionality,  on  which  its  deriva- 
tion is  based,  does  not  apply  to  the  process  of  buckling  of  short  columns,  as  the 
fiber  stresses  exceed  that  limit  long  before  actual  buckling  takes  place. 

I 
For  long  columns,  with  —  greater  than  the  practical  limits,  Euler's  formula 

is  the  only  correct  theoretical  formula.  It  would  be  applicable  also  to  shorter 
colunms  if  the  modulus  of  elasticity  was  ihtroduced  as  a  variable  value  for 
stresses  greater  than  the  limit  of  proportionality.    In  that  form,  it  proves  the 

fact   that  the  buckling  strength  of  a  very  short  column  ( —  =^  *^)  ^®  identical 

with  the  yield  point,  that  is,  the  stress  for  which  the  modulus  of  elasticity  in 

steel  becomes  zero. 

I 
For  intermediate  values  of  — ,  which  comprise  the  entire  range  of  practical 

values,  a  pmrely  empirical  formula  and,  as  the  simplest  form  of  such,  the 
straight-line  formula  appears  to  be  as  good  as  any  other. 
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J.  B.  HuNJ.EY,*  Esq.  (by  letter). — Materials  and  workmanship  have  been 
highly  developed,  and  little  difference  of  opinion  can  exist  as  to  these  require- 
ments in  specifications ;  but  there  are  various  ideas  as  to  the  type  of  live  load 
and  impact  formulas  which  should  be  used,  and  the  allowable  intensity  of 
working  stresses,  particularly  for  columns  or  struts. 

Live  Load. — It  is  admitted  that  the  Cooper  loading  does  not  closely  con- 
form to  any  type  of  engine  actually  in  use,  but  nothing  better  has  hitherto 
been  devised,  and  its  use  has  become  so  general,  not  only  for  the  design  of  new 
railroad  bridges,  but  particularly  for  the  rating  of  existing  bridges  and 
engines,  that  it  is  doubtful  whether  it  should  be  abandoned.  It  seems  to  be 
quite  as  representative  of  the  modern  heavy  engine  as  it  ever  was  of  the 
older  and  lighter  engine,  and  it  is  now  so  firmly  established  that  the  time  for 
changing  it  has  probably  passed,  unless  there  is  in  the  future  some  radical 
change  in  engine  or  car  design. 

Impact  Formula. — It  is  possible  that  a  formula  should  be  used  providing 
more  than  100%  impact  for  short  spans.  Some  recent  experiments  indicate 
that  such  high  impact  stresses  exist,  but,  unfortunately,  few  tests  have  been 
made  with  American  equipment.  It  is  quite  probable  that,  even  under  average 
conditions  of  track  and  equipment,  the  impact  stress  on  short  spans  exceeds  the 
live  load;  and  tests  in  sufficient  number  should  be  made  in  order  to  arrive  at 
some  correct  formula. 

It  has  been  contended  that  the  special  loading  for  short  spans,  consisting 
of  two  or  more  heavy  concentrations,  safely  provides  for  impact  stresses  in 
excess  of  100%,  but  this  may  be  questioned.  It  is  a  well-known  fact  that 
individual  axle  loads  of  locomotives  may,  and  frequently  do,  exceed  the 
average  or  assumed  axle  load  by  as  much  as  40  or  50%,  with  improperly 
adjusted  spring  hangers,  and  the  specified  concentrated  loads  can  do  little 
more  than  provide  for  this  contingency. 

Column  Formula. — The  straight-line  formula  has  little  to  recommend  it, 
except  its  simplicity  and  the  fact  that  it  does  fit,  with  some  accuracy,  the 
results  of  tests.  The  second  term  means  little,  mathematically,  but  is  merely 
an  approximation  of  the  decrease  in  strength  resulting  from  an  increase  in 
length.  It  is  theoretically  incorrect,  as  its  values  form  a  straight  line,  whereas 
the  actual  values  must  approximate  a  reverse  curve.  The  values  representing 
the  strength  of  a  steel  column  would  not  continue  horizontally  along  the  line, 
representing  the  yield  point  of  the  material,  to  an  intersection  with  the  Euler 
curve,  but  would  drop  off  between  points  representing  the  actual  and  apparent 
yield  points  before  it  intersected  the  Euler  curve,  even  if  no  bending  was 
introduced  before  the  critical  load  was  reached.  This  results  in  a  reversed 
curve  which,  for  the  actual  column,  is  accentuated  by  its  inherent  defects, 
eccentricities,  etc. 

Other  formulas,  more  rational,  giving  accurate  results  and  but  little  more 
difficult  of  application,  are  available.  The  mere  computation  of  the  per- 
missible working  stress  in  a  column  is  a  small  part  of  the  careful  design  or 
thorough  investigation  of  such  members,  and  if  the  straight-line  formula  has 
no  particular  merit  other  than  ease  of  application,  it  is  time  to  discard  it. 
*  Engr.,  Bridges  and  Structures,  C.   C.   C.  &  St.   L.   Ry.,  Cincinnati,   Ohio. 
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The  parabolic  formula,  p  =  12  500  —  0.25  ( —  j  ,  has  much  in  its  favor  and, 

although  it  is  purely  empirical,  it  fits  closely  the  plotted  results  of  tests  and  is 
about  as  easy  to  apply  as  the  straight-line  formula  for  all  ordinary  values  of 

—  less  than  IGO  or  170,  where,  as  often  written,  13  000  —  0.25  ( — j  ,  it  becomes 

practically  tangent  to  the  Euler  curve.  It  would  appear  that  13  000  could 
be  used  safely  for  the  first  term  of  this  formula,  instead  of  12  500.  "When 
this  value  is  used  and  the  results  are  multiplied  by  2.5,  it  will  be  seen  that  the 
curve  falls  well  within,  or  even  below,  the  averages  of  tests  of  pin-end  columns. 

The    Rankine   formula,   p  =  r^ ,  if  multiplied  by  the  factor  2.5, 

^  '^  13  500  r^ 
representing  a  yield  point  of  40  000  lb.,  becomes  tangent  to  the  Euler  curve, 

-I  c  IT" 

;,  when  the  ratio  of  I  to  r  is  about  300.     It  gives  too  high  values   of  p, 


(v) 

for  values  of  —  from  0  to  75,  and  too  low  values  between  90  and  250.     This 
r 

has  been  the  principal  objection  to  this  formula.     The  factor  in  the  second 

term  of  the  denominator  cannot  be  adjusted  to  make  the  curve  fit  the  tests 

I 
for  all  values  of  — .     The  curve  of  this  formula,  as    shown   by   Mr.  Seaman,* 
r 

is  made  to  fit  the  average  results  of  tests  on  flat-end  columns,  by  multiplying 
the  formula  by  the  factor  2.25.  This  does  not  make  the  curve  tangent  to 
the  Euler  curve,  and  it  assumes  the  yield  point  of  the  material  as  36  000  lb., 
when  it  is  probably  nearer  40  000  lb. 

It  seems  to  the  writer  that  the  secant  formula  is  well  worth  consideration. 
It  is  theoretically  correct  for  all  lengths  of  the  ideal  column  centrally  or 
eccentrically  loaded,  and  by  the  assumption  of  one  factor  will  properly  pro- 
vide for  any  inherent  eccentricities  and  defects  of  the  column.     With  very 

I 
small  values  of —,  the  working   stress   approaches    the   allowable    fiber   stress 
r 

and,  with  increasing  values  of  — ,  the  formula  approaches  the   Euler  formula, 

T 

which  is  known  to  be  correct  for  long  slender  columns. 

Its  curve  follows  closely  that  of  the  parabolic  formula,  for  columns  cen- 
trally loaded,  but  contains  a  factor  for  eccentrically  loaded  columns;  and,  for 
such  columns,  the  term,  c,  representing  one-half  the  width,  takes  into  account, 
to  some  extent,  the  shape  of  the  section. 

The  formula  as  usually  written  is: 


p- -—, — == (IX) 

e  c  I 

1  +  -Y  X  sec.  — 

r^  2 

•  See  p.  597. 


I— 
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which  may  be  written : 


p  = ^- = (X) 

c  c    ,  ^       \P 


in  which, 

P  =.  load  on  column; 

A  =  area  of  column  section ; 

P 
p  =  — -,  averacre  stress; 

/  =  working  stress; 

e  =  eccentricity  of  application  of  load; 

c  =  distance  from  neutral  axis  to  outer  fiber. 

An  examination  of  Formula  (X)  indicates  that  when  —  =  0,  p  =  /,  where 

,         .  i  I      \^  n 

there  is  no  eccentricity.     As  —  increases,  —  ^  — approaches  the  value,  — ,  and 

the  formula  becomes  the  Euler  curve,  when  there  is  no  eccentricity.    It  also 

indicates  that  p  does  not  increase  in  the  same  proportion  as  /. 

In  using  the  ordinary  column  formula  for  an  eccentrically  loaded  column, 

f  c  c 

the  average  stress  is,p  —  ,  whereas,  in  Formula  (X),  the  term,  — =  ,  is 

e  c  r 

multiplied  by  sec.  —      — • 

This  formula  is  not  widely  used,  and  has  apparently  not  received  the  con- 
sideration it  deserves,  perhaps  for  the  reason  that  it  is  more  difficult  to  apply 
than  many  other  formulas.  By  expanding  the  secant  term  and  using  only 
the  first  two  terms  of  the  series,  the  formula  may  be  simplified,  and  becomes : 


P-^^Ji~)-G (XI) 


in  which. 


b  -^  ^  (1  +  «)  +  / 

K  =  l 
r 

6  C 

a  =  some  value,  including  —„,  where   known    eccentricity    occurs, 

r 

and  a  factor  to  provide  for  unknown  eccentricity  and  defects,  and 
for  the  condition  at  end  of  column,  whether  pivoted,  hinged,  or 
fixed. 
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It  may  be  said  that  the  formula  is  now  only  an  empirical  one,  with  a  value, 
a,  selected  to  form  the  desired  curve.  Although  it  is  not  so  easily  recognized, 
it  still  contains  the  bending  factor.     When  the  third  term  of  the  expansion 
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Values  of  jr 
Fig.  9. 


series  is  included,  slightly  different  values  of  p  are  obtained,  but  the  equation 
becomes  more  complicated  and  its  inclusion  is  scarcely  justified  for  any  prac- 

8^   8E 
tical  purpose;  bat  with  tabulated  values  of  — r,  — r  X  /",  etc.,  the  formula  in  this 

suggested  form  is  not  forbidding  enough  to  condemn  it. 
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The  values  of  p  (with  £"  =  29  000  000  and  /  =  16  000)  and  with  values 
of  a  =  (0.2  +  0.0015  K),  (0.1  +  0.002  K),  and  (0.0025  K),  have  been  plotted 
on  Fig.  9  (Curves  D^,  D^,  D^),  with  three  other  formulas.  Curve 
D^  (a  =  0.2  +  0.0015  K),  practically  coincides  with  the  parabolic  formula 
through  a  long  range  of  values  of  K,  and  gives  a  maximum  value  of  p  =  13  000, 
corresponding  to  the  parabolic  and  straight  line  maximum  values.  Curve  D^ 
(a  —  0.1  +  0.002  E)  gives  a  maximum  value  of  about  14  000,  corresponding 
to  the  maximum  value  allowed  with  the  Kankine  formula.  Curve  D^  (a  = 
0.0025  K)  gives  a  maximum  value  of  10  000.  When  the  values  of  p  are  multi- 
plied by  2.5,  the  curves,  D\,  D\,  D\,  touch  the  Euler  curve,  when  K  equals 
200  to  250. 

It  must  be  remembered  that  with  an  increase  in  the  value  of  /  from,  say, 
IG  000  to  40  000,  the  values  of  p  do  not  increase  in  the  same  proportion  with 
the  same  value  of  a.  This  is  peculiar  to  the  secant  formula,  and  is  due  to 
different  functions  of  p  in  both  sides  of  the  equation. 

It  is  interesting  to  note  that  when  a  is  assumed  to  be  zero,  which  would 
be  the  case  for  ideal  pivoted  columns,  and  /  =  16  000  (Curve  D^),  the 
values  of  p  =  16  000  until  a  value  of  Z"  =  120  is  reached,  where  the  curve  be- 


8£?  8J5 

-— ; ,  or,  if  /■  =  40  000,  the  curve  becomes  — - 


comes  -— ; ,  or,  if  /  =  40  000,  the  curve  becomes  — r-  with  K  =  76.     The  Euler 


10^ 
curve  for  pivoted  columns  is      ^^  ,  and  if  the  other  terms  of  the  expansion  series 

were  retained,  the  curve  for  larger  values  of  K  would  more  nearly  approach  or 
equal  -^. 

Average  values  of  the  Watertown  tests  on  pin-end  columns  have  been 
plotted,  with  2.5  times  the  values  of  p  given  by  the  various  formulas,  includ- 
ing the  curve,  B\  =  (13  000  —  0.25  K-).  It  will  be  noted  that  Curves  D\, 
B\,  and  R^,  fall  along  the  lower  averages ;  Curve  D\  passes  through  the  mean 
of  the  averages.  The  Rankine  curve,  C\,  exhibits  its  well  known  defect, 
namely,  cutting  across  the  field,  being  high  for  low  values  of  K  and  low  for 

c  c    . 
higher  values  of  K.     When  known  eccentricity  occurs,  the  term, -^,  is  com- 
puted, and  if  this  was,  say,  0.25,  the  term,  a  (Curve  D^),  would  become  (0.45  + 
0.0015  K),  or,  for  Curve  D^,  a  would  become  (0.25  +  0.0025  K). 

The  value  of  this  formula  for  investigating  an  eccentrically  loaded  column 
can  best  be  illustrated  by  a  concrete  case.  Assume  the  usual  upper  chord  sec- 
tion of  the  box  type,  open  on  one  side,  having, 

A  =  66.8  sq.  in.  c  =  11.8  in. 

J  =  5  895  e  =     2.0  in. 

r  =  9.4  e  c 

—    =     0.267 

The  safe  load,  P  =  p  A,  for  the  column  will  be  computed  by  the  formula, 

/  ;;  \  2  ^ 

12  oOO  —  25  f  — )  ,  and  the  modified  secant  formula,  using  a  =  0.2  -f  0.0015  A 
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(Curve  I)j),  and  for  values  oi  K  =  50,  100,  and  150.  It  will  be  noted  from 
Fig.  9  that  the  two  curves  are  almost  identical  for  this  range  of  K.  The 
computed  values  of  P  are  as  given  in  Table  1. 

TABLE   1. 


Parabolic  Formula. 

Sbcant  Formula. 

K  =  ^ 

r 

7;i  =  12  500  —  0.25  {-)^ 

Pi 

Pi  =  pA 

1  +  a 

P 

P.j  =  pA 

P2 

''~  1+0.367 

Pi 

50 
100 
150 

11  875 
10  000 
6  875 

9  370 

7  890 
5  430 

635  900 
5;i7  100 
362  700 

1.542 
1.617 
1.792 

9  960 
8  190 
5  740 

665  300 
547  100 
388  400 

106.3  % 
103.8  % 

104.4  % 

The  secant  formula,  either  in  the  original  or  in  some  modified  form,  is  so 
rational  and  has  so  many  good  qualities  that  any  discussion  of  column  for- 
mulas would  not  be  complete  without  including  it,  and  the  writer  can  recom- 
mend it  as  an  interesting  study  that,  in  time,  may  lead  to  its  more  general 
use,  which  he  believes  it  deserves. 

8E   f>E 
Table  2  of  values  of  — ^,  -  ^2   ^  /'  ^^^•■>  is  included  for  the  couvenience  of  any 

one  desiring  to  use  the  formula  in  this  modified  form.     The  values  are  shown 


TABLE  2. — Values  of  Terms  in  Modified  Secant  Formula 
E  =  29  000  000  h       ^  -^ 

f  =16  000  lb.  X^ 


a  + «)  +  f 


p  = 


t'-^ 


^     8  J5; 


10 
20 
30 
40 
50 
60 
70 
80 
90 
100 

no 

120 

130 
140 
150 
160 
170 
180 
190 
200 
220 
240 
260 
280 
300 


100 
400 
900 

1  600 

2  500 

3  600 

4  900 
6  400 
8100 

10  000 
12  100 
14  400 
16  900 
19  600 
22  50O 
25  600 
28  900 
33  400 
36  100 
40  000 
48  400 
57  600 
67  600 
78  400 
90  000 


4E 
A'2 


1  160  000 

290  000 

128  8b9 

72  WO 

46  400 

32  232 

23  673 

18  125 

14  331 

11600 

9  587 

8  056 

6  864 

5  918 

5155 

4.531 

4  014 

3  580 

3  213 

2  900 

2  897 

2  014 

1716 

1  480 

1  289 


Diff. 

10 


0.2  +  0.0015 


87  000 

16  111 

5  639 

2  610 

1  418 

855 

555 

380 

272 

201 

153 

119 

95 

76 

62 

52 

43 

37 

31 

25 

19 

15 

12 

10 


0.215 
0.230 
0.245 
0.260 
0.275 
0.290 
0.305 
0.320 
0.335 
0.350 
0.365 
0.380 
0.395 
0.410 
0.425 
0.440 
0.455 
0.470 
0.485 
0.500 
0.530 
0.560 
0.590 
0.620 
0.650 


O  = 

0.1+0.002 


0.120 
0.140 
0.160 
0.180 
0.200 
0.220 
0.240 
0.260 
0.280 
0.300 
0.320 
0.340 
0.360 
0.380 
0.400 
0.430 
0.440 
0.460 
0.480 
0.500 
0.540 
0.580 
0.630 
0.660 
0.700 


0.0025 


0.025 
0.050 
0.075 
0.100 
0.125 
0.150 
0.175 
0.200 
0.225 
0.250 
0.275 
0.300 
0.335 
0.350 
0.375 
0.400 
0.435 
0.450 
0.475 
0.500 
0.550 
0.600 
0.6.=S0 
0.700 
0.750 


8  E 
i£2 


X/ 


37  120  000  000 

9  280  000  000 

4  124  448  000 

2  320  000  000 

1  484  800  000 

1031  104  0(J0 

757  536  000 

580  000  000 

458  273  000 

371  200  000 

306  784  000 

257  793  000 

219  648  000 

189  376  000 

164  960  000 

144  992  000 

128  448  000 

114  560  000 

102  816  000 

92  800  000 

76  704  000 

64  448  000 

54  912  000 

47  360  000 

41  248  000 


Diff. 
10 


2  784  000  000 

515  555  000 

180  445  000 

83  520  000 

45  370  000 

27  337  000 

17  754  000 

12  173  UOO 

8  707  000 

6  442  000 

4  899  000 

3  814  000 

3  037  000 

3  443  000 

1  997  000 

1  654  000 

1  389  000 

1  174  000 

1  002  000 

805  000 

613  000 

477  000 

378  000 

306  000 


I 
Note.— Differences  are  divided  by  30  for  —  from  200  to  300. 
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for  values  of  K,  varying  by  10;  for  any  intermediate  ratio,  the  value  can  be 
obtained  by  interpolating,  with  accurate  results. 

Otis  E.  Hovey*  M.  Am.  See.  0.  E.  (by  letter). — It  is  perfectly  proper 
for  the  engineer  of  a  railroad  to  describe  in  detail  just  the  kind  of  bridges  he 
may  wish  to  use  on  his  own  road;  but  the  writer  feels  that  the  Society  should 
attempt  to  prepare  a  genuine  general  specification,  laying  down  such  require- 
ments as  are  vital  to  good  design,  suitable  materials,  proper  workmanship  and 
construction,  or  leave  the  field  to  those  who  wish  to  express  their  personal 
preferences  for  certain  details  through  the  medium  of  their  specifications. 

A  thoughtful  study  of  the  regulations  prescribed  by  law  in  France  might 
assist  one  to  approach  the  problem  in  a  manner  quite  different  from  that  of 
the  Special  Committee  on  Specifications  for  Bridge  Design  and  Construction. 
These  regulations  are  of  a  general  character,  and  a  brief  paragraph  in  the 
second  article  of  the  Act  of  August  29,  1891,  states  that  "these  formulas  are 
given  as  a  matter  of  information  only  and  do  not  limit  in  any  way  the  initiative 
of  the  engineers,  who  may  employ  any  method  which  they  may  deem  expedi- 
ent", and  this  refers  to  as  vital  a  matter  as  unit  stresses. 

In  this  is  the  nucleus  of  the  whole  matter.  The  Society  should  endeavor  to 
stimulate  and  not  hamper  the  development  of  the  best  principles  of  bridge 
design.  The  Society  should  encourage  thought,  originality,  and  initiative  in 
its  members;  but,  at  the  same  time,  it  should  be  sure  to  place  before  them 
the  broad  general  principles  to  be  followed,  and  epitomize  the  experience  of  the 
many  thoughtful  and  competent  engineers  who  have  given  their  best  efforts 
to  the  development  of  good  practice  in  bridge  design  and  construction. 

The  writer  had  intended  to  limit  his  discussion  to  the  general  principles 
previously  mentioned,  but  has  been  requested  to  present  the  following  method 
of  designing  the  latticing  of  compression  members.  The  method  is  not  new, 
having  been  used  for  many  years,  but  may  be  of  value,  as  it  is  developed  with 
special  reference  to  the  Rankine  column  formula. 

The  Rankine  column  formula,  which,  in  form,  is  easily  derived  from  the 
Euler  equation,  may  be  stated  as  follows : 

P  S 


(XII) 


in  which, 

P  =z  the  total  axial  load  on  the  column, 

A  =  its  area, 

S  ==  the  permissible  maximum  fiber  stress, 

I  =  its  length, 

r  =  its  radius  of  gyration,  and 

c  =  an  experimental  constant. 

P  .  V 

For  a  short  column,  —  =  *S,  so  it  is  evident  that  the  expression,  — ^, 

troduced  to  provide  for  bending  stresses  in  a  column  of  material  length. 
•  Asst.    Chf.    Engr.,   Am.   Bridge   Co.,   New   York   City. 
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By  solving  for  8, 


P        P 
A        A 


X 


and  the  portion,  — 

or  one  may  write  : 

P 


X  — s,  is  the  allowance  for  bending  expressed  in  unit  stress, 

C  7-^ 


/  =  -3X^' (™'> 

A  bent  column  with  round  ends  will  take  the  general  form 
shown  in  Fig.  10.  In  order  to  arrive  at  a  method  of  cal- 
culating lattice  bars,  it  may  be  assumed  as,  at  least,  an 
approximation,  that  the  forces  acting  to  bend  the  column 
under  axial  load  may  be  replaced  by  a  horizontal  unit  load 
of  w  acting  uniformly  over  the  length  of  the  column. 

Referring  to  Fig.  11,  the  bending  moment  at  the  middle 
of  the  column  will  then  be: 

R  I 

T"' 


w  P  ,       ^       w  I 
M  =  -— ,  but  B  —  — -,  hence  M 

8  2 


and  we  may  write: 

~    4  y 

in  which  /  is  the  extreme  fiber  stress  due  to  bending,  /  is 
the  moment  of  inertia  of  the  column  section,  and  y  is  the 
distance  of  the  extreme  fiber  from  the  neutral  axis.    Replace- 


ing  /  by  the  equivalent  value,  A  r^, 
Rl       fAr 


y 


,  but  /  = 


P 
~A 


X 


V 


hence, 


and, 


PI'' 
cy  ' 

API 
cy 

If  Equation  (XII)  takes  the  form, 
P__  S 

A  ~  ' 


R  I 
R  = 


(XIV) 


1  + 


13  500  r' 


Equation  (XIV)  becomes 


Fig.  11. 


R  = 


iPl 


(XV) 


13  500  y 

B  is  the  calculated  shear  in  the  end  lattice-bars  of  the  column.  If  the  bars 
make  an  angle  of  6  with  the  axis  of  the  column  and  the  column  is  latticed  on 
two  sides,  the  stress  in  each  lattice-bar  becomes 


S,= 


R  cosec.  6 


for  single  lacing; 


576 
and, 
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B  cosec.  6  „      ,     , ,    ,     ■ 
S„  =  for  double  lacing. 


The  compression  formula  of  the  American  Railway  Engineering  Associa- 
tion Specifications  of  1910  is  S  =  16  000  —  70  — .    Proceeding  in  a  similar  man- 

l 
ner,  the   alloAvance  for  flexure    corresponding  to  the    term,  70  — ,  reduced  to 
'  r 

shear  at  right  angles  to  the  column  is  found  to  be: 

Ar 


B  =  280 


y 


.(XVI) 


The  values  of  8^  and  S^  are  in  the  same  form  as  given  for  the  Rankine  formula. 
The  column  formula  given  in  the  A.  R.  E.  A.   Specifications  of  1920  is 
I 


S  =  15  000  —  50 


From  this  is  obtained: 


B  =  200— (XVII) 

y 

It  will  be  interesting  to  compare  the  values  of  R  obtained  from  Equations 
(XV),  (XVI),  and  (XVII),  with  an  actual  column.  For  this  purpose,  assume 
a  column  made  up  of  two  channels,  15  in.  by  40  lb.  per  ft.  The  value  of  r  is 
5.43  in.  and  r^  =  29.48.  Assume  column  lengths  from  24  to  40  ft.,  varying  by 
intervals  of  2  ft.;  calculate  the  capacity  of  the  column  for  each  length,  and 
find  values  of  B  for  each  length.     The  results  are  given  in  Table  3, 


;S  = 


TABLE    3 

16  000 


1  -\- 


f 


B  = 


4P  I 

13  500  y 


13  500  r-' 


Total 

s- 

Area, 

S= 

R= 

stress  in 

Percentage 

Length, 

Length, 

iinit 

in 

capacity 

shear, 

lattice- 

of 

in 

— 

stress 

square 

of  column, 

m 

bars,  in 

column 

feet. 

inches. 

r 

allowed. 

inches. 

in  pounds. 

pounds. 

pounds  at 
45° 

stress. 

24 

288 

.53.0 

13  238 

23.52 

311  400 

3  540 

5  010 

1.61 

26 

312 

57.4 

12  860 

302  500 

3  730 

5  280 

1.75 

28 

336 

61.9 

12  4.=i5 

292  900 

3  890 

5  500 

1.88 

30 

360 

66.3 

12  069 

283  900 

4  040 

5  710 

2.01 

32 

3H4 

70.7 

11  675 

274  600 

4  170 

5  900 

2.15 

34 

408 

75.1 

11  282 

265  390 

4  280 

6  050 

2.28 

86 

432 

79.5 

10  893 

256  200 

4  370 

6  180 

2.41 

38 

4.n6 

84.0 

10  508 

247  200 

4  450 

6  290 

2.54 

40 

480 

88.4 

10  133 

238  400 

4  520 

6  390 

2.68 

From  the  formula,  S  =  IQ  000  —  70  — ,  B  =  280  — -.      Substituting   the 

r  '  y 

values  from  the  column  previously  mentioned,  B  is  found  to  be  equal  to  4  470 
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lb.  and  the  lattice-bar  stress  at  45°  is  6  740  lb.,  and  this  value  is  constant  for 
all  column  lengths. 

From  the  formula,  S  =  15  000  —  50  — ,  J?  =  200  — ,  hence  7?  =  3  410  lb. 

r  // 

and  the  lattice-bar  stress  at  45°  is  4  820  lb.  This  is  also  constant  for  all 
column   lengths. 

The  writer  feels  that  it  is  proper  and  desirable  for  the  Society  to  prepare 
a  broad  general  specification  for  bridges.  Matters  of  minute  detail  should  be 
avoided,  leaving  users  of  the  specifications  free  to  express  their  own  prefer- 
ences. He  believes  that  such  a  general  specification  will  be  favorably  received 
by  the  Profession. 

There  has  been  quite  an  extended  discussion  of  various  impact  formulas, 
and  it  may  be  useful  to  comment  briefly  on  some  phases  of  the  history  of 
their  development  and  use.  During  the  decade  from  1880'  to  1890,  many 
American  engineers  began  to  use  the  methods  of  proportioning  members  that 
had  been  developed  by  Launhardt,  Weyrauch,  and  others,  based  on  the  fatigue 
tests  of  Wohler  and  Bauschinger  in  Germany  and  those  of  Sir  William  Fair- 
bairn  and  the  late  Sir  Benjamin  Baker,  Hon.  M.  Am.  Soc.  C.  E.,  in  England. 

In  1885,  the  late  Joseph  M.  Wilson,  M.  Am.  Soc.  C.  E.,  'Engineer  of  Bridges 

and  Buildings  of  the  Pennsylvania  Railroad,  issued  a  specification  for  wrought- 

iron  bridges  in  which  it  was  stated  that  members  subject  to  one  kind  of  stress, 

all  tension  or  all  compression,  should  be  designed  for  working  stresses,  a, 

determined  f rord  the  formula : 

,  minimum  stress  in  the  piece  \ 

a  =  w  (  1  + 


maximum  stress  in  the  piece/ 
Members  subject  to  reversing  stresses  were  designed  for  working  stresses : 

/  maximum  stress  of  lesser  kind 

a  =^  ic  I  1  — — r-r  1 

\         2  X  maximum  stress  of  greater  kmu; 

The  value,  u,  depended  on  the  kind  of  iron  used,  and  was  7  000  lb.  per  sq.  in. 
for  single-rolled  iron  plates  and  shapes  in  tension,  and  7  500  lb.  per  sq.  in. 
for  double-rolled  iron  in  tension,  for  links  and  rods. 

Although  this  method  of  designing  produced  a  satisfactory  distribution 
of  material,  it  was  cumbersome,  as  each  member  and  its  details  and  connec- 
tions, including  rivets,  required  the  use  of  a  working  stress,  a,  peculiar  to 
the  member.  As  a  result  of  this  fact,  various  attempts  were  soon  made  to 
apply  corrections  to  the  calculated  stresses,  so  that  by  the  use  of  a  constant 
unit  stress  basis  per  square  inch,  the  same,  or  a  closely  similar,  distribution 
of  material  would  be  accomplished.  These  adjustments  of  the  calculated 
stresses  were  called  "impacts",  but  the  writer  believes  they  had  little  or  no 
reference  to  impacts  due  to  the  passage  of  moving  loads.  The  formula* 
developed  by  the  late  Fred  Thompson,  M.  Am.  Soc.  C.  E.,  and  first  published 
in  the  specifications  of  the  Southern  Railway  Company  in  1894,  was  in  the 
familiar  form, 

300 


S 


L  +  300 


*  See  discussion  by  J.  B.  French,  M.  Am.  Soc.  C.  E.,  Transactions,  Vol.  LXXV   (1912), 
pp.  363  to  370. 
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This  convenient  formula  was  at  once  adopted  by  the  late  C.  C.  Schneider, 
Past-President,  Am.  Soc.  C.  E.,  as  simpler  and  more  satisfactory  than  his 
own,  and  has  been  generally  used  in  the  United  States,  Canada,  and  India 
for  many  years. 

The  writer  feels  that  it  was  unfortunate  that  the  stress  adjustment  was 
called  "impact",  and  this  term  may  have  misled  some  users  of  the  method 
not  fully  advised  of  the  history  of  its  development. 

In  1908,  the  writer  prepared  a  specification  for  bridges  based  on  the  fatigue 
method  of  design,  and  found  that  by  making  the  value  of  u,  in  the  Pennsyl- 
vania Railroad  formula  of  1885,  equal  to  about  9  000  lb.  per  sq.  in.  for  structural 
steel,  the  areas  of  the  main  members  of  single-track  bridges,  up  to  200  ft.  span, 
became  almost  identical  with  those  of  the  same  spans  designed  by  the  use  of 
the  "impact"  formula,  previously  given,  using  unit  stresses  based  on  17  000 
lb.  per  sq.  in.  This  fact  tends  to  confirm  his  belief  that,  for  practical  purposes, 
the  use  of  the  so-called  "impact"  formula, 

L  +  300 
is  mainly  a  convedient  method  of  distributing  the  material  in  a  bridge  in 
order  to  conform  practically  to  the  fatigue  method  of  design. 

The  real  test  of  good  design  is  the  behavior  of  bridges  under  heavy  traffic. 
When  long  service  and  low  maintenance  costs  are  considered,  the  writer 
believes  that  bridges  designed  by  the  fatigue  method  have  been  more  satisfac- 
tory, on  the  whole,  than  those  designed  by  most  other  methods.  In  view  of  the 
recent  fatigue  experiments,  and  studies  now  being  conducted,  he  feels  that  this 
subject  should  be  carefully  considered  in  connection  with  the  many  observations 
of  impact  due  to  passing  loads  now  available,  before  the  definite  adoption  of 
a  new  impact  formula. 

J.  W.  Spiller,*  Esq.  (by  letter). — A  Sub-Committee  of  the  British  Engi- 
neering Standards  Association,  of  which  the  writer  is  a  member,  is,  at  present, 
drafting  a  specification  similar  to  the  Tentative  Specifications.  In  the  first 
place,  this  Sub-Committee  prepared  a  si)ecification  covering  "Materials  and 
Workmanship",  and  then  divided  into  panels  to  deal  with:  (a)  Loads;  (h) 
Stress  Units;  and  (c)  Details  of  Design  and  Construction.  The  writer  was 
placed  on  the  panel  dealing  with  "Details  of  Design  and  Construction". 

The  writer  will  confine  his  comments  to  questions  of  material,  workman- 
ship, and  the  details  of  design  and  construction. 

Referring  to  the  "nominal  diameter"  of  a  rivet :  In  Great  Britain,  there 
is  a  difference  of  opinion,  particularly  between  bridge  builders  and  ship- 
builders, as  to  the  exact  point  on  the  tapered  shank  where  the  diameter  should 
be  measured.  It  might  be  well,  therefore,  to  define  clearly  the  "nominal 
diameter". 

It  has  also  been  stipulated  that  "connections  shall  have  a  strength  at  least 
equal  to  that  of  the  members  connected,  regardless  of  the  computed  strength". 
This  appears  to  require  some  qualification  in  the  case  of  members  which  are 
in  compression  where  the  strength  of  the  member  will  depend  on  the  value 

*  Deputy  Chf.  Engr.   for  Design,   Crown  Agts.   for  the  Colonies,   London,   England. 
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I 
of  the  ratio,  — ,  whereas  the  strength  of  the  connections  will  b     independent 
r 

of  this  ratio.  • 

Limiting  Tliiclcness  of  Metal. — Some  differentiation  might  be  made  perhaps 
between  plates,  etc.,  which  are  accessible  for  painting  on  one  side  and  those 
which  are  accessible  for  painting  on  both  sides. 

Pitch  of  Rivets. — The  maximum  pitch  proposed  seems  to  be  too  great  to 
insure  that  no  corrosion  will  take  place  between  the  parts  connected. 

Splices. — The  gross  area  of  the  splice  material  proposed,  namely,  50%  of 
the  gross  area  of  the  smaller  member,  does  not  appear  to  the  writer  to  be 
sufficient. 

Stiffeners. — The  Tentative  Specifications  do  not  permit  the  use  of  T-beams 
which  make  a  suitable  and  economical  form  of  stiifener  for  small  spans. 

Camber. — The  writer*  is  inclined  to  think  that  it  is  better  practice  to 
make  the  camber  equal  to  the  deflection  produced  by  both  dead  and  live  load. 
If,  then,  one-half  the  camber  due  to  live  load  is  taken  out  by  notching  the 
sleei>ers,  the  level  of  the  rails  at  the  span  center  will  be  lower  than  that  at 
the  support  by  an  amount  equal  to  one-half  the  deflection  due  to  live  load 
when  the  bridge  is  loaded  and  will  be  higher  by  a  similar  amount  when  the 
bridge  is  not  loaded. 

Punching. — The  limits  of  thickness  for  punching  appear  to  be  on  the  high 
side  for  first-class  workmanship. 

Web-Plates. — The  large  clearance  allowed  between  ends  of  web-plates, 
namely,  §  in.,  does  not  appear  to  be  quite  consistent  with  first-class  work- 
manship. 

IsTo  reference  is  made  in  the  siiecification  to  the  supply  of  service  bolts 
which  should  be  provided  by  the  bridge  fabricator,  whether  or  not  his  contract 
includes  erection  at  site. 

The  writer  should  like  to  add  that  the  foregoing  comments  are  not  advanced 
in  a  spirit  of  criticism.  The  Special  Committee  on  Specifications  for  Bridge 
Design  and  Construction  has  submitted  a  valuable  specification  and  it  is  with 
considerable  diffidence  that  the  writer  has  ventured  to  draw  attention  to  a  few 
small  matters  of  detail  which  appear  to  differ  from  what  would  be  considered 
first-class  practice  in  Great  Britain. 

J.  B.  French,*  M.  Am.  Soc.  C.  E. — Many  matters  of  detail  are  specified 
rigidly,  which,  under  certain  conditions,  cannot  be  complied  with  and  which, 
in  other  cases,  should  preferably  be  left  dependent  on  the  conditions  of  the 
particular  case.  As  an  example  of  a  requirement  impossible  of  general  observ- 
ance, the  clearance  diagram  may  be  cited.  The  clearances  specified,  which  are 
intended  to  clear  a  brakeman  on  the  top  or  side  of  a  box  car,  are  desirable 
where  practicable,  but  in  grade  separation  work  in  large  cities,  such  clearances 
would  involve  unwarranted  expense.  An  alternative  diagram  should  be  given 
to  cover  the  latter  conditions.  Again,  the  one  live  load  rigidly  specified  is 
an  example  of  a  matter  that  should  be  left  more  flexible  for  the  reason  that 
many  railroad  structures,  particularly  in  and  around  cities,  are  used  almost 
exclusively  for  passenger  traffic,  which  is  much  lighter  than  the  E-60  loading 

*  Cons.   Engr.,  New  York  City. 
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specified.     If  that  loading  is  retained,  the  words  "unless  otherwise  specified" 
should  be  inserted. 

In  regard  to  ipipact,  the  speaker  is  less  concerned  with  the  exact  form 
of  the  formula  used  to  establish  the  relation  of  impact  to  length  of  span 
than  he  is  with  the  principle  that  the  ratio  of  live  to  dead  load  shall  be 
taken  into  account  in  its  application.  Some  years  ago,  he  was  called  on 
to  design  a  large  number  of  railroad  bridges  within  city  limits  where  solid 
floors  were  necessary  and  where  fully  ballasted  tracks  and  concrete  slab  floors 
were  considered  desirable.  In  the  preliminary  studies,  it  soon  became 
evident  that,  unless  the  usual  rules  of  design  as  regards  unit  stresses  and 
impact  were  modified,  this  extra  dead  load  would  materially  increase  the 
weight  of  the  main  structures  and  increase  their  cost  when  compared  with 
the  old  type  of  open-deck  bridges.  Considering  the  cushioning  effect  of  the 
ballast  and  the  added  stiffness  and  solidity  contributed  by  the  concrete,  which 
was  thoroughly  bonded  to  the  steelwork,  it  seemed  justifiable  to  modify  the 
specifications  by  taking  these  facts  into  consideration  and  thereby  reduce  the 
weight  of  the  steelwork.  The  following  clause,  therefore,  was  inserted  in 
the  specifications: 

"In  the  case  of  main  girders  or  trusses,  and  their  supports,  carrying  fully 
ballasted  track,  one-half  the  dead  load  stress  shall  be  subtracted  from  the 
full  live  load  stress,  before  applying  the  impact  formula." 

It  seems  pertinent  to  state  that  the  bridges  designed  in  this  manner  have 
now  been  carrying  very  heavy  freight  traffic  for  more  than  15  years  and,  at 
present,  show  no  signs  of  weakness.  The  speaker  would  continue  to  use  such 
a  rule  of  design  under  similar  conditions  to-day. 

The  speaker  believes  that  the  unit  stresses  to  be  used  in  structural  design 
should  be  determined  by  the  known  physical  properties  of  the  material  rather 
than  by  the  character  of  its  use,  and  that  variations  in  the  conditions  of  use 
should  be  provided  for  logically  by  corresponding  variations  in  the  assump- 
tions of  the  external  forces  to  be  resisted. 

The  unit  stresses  in  the  Tentative  Specifications  were  based  on  10  000  lb.  per 
sq.  in.  for  axial  tension.  This  value  has  in  its  favor  the  fact  that  in  recent 
years  it  has  been  adopted,  not  only  in  specifications  for  railroad  bridges,  but 
also  in  si>ecifications  for  highway  bridges  and  for  the  structural  steelwork  of 
buildings.  However,  it  seems  to  be  too  low  for  all  these  purposes  and  the 
adoption  of  20  000  lb.  per  sq.  in.  instead  of  16  000  lb.  would  be  justified  by  the 
known  physical  properties  of  structural  steel. 

A  conclusive  argument  in  favor  of  higher  unit  stresses  is  contained  in  the 
specifications  themselves,  in  that  an  overload  of  50%  is  provided  for,  and  the 
rule,  to  retain  in  service  existing  bridges  the  unit  stresses  of  which  do  not 
exceed  24  000  lb.  per  sq,  in.  in  tension,  is  regarded  as  safe  and  conservative. 

Why  not,  therefore,  increase  the  live  load  to  E-75,  and  base  unit  stresses 
on  a  tension  of  20  000  lb.  per  sq.  in.,  or  to  E-90,  and  base  unit  stresses  on 
a  tension  of  24  000  lb.  per  sq.  in. 

The  use  of  structural  steel  and  concrete  in  effective  combination  is  not 
referred  to.  On  account  of  the  effectiveness  of  concrete  as  a  protective  cover- 
ing for  steel  work,  its  availability  to  fill  spaces  and  exclude  water,  its  fire-proof 
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qualities,  and  its  strength  and  permanence,  its  use  as  a  secondary  material  in 
the  construction  of  steel  bridges  has  grown  steadily  in  favor  and  has  assumed 
proportions  warranting  its  consideration  in  specifications  of  this  kind. 

The  rules  for  the  design  of  reinforced  concrete  have  been  thoroughly  dis- 
cussed and  developed,  but  where  steel  is  the  predominating  material  and  con- 
crete is  used  to  protect  and  reinforce  it,  comparatively  little  has  been  done 
to  develop  or  encourage  rational  design. 

It  seems  obvious  that,  where  concrete  is  used  in  combination  with  struc- 
tural steel,  the  more  effectively  the  two  are  bonded,  the  more  eifectively  the 
composite  structure  will  serve  its  purpose  and,  if  the  materials  are  effectively 
bonded,  the  concrete  will  take  its  share  of  the  compressive  stresses  and  relieve 
the  steelwork  to  which  it  is  bonded.  Consideration  of  these  facts  justify 
material  reductions  in  the  sections  of  steel  parts  embedded  in  concrete  and 
cari-ying  compressive  stresses  induced  after  the  concrete  has  set,  and  sub- 
stantial economy  can  be  accomplished  by  corresponding  rules  of  design.  The 
speaker  has  done  this  by  the  use  of  unsymmetrical  beams  and  girders  embedded 
in  concrete,  that  is,  rolled  beams  with  bottom  cover-plates  only,  and  plate 
girders  with  heavy  bottom  and  light  top  flanges,  and  much  of  the  work  has 
stood  the  test  of  severe  service. 

Henry  Goldmark,*  M.  Am.  See.  C.  E. — The  speaker  is  much  interested  in 
Mr.  Hovey's  remarks  on  the  historical  development  of  bridge  design.f  He  has 
always  felt  that,  in  an  applied  science,  the  study  of  its  evolution  is  not  only  of 
much  theoretical  interest,  but  also  of  direct  value  in  understanding  the  prin- 
ciples underlying  present  practice.  In  the  case  of  bridge  engineering,  the 
history  of  the  different  methods  for  taking  account  of  the  greater  effect  of  the 
live  loads,  especially  of  train  loads,  in  comparison  with  the  dead  weight,  is  of 
much  interest.  Their  greater  influence  on  the  stresses  was  realized  at  an 
early  stage  of  bridge  development,  and  various  methods  of  design,  with  this 
basic  idea,  have  been  used  at  different  times. 

The  earlier  methods  were  frankly  empirical,  whereas  the  later  ones  are  based 
ostensibly  on  theoretical  considerations.  It  can  hardly  be  said,  however,  that 
even  the  latest  practice  has  an  exact  scientific  basis. 

The  bridge  specifications  of  the  past  forty  years  reflect  the  varying  views 
held  at  different  periods.  In  the  earliest  specification  issued  by  the  late 
Theodore  Cooper,  M.  Am.  Soc.  C.  E.,  the  cross-sections  were  determined  by 
dividing  the  sum  of  the  dead  and  live  load  forces  in  each  member  by  a  per- 
missible unit  stress.  To  allow  for  the  great  effect  of  live  loads  in  short  bridges, 
a  lower  stress  was  specified  for  such  spans.  Although  many  good  bridges  were 
designed  under  this  specification,  there  was  a  serious  objection  to  this  method 
of  proportioning,  because  of  the  fact  that  the  unit  stress  changes  suddenly  at  a 
given  span  length,  say,  from  8  000  to  10  000  lb.  per  sq.  in.  Therefore,  for 
bridges  differing  only  1  ft.  or  2  ft.  in  length,  there  might  be  a  considerable 
difference  in  the  permitted  stress.  This  was  clearly  illogical  and  led  to  absurd 
results,  as  the  longer  bridge  might  actually  have  a  smaller  total  weight. 

*  Cons.  Engr.,  New  York  City, 
t  See  p.  574. 
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The  next  step,  based  to  some  extent  on  theory,  was  to  specify  a  unit  stress 
for  the  dead  load  different  from  that  for  live  loads.  For  instance,  in  Cooi)er's 
1902  specification,  the  permitted  live  load  stresses  were  half  as  great  as  the 
dead  load  stresses.  This  rule  was  evidently  based  on  the  theoretical  considera- 
tion that  a  load  applied  instantaneously  has  twice  the  effect  of  a  slowly  applied 
load.  It  always  takes  an  appreciable  time  before  the  stress  in  a  given  member, 
due  to  a  train  passing  over  a  bridge,  reaches  its  maximum  value.  Hence,  the 
rule  of  halving  the  live  load  stress  is  not  correct  in  theory,  although 
undoubtedly  safe  in  practice. 

The  next  modification,  and  one  that  was  widely  used  for  some  time,  was  to 
base  the  permitted  stress  on  the  maximum  and  minimum  forces  acting  on  the 
members  at  different  times.  This  method  was  based  on  the  formula  of  Professor 
W.  Launhardt  of  the  Royal  Polytechnic  School  at  Hanover,  Germany.  It  was 
confessedly  founded  on  the  well-known  series  of  experiments  made  by  Profes- 
sor Wohler  on  the  "fatigue"  induced  in  iron  bars  under  a  large  number  of 
repeated  loadings.  Although  the  Wohler  tests  were  of  great  value,  their 
application  to  bridge  members,  which  act  under  entirely  different  conditions, 
was  a  doubtful  step. 

Even  Professor  Launhardt,  with  whom  the  speaker  had  occasion  to  discuss 
this  matter  while  taking  his  course  on  bridge  design,  was  quite  ready  to  admit 
this.  He  was  inclined  to  think  that  the  more  empirical  methods  of  simply 
decreasing  the  permitted  stress  in  long  spans  might  be  the  better  policy  until 
further  investigation  should  increase  the  knowledge  of  the  subject.  He  some- 
what whimsically  called  the  exact  determination  of  this  question  "music  of 
the  future". 

In  American  practice,  the  Launhardt  formula  and  the  maximum  minimum 
formula  in  its  various  forms  have  been  generally  discarded  for  many  years. 
They  have  been  superseded  by  the  expression  for  "impact"  introduced  by  the 
late  C.  C.  Schneider,  Past-President,  Am.  Soc.  C.  E.,  in  his  "Pencoyd"  specifi- 
cation, and  since  then  used  in  the  specifications  of  the  American  Railway  Engi- 
neering Association  and  other  technical  societies. 

In  these  specifications,  the  effect  of  the  live  load  is  provided  for  in  each 
member  by  an  "impact"  or  "dynamic  increment"  which  contains  a  term,  L, 
equal  to  "the  loaded  length,  producing  the  maximum  strain  in  the  member". 
This,  of  course,  is  proportional  to  the  length  of  time  during  which  the  stress 
in  the  member  gradually  increases  from  zero  to  its  maximum  value. 

The  use  of  the  term  "impact"  in  the  A.  R.  E.  A.  specification  has  been 
much  criticized,  especially  as  recent  deformation  measurements  on  bridges 
under  service  conditions,  give  somewhat  discordant  results  and  seem  to  show 
that  the  effect  of  live  loads  has  been  exaggerated. 

It  should  be  remembered,  however,  that  in  bridge  engineering,  as  in  most 
other  fields  of  construction,  great  importance  must  be  assigned  to  practical 
experience  with  structures  in  actual  use,  and  that,  at  all  times,  theoretical 
considerations  must  give  way  to  the  test  of  service. 

It  is  not  believed  that  it  would  be  wise  to  build  lighter  bridges  than  those 
now  in  use,  especially  in  view  of  the  doubt  as  to  the  weight  of  future  engine 
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and  train  loads,  until  much  more  exact  information  has  been  obtained  on  such 
important  questions  as  the  strength  of  the  newer  alloy  steels  slowly  coming 
into  use,  the  strength  of  compression  members,  and  the  effect  of  live  loads  in 
bridge  structures. 

E.  S.  Chew,*  M.  Am.  Soc.  C.  E.  (by  letter).— In  a  discussion  of  a  paper  by 
Mr.  James  E.  Howard,t  the  writer  called  attention  to  the  fact  that  there  is  a 
definite  eccentricity  in  all  columns  due  to  imperfections  in  the  member. 
Although  it  is  probably  true  that  this  fact  is  realized,  it  has  not  been  given 
sufficient  prominence  in  various  column  theories  or  formulas.  The  writer  does 
not  believe  that  any  theoretical  treatment  of  value  can  be  developed,  except  in 
so  far  as  to  indicate  the  various  factors  that  must  enter  as  empiric  constants  in 
the  working  formula. 

In  order  to  indicate  the  action  in  a  column,  one  is  compelled  to  consider 
an  imperfect  member  the  material  of  which  is  not  homogeneous  in  either  a 
horizontal  or  a  vertical  plane.  Let  Eig.  12  indicate  a  column  the  imperfections 
of  which  are  such  that  the  center  of  resistance  is  removed  from  the  center  of 
gravity  of  the  section  by  a  distance,  e,  at  the  plane  of  the  application  of  the 
load  and  that  this  distance,  e,  varies  throughout  the  length  of  the  column. 

Let  the  line,  R,  indicate  this  resistance  axis.  Any  number  of  curves  could 
be  drawn  to  indicate  a  possible  resistance  axis,  but  the  one  shown  indicates  the 
worst  condition. 

From  this  line,  it  may  be  noted: 

(a)  That  all  columns  are  crooked  as  regards  resistance  to  axial  com- 
pression. 

(&)  That  the  resistance  axis  does  not  lie  in  the  plane  of  the  principal 
axes,  1-1  or  2-2,  except  for  circular  sections. 

Although  all  theoretical  treatments  are  based  primarily  on  the  bending  of 
the  column,  which,  as  may  be  seen,  is  caxised  by  a  crooked  axis,  yet  no  one 
has  recognized  the  condition,  (&),  as  the  bending  has  been  assumed  to  take 
place  about  Axis  1-1  or  Axis  2-2. 

Let  a  theoretical  formula  be  written  for  axial  compression  in  which: 

I    =  Length  (unsupported)  ; 

F  =  Axial  load; 

A  =  Area  of  section; 

8  =  Maximum  unit  stress  on  extreme  fiber; 

r^  =  Eadius  of  gyration  about  Axis  1-1 ; 

r^  =        "       "         "  "        "     2-2; 

n^  =  Factor  for  end  conditions  about  Axis  1-1; 

n^  =        «        "       "  "  «  "      2-2; 

(pr 

—  =  A  factor  proposed  by  Lilly. 

*  Cons.   Engr.,  San  Franci.-co,  Calif. 

t  "Some  Tests  of  Large  Steel  Columns",  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXIII 
(September,    1911),   p.   469. 
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The  formula  would  appear  as  follows; 
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Equation  (XVIII)  is  of  no  value  except  as  a  study  from  which,  by  substitution 
of  empiric  constants,  a  working  formula  may  be  derived. 

Some  of  the  conditions  under  which  a  column  acts,  as  regards  Factor  ti,  are 
as  follows : 

(1)  Pin-ended  on  Axis  1-1;  semi-fixed  on  Axis  2-2;  l^  <  Z, ;  no  positive 

moment,  that  is,  the  load  is  assumed  as  axial. 

(2)  Same  as  Condition  (1),  except  Zj  =  Z2;  no  positive  moment. 


positive  moment,  M. 


(3)   Semi-fixed  on  both  axes 

h  =  h 
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h<L 

r^\           a        u        il        il          11 

h  =  h 

rQ\           11        <i        11        11         11 

;         h<h 

nl      I    P  ' 
r    \A  E 


DISCUSSION  ON  BRIDGE  DESIGN  AND  CONSTRUCTION  585 

If  r^  is  greater  than  r.,  and,  assuming  that  the  resistance  axis  docs  not  lie 
in  a  plane,  Axis  1-1  or  Axis  2-2,  then  the  resulting  deformation  is  not  that  of 
bending  alone,  but  is  bending  combined  with  twisting.  Therefore,  the  com- 
bination of  end  conditions  and  lengths,  l^  and  l^,  and  the  cross-section  of  the 
column  must  have  an  important  bearing  on  the  resulting  stresses.  Do  either 
of  the  submitted  formulas  take  any  account  of  these  conditions? 

Worhing  Formula. — If,  by  a  series  of  tests,  empiric  values  could  be  given 
to  the  factors,  <^,  e,  and  e„,  such  that  they  would  represent  the  average  condi- 
tion in  commercial  members  carrying  an  axial  load  and  having  the  various 
imperfections,  Equation  (XVIII)  would  be  valuable. 

In  regard  to  the  factor,  n,  let : 

^  ■      q (Xix) 

F 

A  series  of  curves  may  be  drawn  for  assumed  values  of  n  and  — -  and  for 
•^  A 

varymg  values,  — ,  as  shown  in  Fig.  13. 
The  formula  will  then  be : 

which,   with  curves   and  given  values  of  </>,   e,  and   e.^,  furnishes  a  working 

formula.     Equation  (XX)  can  be  used  in  combination  with  the  straight-line 

formula,  that  is,  by  determining  a  trial  section  by  the  following  equation : 

P  I 

-  ==  15  000  —  50  — 
A  r 

and  checking  for  S  in  Equation  (XX). 

The  advantages  of  this  formula  are  that  it  enables  the  designer  to  take  care 
of  positive  moments  and  details,  to  check  any  damaged  column,  and  to  use  his 
judgment  between  local  and  expert  work  for  e. 

H.  M.  MacKay,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  one  great  object  of  a 
column  formula  is  to  enable  the  designer  to  pi*edict  the  strength  of  a  column ; 
and  possibly  the  diversity  of  opinion  usually  expressed  arises  from  the  con- 
sciousness that  no  formula  yet  proposed  is  even  approximately  satisfactory  as 
a  means  of  predicting  the  strength  of  a  given  built-up  steel  column  of  ordi- 
nary length.  Euler's  formula  is  quite  satisfactory  within  the  range  to  which 
it  is  applicable,  as  one  may  demonstrate  with  no  more  elaborate  apparatus 
than  a  straight  lath  and  a  few  weights.  Rankine,  as  a  reference  to  his  works 
will  show,  had  in  mind  solid  or  relatively  thick-walled  hollow  struts  of  circular 
or  rectangular  section.  Apparently,  the  only  modern  form  which  he  visualized 
was  a  rectangular  box-section  made  up  of  plates  and  angles.  Both  these 
eminent    elasticians,    quite    justifiably    under    the    circumstances,    made    the 

I 
slenderness  ratio,   — ,  the  only  variable    in    their   well-known   formulas  ;    and 

*  Prof,  of  Civ.  Eng.,  McGill  Univ.,  Montreal,  Que.,  Canada. 
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it  is  perhaps  due  to  the  weight  of  their  authority  that  engineers,  in  so  far 
as  their  ideas  are  expressed  in  specifications,  have  continued  to  regard  the 
slenderness  ratio  as  the  only  variable.  One  does  not  forget  the  many  sug- 
gested formulas  in  which  other  factors  are  included,  but  none  of  these,  as 
far  as  the  writer  is  aware,  has  come  into  current  use,  or  has,  in  a  broad  way, 
passed  the  test  of  satisfactorily  predicting  column  strength. 

The  most  comprehensive  series  of  tests  on  steel  columns  of  reasonable  size 
is  that  of  the  Society's  Special  Committee  on  Steel  Columns  and  Struts, 
reported  in  1918.*     Three  variables  were  included  in  the  specimens  tested : 

Slenderness  ratio  { — J ,  form  or  make-up,  and  thickness  of  metal.  Consid- 
ering only  those  tests  in  the  case  of  which  the  complete  schedule  was  carried 
out,  eight  different  forms  were  tested,  each  form  with  three  different  values  of 

— ,  and  two  different  thicknesses  of  metal.  The  heavier  sections,  on  the 
r 

average,  had  roughly  about  twice  the  sectional  area  of  the  lighter  sections. 

Three  individual  columns  were  tested  for  each  slenderness  ratio,  form,  and 

weight,  making  144  tests  in  the  group  considered.    Thus,  48  members  of  each 

slenderness  ratio  were  tested,  18  of  each  form,  and  72  each  of  the  lighter  and 

heavier  sections.    The  results  of  these  tests  may  be  tabulated  as  follows: 

A. — In  respect  of  slenderness  ratio: 

—  Ultimate  strengrth,  in  pounds 

r  per  square  inch. 

50  (average  of  48  tests) 33  150 

85  (        "        "    "       "    ) 30  650 

120  (        "        "    "       "    ) 28100 

B. — In  respect  of  form  or  make-up: 

Form. 

5-  5A  (average  of  18  tests) 33  700 


?-  8A  ( 

2-  2A  ( 
10-lOA  ( 

4-  4A  ( 

3-  BA  ( 
1-  lA  ( 
6-  QA  ( 


) 31  600 

) 31  000 

) 30  400 

) 30  400 

) 30  200 

) 29  100 

) 28  600 


C. — In   respect  of  thickness  of  metal: 

Light     (average  of  72  tests) 32  200 

Heavy   (       "         "    "       "    ) 29  000 

The  most  cursory  comparison  of  these  results  shows  that,  as  far  as  these 
tests  are  concerned,  the  influence  of  thickness  of  metal  on  ultimate  strength 

I 
is   as  o;reat  as  that  of   a  variation  in  —  from  50    to    about  95,  a  range  wide 

enough  to  include  practically  all  the  seriously  loaded  columns  in  a  steel  railway 
bridge ;  whereas,  the  influence  of  form  on  the  ultimate  strength,  even  neglecting 
Form  Q-QA  as  unusual  and  undesirable,  is  nearly  45%  greater  than  that  of 

•Transactions,  Am.  Soc.  C.  E.,  Vol.  L.XXXIII   (1919-20),  p.  1583. 
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the  stated  variation  in  slendcrness  ratio.  Had  latticed  columns  been  included 
in  this  series  of  tests,  the  influence  of  form  miglit  well  have  been  even  more 
pronounced.  Tests  made  for  the  Board  of  Engineers  of  the  Quebec  Bridge, 
in  part  by  Mr.  James  E.  Howard,  and  in  part  by  the  writer,  indicated  that 
members  with  solid  transverse  webs  were  11  or  12%  stronger,  other  things 
being  equal,  than  those  in  which  the  ribs  were  connected  by  latticing  only. 

Although  the  Committee's  tests  bring  out  the  influence  of  the  thickness  of 
metal  in  a  way  that  no  other  tests  do,  any  comprehensive  group  or  groups 
of  tests  will  indicate  a  large  variation  of  strength  due  to  form  and  detail,  as 

compared  with  that    due  to    a  reasonable  range  in    the  value  of—.     When 

r 

the  strengths  of  a  large  number  of  columns  are  plotted  against  the  slendcrness 
ratio,  the  result  is  a  broad  belt  of  points  through  which  a  line  can  be  drawn 
to  suit  any  reasonable  taste,  or  almost  any  formula.  It  is  sometimes  supposed 
that  there  is  something  erratic  in  the  nature  of  column  tests.  For  such  a 
supposition,  however,  there  seems  to  be  little  foundation.  In  the  Committee's 
tests,  the  average  extreme  variation  in  each  group  of  three  members  from 
the  mean  of  the  three,  was  2.6  per  cent.  In  the  case  of  the  Quebec  Bridge 
tests  referred  to,  the  members  are  believed  to  have  been  among  the  largest, 
and  certainly  among  the  most  complex,  ever  tested,  the  main  section,  in  some 
cases,  consisting  of  as  many  as  thirty  component  parts.  In  this  case,  if  in 
any,  erratic  results  might  be  anticipated.  Yet,  in  fifteen  pairs  tested,  the 
average  variation  of  a  member  in  each  pair  from  the  mean  of  the  two  was 
only  1.54  per  cent.  In  fact,  it  is  the  writer's  experience,  derived  from  several 
scores  of  tests,  that  compression  members  are  rather  more  consistent  in  their 
behavior  than  large  riveted  tension  members. 

It  is  the  writer's  contention,  therefore,  supported  as  he  believes  by  the  whole 
body  of  available  data,  that  the  slenderness  ratio,  which  in  all  formulas  in  gen- 
eral use  is  made  the  sole  criterion  for  predicting  the  strength  of  cokunns  of 
a  given  grade  of  material,  is  far  from  being  the  most  im^wrtant  factor  in 
the  case  of  the  great  majority  of  heavily  loaded  columns.  Approaching  the 
question  for  the  first  time,  and  with  an  open  mind,  one  would  surely  regard 
with  astonishment  the  somewhat  hair-splitting  contentions  in  which  individuals, 

I 
and   even  committees,  sometimes   indulge,  as  to    the    precise   function  of  — 

7* 

to  be  used,  whereas  other  and  more  important  factors  are  ignored,  except  in 
respect  to  certain  limiting  clauses.  Had  equally  unscientific  methods  been 
used  in  the  calculation  of  tides,  for  instance,  tide  tables  would  have  been  based 
on  the  apparent  diurnal  motion  of  the  moon.  The  consequent  confusion  of 
mariners,  in  Eastern  waters,  would  hardly  be  greater  than  that  of  the  designer 
who  tried  to  correlate  the  strengths  of  various  types  of  columns  on  the  basis 
of  their  slenderness  ratio. 

It  might  be  possible,  as  has  been  suggested,  to  devise  different  formulas 
for  different  types  of  column;  but  without  much  further  investigation,  agree- 
ment in  this  direction  can  hardly  be  expected.    The  form  which  it  may  be 
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thought  investigation  should  take,  will  depend  largely  on  the  view  entertained 

as  to  column  action.     The   writer's  experience  in  testing  and  studying  the 

stress  distribution  in  built-up  structural  members  leads  him  to  the  view  that, 

for  the  purpose  of  investigation,  a  column  can  be  advantageously  regarded 

as  an  aggregation  of  strips,  each  tending  to  yield  in  its  own  way,  but  restrained 

by  mutual  interaction.     In   solid   and   in  thick-walled  hollow   sections,   such 

restraint  is  practically  complete,  and  the  column  acts  as  a  unit.     In  such 

cases,  if  uniform  material  of  a  known  quality  and  free  from  internal  stress 

can  be  assumed,  it  should  be  possible  to  express  the  strength  satisfactorily  as 

I 
a  factor  of  — .     In  the  more  usual  types,  there  will  be   a  variation  according 

to  form  and  detail.     If  this  view  is  correct,  two  corollaries  seem  to  follow: 

1. — That  no  method  of  analysis  is  likely  to  be  satisfactory  which  assumes 
a  linear  variation  of  strain  across  the  section,  whatever  relation  between  stress 
and  strain  may  be  assumed  beyond  the  elastic  limit,  because  such  linear  varia- 
tion does  not  in  general  exist  at  the  critical  sections.  Strain  measurements 
show  this  to  be  true. 

2. — That  useful  information  regarding  the  laws  of  column  action  can  be 
better  obtained  by  an  intensive  study  of  a  comparatively  limited  number  of 
specimens,  than  by  tests  to  destruction  only,  of  a  larger  number.  The  latter 
seldom  throw  much  light  on  the  factors  contributory  to  failure. 

The  possibilities  of  such  intensive  study  are  given  on  Fig.  14,  on  which 
is  shown  the  stress  distribution  at  certain  sections  of  a  column,  consisting 
of  four  2i  by  2^  by  ^-in.  angles,  7  ft.  2  in.  long,  connected  by  tie-plates. 
The  end-plates  are  4  in.  thick  and  project  J  in.  beyond  the  angles,  so  as  to 
take  the  load  which  is  transmitted  to  the  angles  through  the  connecting  rivets. 
The  intermediate  tie-plates  are  i  in.  thick.  The  stresses  at  the  various  sections, 
as  determined  by  mirror  extensometers  over  2-in.  gauge  lengths,  are  plotted 
on  the  cross-section  as  a  base  plane,  and  the  resulting  solid  is  then  shown  in 
isometric  projection.  The  distribution  of  stress  can  thus  be  seen  at  a  glance. 
No  extensometer  readings  were  taken  on  contiguous  surfaces  of  angles  or 
plates,  so  that,  in  such  cases,  the  stress  distribution  is,  to  some  extent,  a  matter 
of  conjecture.  However,  in  all  cases,  the  stresses  as  plotted  check  the  applied 
loads  within  4  or  5  per  cent.  Section  1  is  just  within  the  first  rivets  nearest, 
the  ends  of  the  angles.  Most  of  the  load  remains  in  the  plates,  the  angles 
taking  only  the  amount  transmitted  by  one  rivet  in  each.  At  Section  2,  the 
angles  take  an  additional  amount  of  load  transmitted  by  a  second  rivet.  The 
stress  distribution  remains  far  from  uniform,  certain  fibers  being  in  tension. 
At  Section  5,  where  the  angles  take  all  the  load,  the  stress  distribution  is  fairly 
uniform,  but  this  uniformity  is  disturbed  again,  where,  as  at  Section  4,  a 
tie-plate  is  encountered.  Notwithstanding  the  greater  sectional  area  at  Sec- 
tion 4,  the  maximum  fiber  stress  in  the  angles  is  about  45%  greater  there  than 
at  Section  5.  The  stress  distribution  at  all  sections  remained,  to  a  remarkable 
extent,  the  same  at  all  loads  from  20  000  to  80  000  lb. 

The  stress  survey,  of  which  a  few  of  the  results  are  here  shown,  was  made 
under  the  writer's  direction  by  the  late  Lieut.  H.  G.   S.  Delepine.     Such 
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surveys  are  laborious ;  but  the  writer  believes  that  only  by  the  study  of  typical 
columns  in  some  such  manner  can  the  Engineering  Profession  successfully 
take  up  the  challenge  which  the  present  unsatisfactory  knowledge  of  column 
action  places  squarely  before  it. 

Alfred  S.  Niles,  Jr.,*  Jun.  Am.  Soc.  C.  E.  (by  letter). — The  writer  has 
been  much  interested  in  the  discussion  of  the  column  formula.  In  designing 
aeroplane  structures,  it  is  necessary  to  use  very  slender  columns  and  low  factors 
of  safety.  On  account  of  these  two  characteristics  of  aeroplane  structural  mem- 
bers, much  research  work  has  been  done  on  columns  of  both  wood  and  steel, 
the  results  of  which  are  not  well  known  to  the  Profession,  Although  the  col- 
umns used  in  aeroplanes  are  small,  they  cover  a  wide  range  of  slenderness  ratios, 
and  give  interesting  information  on  the  subject  of  columns  in  general. 

The  most  important  result  obtained  is  that  the  Euler  formula  will  give 
the  failing  load  for  a  truly  centrally  loaded  column,  provided  the  Euler  load 
is  less  than  the  failing  stress  of  the  material  in  direct  compression.  Some  of 
the  most  interesting  tests  have  been  made  on  spruce  columns,  in  which,  owing 
to  the  lack  of  homogeneity  of  wood,  one  might  expect  inconsistent  results. 
The  average  crushing  strength  of  aeroplane  spruce  is  about  6  000  lb.  per  sq.  in., 
♦Aeronautical  Structural  Engr.,  Research  Dept.,  McCook  Field,  Dayton,  Ohio. 
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and  the  average  modulus  of  elasticity  about  1  800  000  lb.  per  sq.  in.     The 

ultimate  stress  by  the  Euler  formula  equals  the  crushing  strength  at  values  of 

I 

between  50  and  60  for  pin-ended  columns.     A  series  of  tests  was  recently 

made  at  McOook  Field,  under  the  writer's  direction,  in  which  all  struts  with 
slendemess  ratios  of  60  or  more  failed  at  values  slightly  below  the  ultimate, 
according  to  the  Euler  formula.  Struts  with  slendemess  ratios  of  50  and  40 
failed  at  practically  the  same  load  as  short  pieces  cut  from  the  ends  of  the 
same  specimens.  Great  care  was  taken  to  prevent  eccentricities  of  loading, 
and  if  any  measurable  deflection  was  obtained  under  about  two-thirds  of  the 
expected  ultimate,  the  column  was  reset  in  the  testing  machine.  This  pro- 
cedure eliminated  nearly  all  eccentricities,  whether  due  to  lack  of  homogeneity 
of  material  or  any  other  cause.  The  difference  between  the  actual  failing  load 
and  the  Euler  load  was  evidently  due  to  the  small  eccentricity  remaining. 

These  McCook  Field  column  tests  were  made  under  laboratory  conditions 
which  could  never  be  approached  in  engineering  practice.  Their  value  lies  in 
proving  that  the  lower  limit  of  the  range  in  which  the  Euler  formula  applies 
is  much  smaller  than  had  previously  been  believed,  and  that  the  reason  for 
using  other  formulas  for  short  struts  was  not  because  the  Euler  formula  did 
not  hold  for  such  struts,  but  because  the  effect  of  eccentricities  becomes  so 
great  in  the  short  columns  that  the  Euler  formula  is  no  longer  a  safe  approxi- 
mation. The  Euler  formula  does  hold  if  the  conditions  are  those  for  which 
it  was  developed. 

The  real  problem  in  column  design  is  that  of  making  a  reasonable  allowance 
for  the  effect  of  the  eccentricities  which  are,  partly  at  least,  unknown  in 
magnitude.  When  the  Euler  formula  gives  unit  stresses  of  less  than  one-half 
the  yield  point  of  the  material,  the  effect  of  the  eccentricities  usually  encoun- 
tered is  so  small  that  it  may  safely  be  neglected  as  taken  care  of  in  the  factor 
of  safety.     This  puts  the  lower  limit  of  the  practical  range  of  the  Euler  formula 

I 
at  about  —  =  120  for  structural  steel.     As  bridges  have  few,  if  any,  structural 

members  with  such  high  slendemess  ratios,  the  Euler  formula  is  of  little  use 
to  the  bridge  designer. 

For  columns  with  slendemess  ratios  in  the  range  of  bridge  practice,  allow- 
ance must  be  made  for  the  effect  of  eccentricities,  and  it  is  most  profitable  to 
view  the  proposed  column  formulas  in  this  light.  As  the  eccentricity  and 
degree  of  restraint  of  the  ends  of  the  actual  column  are  impossible  to  deter- 
mine accurately,  it  is  necessary  to  apply  empirical  constants  in  any  practical 
formula  for  columns  in  this  range.  All  the  formulas  that  are  proposed  for 
short  columns  have  these  empirical  constants,  even  though  they  also  have  a 
more  or  less  theoretical  basis.  This  applies  to  the  Rankine  formula,  and  the 
many  "eccentricity"  and  "secant"  formulas  proposed. 

The  column  formula  which  should  be  used  for  practical  design  is  the  one 
which  combines,  in  the  greatest  degree,  ease  of  application,  and  agreement  with 
test  results.  These  advantages  belong  to  the  parabolic  atid  straight-line  for- 
mula§.     The  studies  of  A.  Ostenfeld,  in  1898,  on  the  better  known  experimental 
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work,  by  the  method  of  least  squares,  indicated  that  these  formulas  give  the 
smaller  and  the  Rankine  and  eccentricity  formulas  the  greater  mean  errors.* 
As  these  formulas  are  not  only  the  most  easily  applied,  but  also  represent  the 
test  results  the  most  accurately,  the  writer  can  see  no  reason  for  the  attempt 
to  use  complex  formulas  like  those  proposed  by  Mr.  Chewf  and  Mr.  Hunley.:|: 
These  formulas  have  a  more  theoretical  basis  than  the  parabolic  formulas  and 
appear  to  be  more  accurate,  because  they  allow  for  the  initial  eccentricity. 
This  appearance  of  accuracy,  however,  is  illusory,  as  the  initial  eccentricity 
must  be  assumed  or  found  empirically,  and  as  Ostenfeld  has  shown,  the  results 
are  not  in  as  close  agreement  with  the  tests  as  those  of  the  simpler  and 
frankly  empirical  formulas. 

In  aeroplane  design  the  parabolic  formula  is  used  exclusively  for  short 
columns,  with  excellent  results,  for  both  wood  and  steel  members.  It  is  easy 
to  apply,  and  the  constants  have  a  definite  connection  with  the  properties  of 
the  material. 

Henry  B.  Seaman,§  M.  Am.  Soc.  C.  E.  (by  letter). — Several  of  the  larger 
matters  of  general  importance,  having  great  influence  in  the  design,  such  as 
engine  loading,  impact,  and  column  formulas,  have  received  prolonged  con- 
sideration by  the  Special  Committee  on  Specifications  for  Bridge  Design  and 
Construction,  and  it  seems  proper  that  these  subjects  should  be  presented  more 
fully  than  is  shown  in  the  Tentative  Specifications. 

Engine  Loading. — The  subject  of  engine  loading  was  considered  from 
various  standpoints.  It  was  recognized  that  engine  concentrations  had 
increased  far  beyond  the  loads  for  which  this  distribution  was  intended  orig- 
inally, and  that  although  this  typical  engine  had  simplified  the  calculations 
for  design,  a  still  further  simplification  was  desirable,  if  practicable.  To  this 
end  was  suggested  a  uniform  load  with  single  concentration,  and  other  meth- 
ods, but  when  all  things  were  considered,  particularly  the  established  tables 
alad  diagrams  now  in  use,  it  was  evident  that  there  were  no  advantages  over 
the  present  general  practice.  Furthermore,  a  study  of  the  chart  of  engine 
moments  and  shears,  as  already  considered  by  the  American  Eailway  Engineer- 
ing Association,  II  showed  that  the  typical  engine  distribution,  even  with  the 
increased  loading,  gave  satisfactory  results  as  compared  with  the  group  of 
engines  in  actual  service  on  several  railroads.  Whether  it  may  yet  be  possible 
to  devise  a  new  system  of  loading  which  will  conform  even  more  closely  to  the 
engines  in  actual  use,  may  be  a  subject  for  broad  discussion.  However,  with 
this  heavy  loading,  and  the  further  provision  in  the  Tentative  Specifications 
for  overload,  it  may  be  questioned  whether  it  is  still  necessary  to  add  the 
double  concentration  of  passenger  engines.  This  is  particularly  true  if  proper 
provision  is  made  beyond  100%,  for  impact  on  spans  of  less  than  30  ft. 

Impact  Formula. — The  first  impact  formula  which  came  to  the  writer's 

attention    was    presented    by    the    late     C.     C.     Schneider,     Past-President, 

*  Salmon,  "Columns",  p.  231. 

t  Seep.  583. 

t  Seep.  568. 

§  Cons.  Engr.,  New  York  City. 

II  Proceedings,  Am.  Ry.  Eng.  Assoc,  Vol.  21,  p.  571. 
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5 
Am.  Soc.  C.  E.,  in  his  specification  of  1887,  in  wliicli /==  0.7  H .    This  formula 

was  introduced  to  simplify  the  design  of  bridges,  as  compared  with  the  appli- 
cation of  the  Launhardt  formula  which  at  that  time  was  coming  into  general 
use.    Eight  years  later  (1895),  the  Schneider  formula  was  replaced  by  that  in 

X..  1     X  300  .  , 

which  1   — — — ,  sometnnes   known  as  the  "  Pencoyd   formula,"  which 

L  +  300  •'  ' 

was  introduced  into  the  bridge  specifications  of  the  American  Railway 
Engineering  and  Maintenance  of  Way  Association  of  1905,  1906,  and  1910. 

The  subject  of  impact  has  received  more  consideration  and  prolonged  dis- 
cussion by  the  Committee  than  any  other  item  of  the  specification.  The 
results  of  the  tests*  made  by  J.  E.  Greiner,  M.  Am.  Soc.  C.  E.,  on  the  Baltimore 
and  Ohio  Eailroad  Bridges,  of  thosef  made  by  F.  E.  Turneaure,  M.  Am. 
Soc.  C.  E.,  and  of  those:}:  made  more  recently  in  England  by  Maj.  A.  Mount, 
R.  E.,  were  before  the  Committee. 

The  tests  of  the  American  Railway  Engineering  and  Maintenance  of  Way 
Association,  unfortunately,  did  not  include  spans  less  than  35  ft.  in  length, 
but  the  results  given  by  Maj.  Mount,  showTi  in  Eig.  15,  largely  supply  the 
deficiency,  although  the  English  engine,  with  its  inside  connections,  may  not 
be  directly  comparable  with  the  American  engine  which  has  its  connections 
outside  the  driving  wheels  and,  possibly,  gives  greater  impact  from  unbalanced 
forces.  In  spite  of  this  favorable  consideration  of  the  English  engine,  it  is 
noticed  that  in  Maj.  Mount's  results  a  rail  bearer,  composed  of  two  halves 
fastened  together,  of  7  ft.  6  in.  loaded  length,  gave  an  impact  of  159%  on 
one  half  and  90%  on  the  other  half,  making  an  average  of  125% ;  also,  a 
loaded  length  of  9  ft.  8  in.  gave  an  extreme  impact  of  143%,  with  an  average 
of  92  per  cent.  Such  results  are  rather  startling  to  those  who  have  made  no 
provision  beyond  100%  in  very  short  spans,  but  they  are  what  should  have 
been  expected  from  the  hammer  blo\jj  of  unbalanced  drivers  on  short,  rigid 
beams.  It  approaches  the  hypothetical  condition  of  the  "irresistible  force" 
meeting  the  "immovable  body".  Such  short  spans  are  rarely  used,  and  involve 
little  extra  expense,  but  proper  provision  should  be  made  for  the  condition. 
The  tendency  toward  a  sharp  increase  of  impact  in  very  short  spans  is  recog- 
nized to  some  extent  by  every  impact  formula  that  has  been  proposed,  except 
the  one  recently  adopted  by  the  American  Railway  Engineering  Association, 

in  its  1920  specifications,  namely,  /  =  =-^,  which  gives  practically  the 

^"O  +  Too 

same  impact  for  all  spans  of  less  than  25  ft.  The  Committee  recognized  the 
advisability  of  providing  for  greater  increase  of  impact  on  short  spans— 125% 
was  incidentally  mentioned  for  0  span,  and  100%  for  spans  of  30  ft. 

The  tests  show  that  impact  for  long  spans — 700  ft.,  or  more — may  be  con- 
sidered to  be  practically  negligible.     Furthermore,  it  is  desirable  to  adopt  a 

*  Proceedings,  Am.  Ry.  Eng.  and  M.  of  W.  Assoc,  Vol.  6   (1905). 

il  Proceedings,  Am.  Ry.  Eng.  and  M.  of  "W.  Assoc,  Vol.   12.  Pt.  3   (1911). 

t  Engineering  News-Record,  October  20th,  1921. 
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formula  which  will  be  applicable  to  spans  of  all  lengths.  There  is  no  reason 
why  the  change  from  minimum  impact  to  maximum  impact  should  not  be 
gradual  and  continuous;  conditions  do  not  reverse  for  short  spans;  but  it  must 
be  remembered  that  the  whole  subject  is  empirical,  and  any  formula  adopted 
now  may  be  modified  by  future  experiments. 
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ENGLISH  IMPACT  TEST  RESULTS  AND  FORMULAS 

O      A.R.E.A.,  Tests,  1907-09 
(From  Plate  IX,  Bulletin  125.  A.R.E.A.,  July,  1920) 
Ministry  of  Transport  Tests,  1920 
•       Bridges  with  unballasted  floors 
®      Bridges  with  ballasted  floors 
A       Bridges  with   jack  arch  floors 
X  ®    Web  members,  and  end  bays  of  chords 
of  lattice  girders 


50  100  150 

Length  of  Loaded  Portion,  in  Feet 
Fig.  15. 


200 


About  1905  it  was  the  custom  to  use  special  specifications  for  each  bridge 
designed,  conforming  to  the  particular  conditions  of  span  and  loading.  There 
were  three  or  four  different  specifications  for  short  spans,  and  another  entirely 
different  specification  for  long  spans.  There  seemed  to  be  no  sharp  line  of 
demarcation  between  short  and  long  spans,  although  it  was  generally  assumed 
to  be  about  300  ft.,  at  which  the  dead  load  approached  or  exceeded  the  live 
load,  A  single  standard  specification  which  would  be  applicable  to  spans  of 
all  lengths  seemed  to  be  eminently  desirable.  The  fundamental  difference  in 
the  design  of  short  and  long-span  bridges  was  the  relative  action  cf  the  live 
load,  and  this  should  be  stated  in  a  "formula  for  equivalent  static  stress",  as 
it  was  then  expressed.  With  the  use  of  such  a  formula  all  live  load  stresses 
might  be  reduced  to  equivalent  static  stresses  and  the  allowable  unit  stresses 
modified  accordingly. 

At  that  time  the  impact  tests  of  the  American  Railway  Engineering  and 
Maintenance  of  Way  Association  had  not  been  made,  and  the  only  guide  for 
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such  a  formula  were  the  tests  made  by  Mr.  Greiner,  previously  mentioned,  and 
the  weights  of  bridges  which  had  been  built.  The  fact  that  impact  on  long  spans 
would  be  negligible  was  already  evident  from  the  long  spans  erected  in  New 
York  City,  and  has  since  been  indicated  by  the  tests;  while,  for  very  short 
spans,   impact   of   100%,   or   more,   seemed   to   be   advisable.     The   formula, 

/  = ,  already  in  use,  was  not  applicable   to  very  long  spans,  and  the 

L  +  300  J        o     I        5 

formula  of  the  quarter  ellipse,  I  =  125 —  V  2  000  L  —  L^,    was    finally 

8 

adopted.     This  formula  was  presented  before  the  Society  in  1912.* 

The  tests  of  the  American  Railway  Engineering  and  Maintenance  of  Way 
Association,  as  published  in  its  Proceedings  for  1911,  constituted  a  striking- 
confirmation  of  this  formula,  as  shown  by  Plate  Xf  of  the  discussion  of  the 
writer's  paper  by  S.  W.  Bowen,  Assoc.  M.  Am.  Soc.  C.  E.  A  more  detailed 
examination  of  several  of  the  tests,  however,  indicates  further  confirmation 
than  was  noticed  in  the  discussion. 

In  Table  6-o  the  north  girder  of  the  80-ft.  span  shows  an  impact  of  122%, 
and  the  south  girder  shows  74%;  the  former  again  seems  to  be  abnormal, 
while  the  latter  comes  near  the  elliptical  curve.  These  three  tests  which  were 
not  plotted  in  the  original  diagram,  are  shown  by  circles  (o)  (Fig.  16). 
This  curve  runs  from  0%  for  1  000-ft.  spans  to  126%  for  0  span,  and  provides 
for  impact  somewhat  greater  than  100%  for  spans  less  than  20  ft.  It  is 
the  oldest  impact  formula  which  is  applicable  to  spans  of  all  lengths,  and 
deserves  consideration  unless  something  better  is  offered. 

120 
The  impact  formula  offered  by  Maj.   Mount,  namely,  I  =   — =r,  gives 

very  satisfactory  results  for  short  spans,  and  for  spans  less  than  30  ft.,  makes 
proper  provision  of  more  than  100%  impact;  but  it  seems  to  be  too  high  for  very 
long  spans. 

In  regard  to  impact,  little  more  need  be  said.  The  diagram.  Fig.  17,  shows 
the  striking  agreement  between  the  formula, 

I  =  125  —  —  V2  OOOL  — i% 
c 

and  the  tests. 

It  has  been  suggested  that  the  new  A.  R.  E.  A.  impact  formula  is  intended 

only  for  spans  of  300  ft.,  or  less.     This  limitation  would  exclude  it  from  this 

specification,  which  covers  spans  of  all  lengths.     By  inspection  of  Fig.  16,  it 

will  be  noticed  that  the  new  A.  R.  E.  A.  formula  is  too  high  even  for  short 

spans  of  40  to  120  ft.,  where  plate  girders,  which  need  no  excess  of  strength, 

are  used,  whereas,  for  120  to  300  ft.,  where  truss  spans,  which  need  the  fullest 

provision  for  loading,  in  anticipation  of  the  allowable  overload  stress  of  24  000 

lb.  or  more,  are  used,  the  formula  is  deficient,  notably  so  for  spans  of  210  and 

300  ft.     If  the  test,  giving  22%  impact  for  the  lower  chord  of  the  440-ft.  span 

at  Bellefontaine,:}:  is  plotted,  it  is  found  again  to  be  deficient. 

•Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXV  (1912),  p.  340. 
t  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXV  (1912),  p.  355. 
%  As  shown  in  Column  3,  Location  1822,  Table  6-hm,  of  the  A.  R.  E.  A.  Report  of  1911. 
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The  selection  of  the  proper  impact  formula,  however,  is  only  part  of  the 
problem  of  impact  on  bridges.  The  relative  effect  of  dead  load  may  be 
important,  but  as  yet  there  are  no  tests  for  comparison.  The  effect  from  mul- 
tiple tracks  must  also  be  considered.  The  provision  that  the  load  for 
multiple  tracks  shall  be  reduced  10%,  20%,  or  30%,  for  two,  three,  or  four 
tracks,  respectively,  is  crude.  The  conditions  should  be  susceptible  of  better 
analysis. 

It  is  known  that  the  impact  of  the  tests  is  due  mainly  to  the  blow  of  the 
unbalanced  drivers  and  to  the  synchronism  of  the  interval  of  the  hammer 
blow  with  that  of  the  vibration  of  the  span.  The  same  synchronism  from 
a  second  train  is  manifestly  impossible.  The  second  train  would  be  more  likely 
to  destroy  the  synchronism  of  the  first  train  than  to  augment  it.  Under  these 
circumstances  there  should  be  but  little  additional  impact  from  the  second 
train.  In  estimating  impact  from  the  second  train,  it  would  be  better, 
after  using  full  impact  from  the  first  train,  to  use  the  aggregate  loaded  length 
of  both  tracks  for  the  value  of  L,  somewhat  as  was  done  in  the  A.  R.  E.  A.  spec- 
ification of  1910.  For  tracks  in  reverse  operation  (as  the  second  track  in  two- 
track  bridges,  and  the  third  and  fourth  tracks  in  four-track  bridges),  only 
the  uniform  train  load,  without  impact,  should  be  used ;  and,  in  order  to  avoid 
unnecessary  refinement  in  calculations,  only  full  panel  loads  at  the  panel 
points  should  be  considered.  All  bridges  should  be  designed  for  possible  "left- 
hand"  train  service. 

In  selecting  an  impact  formula,  it  should  be  remembered  that  a  stress  of 
24  000  lb.  per  sq.  in.  is  provided  in  cases  of  overload,  and  any  formula  which 
may  be  adopted,  therefore,  should  cover  extreme  conditions.  To  be  able  to 
maintain  a  bridge  intelligently  is  quite  as  important  as  to  construct  one; 
in  fact,  engineers  should  always  bear  in  mind  the  contingency  of  maintenance 
in  bridge  design. 

Column  Formula. — In  the  early  days  of  iron  bridges,  the  practice  was 
to  proportion  columns  by  one  of  three  formulas,  depending  on  the  assumed 
condition  of  the  column  ends,  whether  fixed  at  both  ends,  fixed  at  one  end 
and  round  at  the  other,  or  round  at  both  ends.  Later,  it  was  considered 
advisable  to  use  only  one  formula,  that  for  both  ends  round,  as  the  end 
conditions  of  columns  in  a  structure  are  uncertain,  and  the  column  may  be 
subjected  to  many  unforeseen  conditions.  For  columns  with  round  ends  the 
formula  then  used  was  of  the  Rankine-Gordon  type,  which  was  considered  to  be 
so  approximate,  and  yet  so  safe,  that  a  straight-line  formula  might  give  equally 
satisfactory  results  within  the  limits  of  column  length  usually  found  in 
bridge  design.  It  was  a  new  thought,  a  change  from  the  monotonous  routine 
of  years,  and  a  recognition  that  engineers  need  not  be  confined  to  exact 
proportioning  where  unknown  conditions  were  so  prevalent.  Tabulated  values 
of  r  for  various  sections  simplified  its  application,  and  the  greater  conveniences 
of  the  older  formula — of  the  Rankine-Gordon  type — w-ere  soon  forgotten. 
The  straight-line  formula,  introduced  into  the  specifications  of  the  American 
Railway  Engineering  and  Maintenance  of  Way  Association,  of  1905,  1906, 

I 
and  1910,  was  p  ==  16  000  lb.  —  70  — . 


S98  DISCUSSION  ON  BRIDGE  DESIGN  AND  CONSTRUCTION 

A  great  number  of  tests  of  full-sized  columns  have  been  made  since  1880, 
and  these  tests  showed  the  surprising  result  that  pin-end  columns  do  not  act 
as  round  ends,  but  rather  as  flat  ends — that  the  bearing  on  the  pin  is  apparently 
sufficient  to  fix  the  direction  as  though  the  column  ends  were  flat.  The  tests 
on  steel  tubes  also  indicated  that  the  square-end  columns  and  the  fixed-end 
columns  gave  practically  the  same  results. 

The  most  systematic  and  complete  tests  that  have  been  made,  except  for 
extreme  lengths,  are  those  of  the  United  States  Bureau  of  Standards,  for  the 
Society's  Special  Committee  on  Steel  Columns  and  Struts.  Flat  ends  were 
used  in  all  cases,  and,  in  order  to  produce  equivalent  round-end  tests,  it  is 
necessary  to  plot  the  results  to  half  length. 

The  preference  for  the  straight-line  formula  was  based  on  its  simple  form, 
but  the  Special  Committee  on  Steel  Columns  and  Struts  went  one  step  further 
and  almost  abolished  the  column  formula  altogether.  It  proposed  a  uniform 
allowable  stress  of  12  000  lb.  per  sq.  in.  for  all  columns,  irrespective  of  length, 

I 
up  to  —    =  80,  and  beyond  that  length  the  allowable  stress  was  reduced  l)y 

I  I 

100  — ,  and  no  column  was   used  longer  than  —  =^  120.      Could  anything  be 

simpler?  This  simple  formula  was  never  actually  adopted,  but  its  influence 
is  shown  in  the  new  straight-line  formula  of  the  American  Railway  Engineer- 
ing Association  specifications  of  1920,  which  allows  a  uniform  stress  of  12  500 

I 
lb.  per   sq.  in.    on    all    columns,  irrespective    of   length,  up    to  —  ==  50,  and 

r 

I 
bey-ond  that  length  reduces  the  allowable  stress  by  50 — .     This  formula  is  as 

r 

simple  as  that  proposed  by  the   Special  Committee  on    Steel   Columns   and 

I 
Struts,  except  that  only  one-half  the  value  of  — ,  as  projiosed  b}'  the  Committee, 

r 

is  deducted  for  long  columns.  Both  these  formulas  neglect  the  well  estab- 
lished rule  that  the  maximum  allowable  column  stress  should  be  placed  at 

—  =z  40,  which  corresponds  to  —  =  12  for  solid  rectangular  sections.  The 
r  a 

upper  limit  of  12  500  lb.,  as  compared  with  the  basis  of  16  000  lb.  for  tension, 
however,  seems  to  be  a  useless  waste  of  material,  and  its  application  may  involve 
needless  expense  to  railroads.  It  will  condemn  many  existing  bridges  which 
have  been  well  designed  under  the  previously  accepted  column  formulas. 
It  is  unscientific,  and  is  particularly  objectionable  in  long  spans,  where  all 
useless  dead  weight  should  be  eliminated.  The  confidence  in  a  straight-line 
formula  appears  to  be  wavering.  The  Canadian  Engineering  Standards  Asso- 
ciation has   abandoned  it   altogether   and   adopted  the   "parabolic  formula", 

P 
I  =  12  500  —  i  ^r?  which,  although  it  is  as  purely  empirical  as  the  straight' 
r" 

line  formula,  may  be  used  in  maintenance  for  bridge  rating.  Is  it  not  an 
opportung  time  for  engineers  to  xeturni  to  a  reconsideration  of  the  entire 
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subject?  Each  individual  may  formulate  his  own  practice,  but  a  specification 
should  be  based  on  scientific  principles. 

The  Euler  formula  for  stress  due  to  flexure  in  long  columns  has  remained 
unquestioned  for  160  years,  the  only  criticism  being  that  it  does  not  provide 
for  the  direct  stress  to  which  all  columns  are  subjected.  Engineers  cannot  do 
better  than  accept  this  as  a  basis  for  a  formula  for  combined  stresses. 

The  substance  of  the  following  clause  is  found  in  every  bridge  specification : 

"Members  subject  to  both  direct  and  bending  stresses  shall  be  proportioned 
so  that  the  combined  fiber  stress  shall  not  exceed  the  allowable  stress  specified." 

Long  columns,  at  the  instant  of  rupture,  are  subjected  to  both  direct  and 
bending  stresses.  The  direct  stress  is  proportional  to  the  applied  load,  P. 
The  bending  stress,  according  to  the  Euler  formula,  is  inversely  proportional 

to  — r;  thus,  accordins'  to  Euler: 


P  =  ATt""  E 


■■{ji-i^hi^--. 


c  r 


.2 


The  formula  for  the  combined  stresses  may  then  be  written: 

Y  =^  P  +  P  (-^^=  P  {\  +^)l (XXI) 


a  r  I  \         a  r 

from  which  may  be  found  the  theoretical  fiber  stress  in  the  column  for  any 
given  load,  P.  This  is  of  great  importance  in  rating  the  strength  of  old 
bridges  in  service,  and  is  invaluable  to  the  maintaining  engineer. 

From  Equation  (XXI)  the  modified  Euler  column  formula  is  derived, 
which  includes  provision  for  direct  stress : 

P  =  —^ (XXII) 

a  r^ 

where  P  is  the  applied  load,  Y  is  the  yield  point  of  the  material  at  the  outer 
fiber,  and  a  is  a  constant  to  be  found  by  experiment. 

In  long  columns  the  yield  point  of  the  material  is  the  ultimate  strength 
of  the  column,  because,  at  the  instant  of  yielding,  the  flexure  increases  rapidly, 
and  the  resulting  increase  of  the  bending  moment  in  the  column  will  cause 
complete  failure  if  the  testing  machine  follows  with  full  load  as  rapidly 
as  the  column  collapses. 

This  formula  has  been  in  use  since  the  early  days  of  iron  bridge  design. 
It  is  applicable  to  columns  of  all  lengths,  and  may  be  used  in  maintenance 
as  well  as  in  construction. 

The  results  of  tests  on  full-sized  columns  made  by  the  U.  S.  Bureau  of 
Standards  for  the  Special  Committee  on  Steel  Columns  and  Struts  are  plotted 
on  Fig,  18,  on  which  also  is  shown  the  comparative  value  of  the  old  and  the 
new  straightline  formulas  of  the  American  Railway  Engineering  Association 
and  of  the  modified  Euler  formula  with  relation  to  those  tests.  The  coefficient, 
a,  of  the  last  named  formula  has  been  placed  at  13  500. 
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For  convenience  in  plotting  the  allowable  stresses  on  columns  by  Equation 
(XXII),  Table  9  of  the  Final  Report  of  the  Special  Committee  on  Specifica- 
tions for  Bridge  Design  and  Construction  on  Steel  Railway  Bridge  Super- 
structure,* may  be  used. 

The  design  and  construction  of  steel  bridges  is  still  in  a  transition  stage. 
The  loading  has  been  increased  until  it  would  seem  that  the  limit  had  been 
reached,  but  improvements  in  the  material  are  still  to  be  expected.  Steel  50% 
stronger  than  the  structural  steel  usually  specified  is  already  in  use,  and  there 
is  a  possibility,  even  a  probability,  that  a  still  stronger  steel  may  soon  be 
offered.  When  this  comes  the  formula  previously  mentioned  will  remain 
unchanged,  except  that  the  numerator  will  be  increased  in  proportion  to  the 
increased  yield  point  of  the  new  material. 
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The  accuracy  and  value  of  the  modified  Euler  formula  need  no  explanation. 
It  is  the  Rankine-Gordon  formula  of  long   service.     Of  the  two  American 

I 
Kailvvay  Engineering  Association  formulas,  the  old  one,  /»  =  16  000  —  70  — , 


*  See  p.  499. 
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ia   parallel   in   direction   to    the   averages   of   the   tests,    and    with   a   slight 
increase  of  the  factor  of  safety  would  practically  conform  to  those  tests;  the 

new  formula  of  1920,  P  =  12  500  —  TjO  — ,  allows  greater  stresses  for  the  longer 
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columns.  Neither  of  these  straight-line  formulas  can  be  used  definitely  to 
obtain  the  fiber  stress  to  which  a  long  column  may  be  subjected  in  service. 
The  only  objection  to  the  modified  Euler  formula  seems  to  be  that,  for 
convenient  use,  it  requires  a  table  of  values. 
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In  Table  10  of,  the  Final  Report  of  the  Special  Committee  on  Specifica- 
tions for  Bridge  Design  and  Construction  on  Steel  Railway  Bridge  Super- 
structure,* is  given  values  of  the  coefficient 

/  l""       \  I 

I  1  +  -.»  ^^^    o  )  1  Equation  (XXI),  for  values  of  —  from  40  to  250. 
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Since  the  early  days  of  bridge  design,  the  longitudinal  force  has  been  con- 
sidered as  due  to  a  coefficient  of  friction  of  20  per  cent.  A  thorough  investiga- 
tion of  this  subject,  some  years  ago,  convinced  the  writer  that  this  was  an 

*  See  p.  499. 
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error,  and  that  the  specification  was  honored  more  in  its  breach  than  in  its 
observance.  In  his  specification,  previously  mentioned,  and  for  reasons  then 
expressed,  a  coefficient  of  10%  was  adopted,  and  this,  he  believes,  is  higher 
than  necessary. 

The  strongest  claim  that  has  been  offered  for  any  practicable  column 
formula,  whether  it  is  the  straight-line  or  the  parabola,  is  its  agreement  with 
the  results  of  full  sized  tests.  The  Schwarz,  the  Gordon,  the  Rankine,  or  the 
Euler-modified,  or  by  whatever  name  it  may  be  known  in  its  long  line  of 
endorsement,  surpass  any  of  the  others  in  comparison  with  the  tests,  as  shown 
in  Fig.  18.  The  correctness  of  the  general  formula  is  strikingly  depicted  in 
the  diagrams,  Figs.  19  and  20,  of  tests  by  Tetmajer  and  Hodgkinson,  on  cast 
iron*  The  homogeneity  of  the  material  in  these  tests,  and  the  freedom  from 
irregularities  due  to  workmanship,  make  the  comparison  of  the  formula  with 
the  tests  particularly  instructive  as  illustrating  the  law  of  column  flexure 
and  failure.  This  formula  is  of  a  rational,  if  indeed  not  of  a  completely 
theoretical,  derivation,  and  is  the  oldest  and  best  established  formula  in  gen- 
eral use.    The  following  paragraphs  seem  worthy  of  consideration : 

The  fields  of  the  American  Railway  Engineering  Association  and  the  Amer- 
ican Society  of  Civil  Engineers  are  distinct,  as  has  been  suggested  by  Mr. 
Gruppy  and  others.  The  work  of  this  Society  is  toward  professional  sugges- 
tion, rather  than  business  authority.  The  authority,  as  well  as  the  responsi- 
bility, must  rest  with,  the  individual  engineer. 

The  suggestion  that  a  bridge  should  be  proportioned  for  its  ultimate 
load  is  really  the  crux  of  bridge  design.  It  was  with  this  in  view  that  the 
^\Titer  offered  a  specification  to  the  Society  in  1912,f  in  which  the  loading 
of  that  time,  E-40,  was  increased  25%,  to  E-50,  and,  at  the  same  time,  the 
basic  unit  stress  of  16  000  lb.  was  increased  25%,  to  20  000  lb.,  which  was  then 
considered  to  be  the  highest  stress  at  which  a  bridge  should  be  maintained. 
The  recent  adoption  by  the  A.  R.  E.  A.  of  24  000  lb.,  or  more,  as  the  safe 
limit,  has  been  accepted  with  some  misgiving,  but  the  fact  that  the  maximum 
assumed  loadings  are  seldom  reached  in  service  is  probably  the  saving  feature 
in  the  use  of  this  high  stress.  Although  one  may  prefer  that  a  bridge  be  pro- 
portioned for  the  ultimate  load,  a  direct  specification  to  that  effect  does  not 
seem  to  be  practicable  under  the  present  system  of  railroad  management.  The 
clause  for  overload  only  partly  covers  this  condition,  and  leaves  waste  material 
in  the  chord  sections.  It  would  be  better  to  permit  an  increase  of  50% 
in  the  allowable  stresses  specified,  provided  the  structure,  so  designed,  would 
carry  a  like  percentage  of  overload. 

Wind  Pressure. — The  structure  shall  be  designed  to  resist  a  wind  pres- 
sure, acting  in  either  direction  horizontally,  of  30  lb.  per  sq.  ft.  of  surfaces, 
as  seen  in  elevation,  the  floor  system,  considered  solid  area,  one  truss  complete, 
and  one-half  the  surface  of  all  remaining  trusses  (but  never  less  than  200 
lb.  per  lin.  ft.  of  loaded  chord,  and  150  lb.  per  lin.  ft.  of  unloaded  chord),  as 
well  as  that  of  a  train  14  ft.  high.  The  pressure  on  the  train,  as  well  as  one- 
half  the  pressure  on  the  structure,  shall  be  considered  as  a  moving  load. 

*  Plotted  by  A.  J.  Malukoff,  Assistant  Engineer,  Department  of  Bridges,  New  York  City, 
t  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXV  (1912),  p.  340. 
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If  a  wind  pressure  of  50  lb.  i^er  s<i.  ft.  of  unloaded  structure  would 
produce  greater  stresses  than  the  loading  specified  in  Article  109,  such  stresses 
shall  be  used. 

In  calculating  the  stresses  due  to  wind  forces  on  viaduct  towers,  the 
viaduct  shall  be  considered  as  loaded  on  the  leeward  track  with  empty  cars, 
of  weight  only  sufficient  to  prevent  overturning,  with  a  wind  pressure  of  500 
lb.  per  lin.  ft.,  acting  7  ft.  above  top  of  rail. 

The  requirement  in  some  specifications  that  provision  shall  be  made  for  a 
lateral  force  of  10%  of  the  specified  train  load  on  one  track  seems  very  exces- 
sive. The  centrifugal  force  of  a  train  moving  at  a  six'ed  of  30  miles  per  hour 
around  a  9°  curve  is  less  than  10%  and  no  such  condition  could  exist  for  a 
train  moving  on  a  straight  track. 

Unit  Stresses. — In  proportioning  the  several  parts  of  the  structure  the 
allowable  stresses  shall  be  increased  50%,  and  the  structure  designed  to  carry 
a  live  load  50%  greater  than  that  specified. 

Allowable  Pressure  on  Soils. — Wherever  practicable,  special  tests  of  the  bear- 
ing value  of  the  soil  will  be  made,  but  in  the  absence  of  more  definite 
information,  the  following  pressures  may  be  allowed: 

Kips  per 
square  foot. 

Sound  ledge  rock 30 

Hardpan,  or  compact  gravel 16 

Coarse  sand,  or  gravel 12 

Clean  sand,  or  dry  clay 8 

Clay  (moist)   4 

Soft  alluvial  soil ' 1 

On  deep  foundations  allowance  may  be  made  for  buoyancy  and  friction. 

Allowable  Pressure  on  ^Yooden  Piles. — Piles  shall  not  be  placed  closer 
than  2  ft.  6  in.,  centers,  and  will  be  generally  designed  to  sustain  30  000  lb.  per 
pile.    Their  supporting  power,  when  driven,  will  be  estimated  as  follows : 

(a). — When  the  pile  is  driven  to  refusal  and  supports  the  load  by  end 
bearing  only,  without  friction,  allow  1  200  lb.  per  sq.  in.  of  smallest 
cross-section,  properly  reduced  for  column  length  when  not  braced. 
(6). — When  driven  to  resistance  by  hammer  blows, 
_  2  Wh 
^  ""  cZ  -fl 
(c). — When  driven  by  water  jet,  or  in  soft  material, 
p={Sa  +  R)  L 
in  which : 

p  =  safe  load  per  pile,  in  pounds ; 
W  =  weight  of  hammer,  in  pounds ; 
h  =  height  of  fall  of  hammer  at  last  blow,  in  feet; 
d  =  penetration  under  last  blow,  in  inches; 
S  =   skin  surface  of  pile  in  ground,  in  square  feet;  and 
L  =  length  of  pile  in  ground,  in  feet. 
Net   Sections. — Net   sections    shall  be   used,   in   all   cases,   in   calculating 
tension  members,  and,  in  deducting  rivet  holes  they  shall  be  taken  as  J  in. 
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larger  than  the  nominal  diameter  of  the  rivet.  In  calculating  net  sections 
having  rivets  staggered,  all  rows  shall  be  deducted  unless  arranged  so  that  the 
net  section  along  a  zigzag  line,  taking  all  distances  on  the  diagonal  as  90% 
of  their  value,  exceeds  the  corresponding  net  section  across  the  plate. 

It  is  interesting  to  learn,  as  stated  by  Mr.  Goldmark,*  that  Launhardt  did 
not  take  his  own  formula  seriously  and  was  surprised  that  it  should  have  been 
adopted  so  extensively  in  the  United  States.  The  subject  was  thoroughly 
reviewed  by  the  speaker,  from  the  experiments  to  the  final  derivation  of  the 
formula,  and  the  results  presented  to  the  Society  in  the  form  of  a  paper.f  The 
conclusion  reached  was  that  the  Launhardt  formula  was  not  a  demonstration, 
and  the  tests  themselves  justified  the  inference  that  the  effect  of  an  indefinite 
number  of  applications  of  a  load  was  about  the  same  as  that  of  tlie  single  appli- 
cation of  a  load  at  double  this  amount.  This  is  the  basis  on  which  Cooper 
wrote  his  later  specification,  making  the  allowable  live  load  stresses  equal  to 
one-half  the  allowable  dead  load  stress.  Similarly,  it  was  seen  that  reversed 
stresses,  indefinitely  repeated,  had  the  effect  of  the  sum  of  these  stresses  if 
applied  in  one  direction. 

Methods  of  bridge  design,  since  that  time,  have  been  entirely  changed. 
It  is  recognized  that  a  load,  within  the  elastic  limit,  or  yield  point,  may  be 
applied  an  indefinite  nimiber  of  times  without  practical  injury  to  the  material 
from  fatigue.  Engineers,  therefore,  have  sought  to  find  the  greatest  stress 
effect  of  an  applied  train  load,  and,  for  this  purpose,  impact  tests  have  been 
made.  Whether  or  not  those  tests  show  the  result  of  impact,  vibration,  etc.,  they 
show  the  greatest  possible  intensity  from  live  load,  and  when  the  maximum 
intensity  of  live  load  is  known,  and  the  allowable  stresses  are  kept  well  within 
the  elastic  limit,  the  assumptions  provide  for  fatigue,  and  are  safe. 

When  stresses  up  to  24  000  lb.  per  sq.  in,  are  maintained,  the  limit  of  safety 
is  nearly  reached,  considering  that  there  are  still  some  unknown  secondary 
stresses.  Therefore,  the  impact  formula,  so-called,  should  cover  the  most 
extreme  conditions  known.  The  tests  which  were  shown,  occur  rarely,  but  they 
do  occur,  and  it  is  just  that  contingency  which  should  be  met.  This  is  the 
basis  of  present-day  bridge  design. 

The  fact  that  a  bridge  has  stood  the  test  of  service  does  not  necessarily 
mean  that  it  has  been  economically  designed  or  properly  proportioned. 

A  bridge  of  heavy,  wasteful  design  may  show  a  good  service  record,  yet 
another  which  is  lighter  in  weight,  but  more  rigid  under  traffic,  may  produce 
an  equally  good  record  in  service. 

*  See  p.  582. 

t  "The  Launhardt  Formula  and  Railroad  Bridge  Specifications,"  Transactions,  Am.   Soc. 
C.   E.,  Vol.   XL!    (1899),   p.    140. 
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Synopsis 


For  some  time  bridge  engineers  have  recognized  that  the  Cooper  system 
of  loading  has  ceased  to  provide  a  correct  specification  for  the  design  of  rail- 
way bridges,  as  it  does  not  properly  represent  modern  locomotive  loadings. 
The  specifying  of  different  weights  of  Cooper  engines  for  different  lengths  of 
span  or  for  different  members  of  the  same  span  (as  has  been  done)  is,  ,at  best, 
a  makeshift  solution  of  the  problem,  and  only  serves  to  emphasize  the  need 
of  a  more  consistent  loading  specification.  In  the  successive  attempts  to 
keep  pace  with  the  continuous  increase  in  railway  loadings,  the  Cooper  load- 
ing has  been  "strained  beyond  its  elastic  limit." 

This  paper  presents  a  new  loading  system  based  on  a  study  of  the  stress- 
producing  effects  of  modern  heavy  locomotives. 

The  basic  idea  was  to  establish  the  maximum  stresses  producible  at  all 
sections  of  all  spans  by  the  heaviest  existing  locomotive  loadings.  The  com- 
posite results  showed  a  variation  in  equivalent  Cooper  ratings  ranging  from 
E-75  for  the  shorter  spans  to  E-60  for  the  longer  ones. 

As  the  composite  of  the  heaviest  existing  locomotive  loadings  is  the  best 

*  Presented  at  the  meeting  of   September  6,   1922. 
t  Cons.  Engr.,  New  York  City. 
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index  of  the  directions  in  which  the  present  average  locomotive  loadings  may 
be  expected  to  increase,  it  may  fairly  be  taken  as  a  standard  or  norm  to 
which  any  new  loading  diagram  proposed  for  the  design  of  railway  bridges 
ought  to  conform.  The  next  step,  therefore,  was  to  devise  a  loading  diagram 
or  formula  conforming  as  closely  as  practicable  to  this  composite  standard 
or  norm.    This  paper  offers  three  alternative  solutions  of  this  problem: 

1. — A  conventional  wheel-load  diagram,  representing  a  locomotive  of  the 
Mallet  type. 

2. — A  simplified  loading  diagram,  consisting  of  a  uniform  load  with  three 
excess  concentrations. 

3. — A  simple  loading  formula,  giving  directly  the  equivalent  uniform  load 
for  any  section  of  any  span. 

Each  of  these  three  alternative  solutions  has  its  distinctive  advantages. 
The  first  represents  the  least  departure  from  present  methods,  involving  merely 
the  substitution  of  a  new  and  simpler  wheel-load  diagram  for  the  one  now 
in  use. 

The  second  solution  offers  a  greatly  simplified  loading,  which  can  be  used 
expeditiously  without  tables  or  charts. 

The  third  solution  is  the  most  scientific  in  principle  and  most  convenient 
in  application;  tables,  diagrams,  and  charts  become  endowed  with  simplicity 
and  regularity;  or,  if  tables  and  charts  are  not  at  hand,  any  maximum  stress 
can  be  found  by  a  simple  operation  on  the  ordinary  slide-rule. 

To  expedite  the  application  of  the  three  proposed  loading  specifications, 
tables,  charts,  and  isogenic  diagrams  of  equivalent  uniform  loads  are  pre- 
sented. Shear  and  moment  graphs  are  also  given,  to  show  how  closely  the 
three  proposed  loadings  conform  to  the  composite  standard  for  span  lengths 
from  10  to  1  000  ft. 

For  each  proposed  loading  system,  the  intensity  corresponding  to  the 
composite  standard  is  designated  as  Loading  M-60.  This  loading  can  be 
increased  or  reduced  in  fixed  ratios  in  the  same  manner  as  the  Cooper  sys- 
tem of  loading.  A  rating  chart  and  rating  tables,  included  in  the  paper, 
permit  quick  comparison  or  conversion  of  E  and  M  ratings  for  any  member 
of  any  span. 

Loading  M-60  will  give  stresses  for  all  spans  very  close  to  the  maximum 
stresses  producible  by  the  heaviest  existing  locomotive  loadings.  It  is  about 
equivalent  to  Cooper's  E-75  for  short  spans  and  to  Cooper's  E-60  for  very 
long  spans. 

The  adoption  of  Loading  M-60  as  a  future  loading  specification  instead  of 
E-60  will  insure  that  the  short  spans  are  strong  enough  for  the  heaviest 
locomotives  and  trains,  without  penalizing  the  longer  spans  with  a  25% 
waste  of  metal. 

The  object  of  this  paper  is  to  direct  attention  to  the  inadequacy  of  the 
Cooper  system  to  represent  properly  modern  railway  loadings;  to  submit,  for 
the  consideration  of  the  Engineering  Profession,  three  alternative  forms  of 
a  new  loading  system  based  on  the  stress-producing  effects  of  modern  locomo- 
tives; and  to  secure,  through  discussion,  a  consensus  of  opinion  as  to  which 
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of  the  three  proposed  forms   should  be   recommended  as   a  future  loading 
specification. 


Introduction 

The  Cooper  system  of  loading  was  introduced  into  American  bridge  practice 
about  30  years  ago.  At  that  time,  the  heaviest  loads  to  be  provided  for  were 
properly  represented  by  the  Cooper  E-40  loading,  consisting  of  two  consolida- 
tion locomotives  with  40  000  lb.  on  each  driver  axle,  followed  by  a  uniform 
train  load  of  4  000  lb.  per  lin.  ft. 

Since  then  there  has  been  a  rapid  and  continuous  augmentation  of  locomo- 
tive and  train  weights.  To  provide  for  this  increase,  the  original  Cooper 
E-40  loading  was  raised  in  successive  specifications  to  the  present  values  of 
E-60  and  E-70  by  applying  fixed  multiplying  factors  to  the  original  loading 
diagram.  This  procedure  could  be  applied  indefinitely,  without  error,  if  the 
governing  locomotive  types  and  wheel  spacings  remained  unchanged,  and  if 
the  uniform  train  loads  increased  in  the  same  proportion  as  the  axle  con- 
centrations. 

However,  the  old  Consolidation  locomotive  has  been  superseded  by  new 
types  of  engines  having  different  wheel  groupings  and  weight  distributions. 
The  wheel  diagrams  of  such  modern  locomotive  types  as  the  Mikado,  Mallet,  or 
Santa  Ee,  bear  little  resemblance  to  the  Cooper  engine  diagram.  Moreover, 
since  the  days  of  the  E-40  loading,  the  axle  concentrations  have  increased 
100%,  whereas  the  weight  of  train  per  linear  foot  has  increased  barely  50 
per  cent.  It  should  be  obvious,  from  these  considerations,  that  a  limit  has 
been  reached  in  the  proportionate  stretching  of  the  old  Cooper  engine  load- 
ing to  make  it  fit  modern  loading  conditions,  and  that  the  time  has  come  to 
make  a  fresh  start,  with  a  system  based  on  the  existing  locomotive  and  train 
loads. 

Besides  minor  anomalies,  the  most  serious  indictment  against  the  Cooper 
system  is  that  bridges  of  uniform  strength  for  present-day  traffic  cannot  be 
obtained  except  by  specifying  different  classes  of  the  Cooper  loading  for 
different  lengths  of  span  and  for  different  members  of  the  same  span.  The 
maximum  equivalent  Cooper  rating  of  the  heaviest  existing  locomotives  varies 
from  E-75  for  short  spans  to  E-60  for  long  spans. 

For  the  New  York  Central  Lines,  provision  in  part  is  made  for  this  varia- 
tion by  specifying  Cooper's  E-70  for  spans  up  to  200  ft.  and  E-65  for  spans 
of  more  than  200  ft.  This,  however,  does  not  provide  for  variations  within 
a  structure  of  given  span. 

In  strengthening  the  Niagara  Railway  Arch  Bridge,  C.  E.  Fowler,  M.  Am. 
Soc.  C.  E.,  adopted  E-70  for  the  floor  system  of  the  550-ft.  span;  E-60  for 
the  truss  members  of  the  same  span;  and  E-70  for  the  truss  members  of  the 
115-ft.  approach  spans. 

Such  hybrid  loading  specifications,  necessitated  by  the  lack  of  correspond- 
ence between  the  Cooper  system  and  modern  train  loads,  have  obvious  dis- 
advantages and  are,  at  best,  a  makeshift  solution  of  the  problem.  They  serve 
only  to  emphasize  the  need  of  a  new  loading  specification  that  will  be  more 
consistent  with  present-day  traffic. 
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The  Cooper  loading  does  not  correspond  to  modern  locomotives,  and  its 
retention  as  a  standard  for  design  is  unscientific.  Its  use  produces  designs 
that  are  unbalanced  for  present-day  loadings.  For  instance,  the  Pennsyl- 
vania Eailroad  N-l-S  locomotives  are  equivalent  to  Cooper's  E-55  for  some 
bridge  members  and  to  E-75  for  others,  a  range  of  variation  of  37  per  cent. 
The  Erie  2-10-2  locomotives  are  equivalent  to  Cooper's  E-53  for  some  bridge 
members  and  to  E-70  for  others,  a  range  of  variation  of  32  per  cent.  Other 
locomotives,  compared  by  the  writer,  gave  similar  ranges  of  variation.  In 
other  words,  structures  designed  for  the  arbitrary  Cooper  loading  will  not  be 
of  uniform  strength  for  a  given  modern  locomotive;  some  of  the  members  in 
a  span  will  be  defective  in  strength  in  comparison  with  others,  and  some  of 
the  spans  in  a  line  will  be  disproportionately  weak  in  comparison  with  others; 
and  this  difference  in  strength  may  amount  to  as  much  as  30  or  40  per  cent. 

An  argument  advanced  for  retaining  the  Cooper  loading  is  that  it  affords 
a  convenient  standard  for  rating  bridges;  but  the  writer  maintains  that  a 
standard  that  has  become  warped  to  such  an  extent  as  to  yield  results  that  fail 
to  harmonize  by  30  to  40%,  has  outlived  its  usefulness. 

A  new  loading,  in  the  form  of  a  diagram,  formula,  or  chart,  should  be 
developed  for  future  specifications.  This  loading  should  satisfy  the  following 
requirements : 

1. — It  should  give  results  that  harmonize  closely  with  the  stresses  pro- 
ducible by  modern  heavy  locomotives. 

2. — It  should  be  heavy  enough  to  provide  for  the  probable  future  increase 
in  loading  during  the  desired  life  of  the  structure.  Accordingly,  it  should  be 
from  25  to  50%  heavier  than  the  average  present  loading  (supposed  to  be 
represented  by  E-60). 

3. — It  should  be  presented  in  such  form  as  will  yield  maximum  facility 
of  application  and  will  discourage  meaningless  refinement  of  computation. 

The  foregoing  considerations  have  prompted  and  guided  the  investigations 
embodied  in  this  paper. 

Composite  of  Heaviest  Existing  Locomotives 

The  first  step  toward  establishing  a  new  standard  loading  was  to  make  an 
analysis  of  the  stress-producing  effects  of  the  heaviest  existing  locomotives. 

The  most  scientific  way  of  studying,  recording,  and  comparing  the  stress- 
producing  characteristics  of  any  specified  loadings  for  all  sections  of  all  spans 
is  on  the  basis  of  equivalent  uniform  loads.  The  equivalent  uniform  load  for 
any  section  of  any  span  represents  the  stress-producing  value  of  a  given 
loading,  divested  of  all  dimensional  factors.  Such  a  system  of  equivalent 
uniform  loads  was  first  published  by  the  vsrriter  as  a  device  for  expediting  the 
calculation  of  stresses  for  the  Cooper  loading.  (See  Plate  IV.)  The  system 
is  based  on  the  principle  that  the  equivalent  uniform  load  for  any  stress 
depends  only  on  the  horizontal  lengths,  l^  and  l^,  of  the  two  segments  of  the 
influence  triangle  for  that  stress.  It  is  merely  necessary  to  multiply  this 
equivalent  uniform  load  (taken  from  a  table  or  chart)  by  a  simple  dimensional 
factor  to  obtain  the  maximum  value  of  any  stress. 


610  LOCOMOTIVE  LOADINGS   FOR  RAILWAY  BRIDGES 

Accordingly,  the  writer  determined  the  equivalent  uniform  loads  for  the 
seven  heaviest  existing  locomotives.  The  results  are  tabulated  in  Plate  V. 
The  locomotives  included  in  this  analysis  and  comparison  are  the  following: 

(1)  The  Erie  Railroad  Class  P-1  (2-8-8-8-2). 

(2)  The  Virginian  Railway  (2-10-10-2). 

(3)  Two  Pennsylvania  Railroad  N-l-S  engines  (2-10-2). 

(4)  Two  Erie  engines  (2-10-2). 

(5)  The  Virginian  Railway   (2-8-8-2). 

(6)  The  U.  S.  Standard  (2-8-8-2)  B. 

(7)  The  Lake  Shore  and  Michigan  Southern  Mallet  (0-8-8-0). 

Behind  each  of  these  locomotives  is  a  uniform  train  load  of  6  000  lb.  per 
lin.  ft.,  which  fairly  represents  the  heaviest  continuous  train  loads.  (An 
extra  heavy  coal  car  on  the  Virginian  Railway  weighs  5  940  lb.  per  ft.  of 
track  when  loaded  to  capacity,  and  6  380  lb.  per  ft.  with  10%  overload.) 

The  table  given  on  Plate  V  covers  a  range  of  values  of  ^^  and  l^  extend- 
ing from  10  to  1 000  ft.  For  each  point  in  the  table,  there  are  recorded 
seven  values  of  equivalent  uniform  loads  corresponding,  respectively,  to  the 
seven  locomotives  previously  listed.  The  largest  of  the  seven  values  in  each 
block  is  indicated  in  bold-face  type. 

These  maximum  equivalent  uniform  loads,  given  in  bold-face  type  on 
Plate  V,  represent  a  composite  of  the  heaviest  existing  loadings.  A  table 
of  these  maximum  values  would  constitute  in  itself  an  adequate  loading 
specification  to  insure  the  safe  and  balanced  design  of  all  spans  for  the 
heaviest  present-day  locomotives. 

The  seven  locomotives  are  listed  in  the  general  order  of  their  stress-produc- 
ing effects.  There  are,  however,  variations  from  this  order;  each  locomotive  has 
low  iK)ints  in  the  table,  Plate  V,  where  it  is  overlapped  by  one  or  more 
of  the  lighter  locomotives.  This  fact  constitutes  an  outstanding  advantage 
of  a  composite  loading,  as  it  is  free  from  arbitrary  low  points  due  to  the 
individual  peculiarities  of  a  single  locomotive. 

It  is  found  by  inspection  of  the  table,  Plate  V,  that  Locomotive  No.  1 
produces  maximum  stresses  for  all  points  above  an  indicated  zigzag  line  cor- 
responding approximately  to  a  span  of  150  ft.  Between  this  line  and  a 
lower  zigzag  line,  corresponding  to  a  span  of  about  60  ft..  Locomotive  No.  2 
produces  maximum  stresses.  For  all  shorter  spans.  Locomotive  No.  3  is  the 
governing  load.  Therefore,  Locomotives  Nos.  1,  2,  and  3  are  sufficient  to 
cover  the  entire  field  of  existing  locomotives  as  far  as  maximum  stress- 
producing  effect  is  concerned.  A  composite  of  these  three  engines  would  give 
stresses  greater  than  any  known  loading  for  any  section  or  member  of  any 
span. 

In  order  to  present  in  graphic  form  the  composite  stress-producing  charac- 
teristics of  the  heaviest  locomotives,  the  maximum  values  of  the  equivalent 
uniform  loads  were  next  platted  on  a  chart,  Plate  VI.  This  diagram  is 
of  the  same  form  as  Plate  IV  for  the  Cooper  loading,  referred  to  previously. 
It  possesses,  however,  striking  advantages  over  the  Cooper  chart.  The  curves 
are  more  regular  and  the  spacing  is  more  even;  the  low  points  and  kinks  due 
to   the  idiosyncracies  of  the   Cooper  engine  diagram  are  eliminated.     The 
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smoothness  of  the  curves  is  an   insurance  against  designs   becoming  unbal- 
anced by  future  changes  in  locomotive  wheel  diagrams. 

This  chart,  Plate  VI,  does  not  represent  any  single  known  engine  but, 
instead,  it  represents  a  maximum  composite  of  all  existing  engines  and  train 
loads,  including  the  heaviest  types.  No  known  loading  can  produce  a  greater 
stress  in  any  member  than  is  given  by  this  chart.  Surely  this  fact  alone 
ought  to  commend  the  chart  as  a  standard  for  future  loading  specifications. 

This  chart,  Plate  VI,  may  be  conceived  as  a  plat  of  equivalent  load 
curves,  each  enveloping  the  corresponding  curves  for  all  existing  locomotives. 

The  author  submits  this  chart,  Plate  VI,  or  its  tabular  form,  Plate 
V,  to  the  Profession  as  a  standard  or  norm  to  which  any  new  loading  dia- 
gram proposed  for  the  design  of  railway  bridges  ought  to  conform.  If  desired, 
this  chart  alone  could  be  incorporated  in  bridge  specifications  as  a  simple 
and  adequate  prescription  for  all  railway  live  load  stresses.  Bridges  designed 
thereby  would  be  safe,  without  waste,  for  the  heaviest  loadings  thus  far 
developed. 

The  loading,  real  or  imaginary,  represented  by  this  chart,  Plate  VI, 
will  hereinafter  be  referred  to  as  the  "Composite  Standard  Loading",  and  will 
be  designated  by  the  class  symbol,  M-60. 

Plate  VII  presents  a  tabulation  giving  for  each  point  the  equivalent  uni- 
form load  for  the  Composite  Standard  Loading  and,  also,  the  respective  ratios 
thereto  of  the  equivalent  uniform  loads  for  the  seven  heaviest  existing 
locomotives. 

This  table,  Plate  VII,  is  presented,  primarily,  to  show  how  little  the  Com- 
posite Standard  Loading  would  be  changed  by  the  omission  of  any  one 
of  the  seven  loadings  entering  into  it.  For  instance,  if  Locomotive  No.  1 
were  omitted,  the  maximum  reduction  of  stress  would  be  only  3.6% ;  if  Loco- 
motive No.  2  were  eliminated,  the  maximum  stress  reduction  would  be  only 
3.9% ;  if  Locomotive  No,  3  were  omitted,  there  would  be  no  stress  reduction, 
except  for  very  short  spans;  if  any  or  all  of  the  remaining  locomotives  Nos, 
4  to  7,  inclusive)  were  omitted,  the  Composite  Standard  Loading  would  be 
entirely  unaffected. 

As  the  omission  of  any  of  the  heaviest  locomotives  effects  so  slight  a 
reduction  in  the  Composite  Standard  Loading,  it  is  logical  to  expect  that 
the  addition  of  any  new  locomotive  that  may  be  developed  in  the  near  future 
will  produce  an  equally  slight  augmentation  in  the  Composite  Standard  Load- 
ing. In  other  words,  the  Composite  Standard  Loading  provides  for  probable 
future  development  in  load  distribution  as  well  as  for  present-day  loading. 

The  tabulation  of  percentages  in  Plate  VII  is  also  useful  in  comparing 
the  stresses  given  by  the  Composite  Standard  Loading  and  those  producible 
by  any  one  of  the  heavy  locomotives  listed.  For  instance,  if  Locomotive  No.  7 
(the  Lake  Shore  and  Michigan  Southern  Mallet)  is  the  heaviest  locomotive 
on  a  line,  and  if  the  spans  do  not  exceed  300  ft.,  the  tabulation  on  Plate  VII 
shows  that  it  will  be  sufficient  to  specify  90%  of  the  Composite  Standard 
Loading. 
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If  the  stresses  for  any  bridge  are  calculated  from  the  chart,  Plate  VI, 
for  the  Composite  Standard  Loading,  the  percentages  tabulated  in  Plate  VII 
can  then  be  applied,  if  desired,  to  give  the  exact  stresses  producible  by  any 
specific  heavy  locomotive. 

The  tabulated  percentages  in  Plate  VII  can  also  be  used  to  show  the 
safety,  under  any  proposed  engine,  of  a  structure  designed  for  any  other 
engine  in  the  list.  Other  uses  of  this  table,  Plate  VII,  will  suggest  them- 
selves to  the  bridge  engineer. 

The  table  on  Plate  VIII  gives  the  equivalent  uniform  load  (per  track)  for 
the  Cooper  E-60  loading  for  any  section  in  any  span  and,  also,  the  corresponding 
Cooper  ratings  for  the  seven  heaviest  locomotive  loadings,  in  order  to  permit 
direct  comparison  or  conversion  of  stresses. 

Aside  from  the  general  purpose  of  this  paper,  this  table,  Plate  VIII,  is 
useful  for  determining  the  overloading  effects  of  any  one  of  the  heavy  locomo- 
tives on  a  structure  designed  for  a  given  Cooper  loading. 

The  principal  object  in  presenting  this  table,  Plate  VIII,  however,  is  to 
show  the  disparity  between  the  Cooper  loading  and  the  heavy  locomotives 
now  in  use.  Table  1  shows  the  extreme  variations  in  equivalent  Cooper 
ratings  for  the  seven  locomotives  investigated. 

TABLE  1. — Equivalent  Cooper  Eatings  of  Seven  Heaviest  Existing 
Locomotive  Loadings. 


Loading. 

Minimum  rating. 

Maximum  rating. 

Range  of  variation. 

1 

E-60.1 

E-72.0 

20O/O 

2 

E-60.0 

E-73.5 

22" 

3 

E-54.8 

K-75.0 

37" 

4 

E-52.r 

E-69.3 

32" 

5 

E-56.1 

E-68.2 

22" 

6 

E-54.7 

E-66.3 

21  " 

7 

E-52.3 

E-65.0 

24" 

This  attempt  to  apply  the  Cooper  system  as  a  measuring  standard  for 
rating  existing  railway  loadings  reveals  the  difficulties  that  have  arisen.  The 
Cooper  system  and  modern  loadings  have  become  incommensurable.  A  given 
modern  loading  cannot  be  expressed  as  a  given  equivalent  in  the  Cooper  sys- 
tem, otherwise  an  error  of  20  to  37%  will  be  introduced.  As  a  measuring 
or  rating  standard  for  present-day  traffic,  the  Cooper  system  yields  results  that 
are  radically  inconsistent. 
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This  disproportion  between  the  Cooper  system  and  actual  modern  loadings 
has  made  it  almost  prohibitively  difficult  for  the  railroads  to  "Cooperize"  their 
bridges.  The  engineer  of  structures  of  one  of  the  prominent  lines  recently 
told  the  writer  that  it  had  been  given  up  as  a  hopeless  task.  When  an  attempt 
was  made  to  fix  the  Cooper  rating  of  a  bridge  designed  for  the  road's  actual 
equipment,  one  Cooper  rating  would  be  obtained  for  the  stringers,  another 
for  the  floor-beams,  still  another  for  the  chord  members,  and  a  different  rating 
again  for  the  web  members. 

A  simple  illustration  of  this  incommensurability  of  the  Cooper  system 
with  modern  loadings  is  given  in  Fig.  1,  representing  the  Cooper  rating  dia- 
gram of  a  140-ft.  span  designed  for  the  Pennsylvania  Railroad  N-l-S  engines. 
The  ratings  shown  are  taken  directly  from  Plate  VIII. 

If  the  bridge  is  intended  for  the  modern  engine,  but  is  designed  accord- 
ing to  the  Cooper  loading  specification,  there  will  be  a  relative  overstressing  or 
waste  of  metal  in  some  of  the  parts,  amounting  to  37  per  cent.  Such  varia- 
tion or  discrepancy  appears  to  the  writer  to  be  a  sufficient  indictment  against 
the  Cooper  system  as  a  present-day  specification. 

The  next  step  was  to  construct  a  graphic  chart  for  rating  the  Composite 
Standard  Loading  (M-60)  in  terms  of  the  Cooper  system.  This  chart,  pre- 
sented on  Plate  IX,  was  obtained  by  plotting  the  maximum  E-ratings  taken 
from  the  tabulation  on  Plate  VIII. 

The  kinks  in  this  chart  are  not  due  to  any  irregularities  in  the  Composite 
Standard;  they  represent  the  peculiarities  of  the  Cooper  loading  diagram. 
The  same  irregularities  are  found  in  any  chart  or  diagram  relating  to  the 
Cooper  loading,  whereas  a  chart  constructed  for  the  Composite  Standard 
(such  as  Plate  VI)  is  comparatively  smooth  and  free  from  disturbing 
irregularities. 

This  chart,  Plate  IX,  can  be  used  as  a  rating  chart  for  comparing  or 
converting  the  stresses  from  the  Cooper  loading  and  the  stresses  from  the 
Composite  Loading  (M-GO)  proposed  herein  as  a  standard.  Thus,  at  the 
middle  of  a  40-ft.  span  (Z^  =  20,  Z,  =  20),  the  proposed  loading  is  equivalent 
to  Cooper's  E-75.  At  the  quarter-points  of  a  400-ft.  span  (l^  =  100,  l^  =  300), 
the  proposed  loading  is  equivalent  to  Cooper's  E-63.4. 

Table  2  shows  the  Cooper  ratings  of  the  proposed  loading  (M-60),  for 
various  spans,  obtained  from  Plate  IX  and  the  corresponding  table,  Plate  VIII. 

It  is  also  shown  in  Table  2  that  the  proposed  Composite  Loading  (M-60)  is 
equivalent  to  about  Cooper's  E-75  at  short  spans  and  to  Cooper's  E-60  at  long 
spans.  In  other  words,  the  Cooper  rating  of  the  proposed  loading  (M-60) 
gradually  diminishes  from  E-75  to  E-60  as  the  length  of  span  is  increased. 

This  variation  shows  that  bridges  of  different  span  length  in  the  same 
line  will  not  be  of  uniform  strength  under  modern  loading,  if  they  are 
designed  for  a  uniform  class  of  the  Cooi)er  loading.  If  designed  for  E-60, 
the  shorter  spans  will  be  overstressed  25% ;  if  designed  for  E-75,  the  longer 
spans  will  have  a  25%.  waste  of  metal.  Under  these  conditions,  a  single  load- 
ing that  will  result  in  bridges  of  uniform  strength  for  all  spans  and  for  all 
members  in  any  span,  should  be  preferred  to  the  Cooper  system.    If  designed 
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for  the  proposed  M-60  loading,  all  members  of  all  spans  will  be  of  uniform 
strength  under  modern  loading  conditions,  and  any  member  of  any  span  will 
be  strong  enough,  without  waste,  to  carry  the  heaviest  existing  locomotive 
loads. 

TABLE  2. — Equivalent  Cooper  Eatings  of  the  Proposed 
Composite  Loading  (M-60). 


Spans. 

E-rating  for  center  moments. 

E-rating  for  end  shears. 

10 

E-72 

E-72 

20 

E-73 

E-74 

SO 

E-74 

E-73 

40 

E-75 

E-72 

50 

E-78 

E-70 

60 

E-72 

E-71 

70 

E-72 

E-71 

80 

E-73 

E-71 

90 

E-73 

E-70 

100 

E-73 

E-69 

120 

E-71 

E-68 

140 

E-69 

p;:-67 

160 

E-68 

E-67 

180 

E-67 

E-66 

200 

E-66 

E-66 

250 

K-65 

E-65 

300 

E-63 

E-65 

400 

E-62 

E-64 

500 

E-61 

E-63 

600 

E-61 

E-63 

700 

E-61 

E-62 

800 

E-61 

E-63 

900 

E-60 

E-62 

1000 

E-60 

E-62 

Having  constructed,  as  a  substitute  for  the  Cooper  system,  a  composite 
of  the  heaviest  existing  locomotives  in  the  form  of  a  table  (Plate  V)  and 
a  chart  (Plate  VI)  of  maximum  equivalent  uniform  loads,  the  problem  of 
devising  a  more  condensed  and  more  tangible  form  of  representing  this  new 
loading  system  will  be  discussed.  In  the  following  pages,  the  writer  presents 
three  alternative  solutions  of  this  problem : 

1. — A  proposed  engine  diagram,  consisting  of  a  simple  conventional  system 
of  axle  concentrations,  followed  by  a  uniform  train  load. 

2. — A  simplified  loading  diagram,  consisting  of  a  uniform  load  with  a 
floating  group  of  three  excess  concentrations. 

3. — A  loading  formula,  giving  directly  the  equivalent  uniform  load  for 
maximum  stress  at  any  section  of  any  span. 

These  three  alternative  methods  of  specifying  the  proposed  loading  system 
will  be  presented  and  discussed  in  turn. 

Proposed  Engine  LoADma 

The  engine  loading  diagram  devised  to  represent  the  composite  of  the 
heaviest  existing  locomotives  is  shown  on  Figs.  2,  3,  4,  5,  6,  and  7,  and  Plate  X. 

Of  necessity,  a  locomotive  of  the  Mallet  type  was  adopted.  (Five  of  the 
seven  heaviest  locomotives,  as  shown  on  Plate  Y,  are  of  the  Mallet  type.) 

Five  axles  to  each  group  of  drivers  were  found  to  be  necessary.  (Three 
of  the  four  heaviest  locomotives  have  Decapod  grouping.) 
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Shorter  Scirmant.  / 1 
8    S 


Any  Triangula:         

(1=  Shorter  Scjiment  of  Influence  Triangle, 
Ij^Lionger  Segment  of  Influence  Triangle, 


CHART 

OF 

COOPER  RATINGS 

OF 

HEAVIEST  LOCOMOTIVE  LOADINGS 

This  chart  gives  the  Cooper's  Ensine  Loading 
equivalent  to  the  heaviest  modern  locomotive 
luadinss  for  any  stress  In  any  span. 
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This  makes  a  total  of  ten  driving  axles,  the  same  as  in  the  heaviest  locomo- 
tive loadings,  Nos.  2,  3,  and  4.  (In  ISTos.  5,  6,  and  7,  there  are  only  eight  driv- 
ing axles.    In  No.  1,  there  are  twelve  driving  axles). 

In  order  to  obtain  the  same  stresses  for  small  spans  as  are  produced  by 
the  heavy  group  of  driver  concentrations  of  Locomotive  No.  3  (Pennsylvania 
Eailroad  N-l-S),  it  was  found  necessary  to  make  one  group  of  axle  loads  in 
the  proposed  engine  diagram,  75  000  lb.  each.  Each  of  the  axle  loads  in  the 
other  group  were  made  60  000  lb.,  in  order  to  keep  down  the  stresses  for  longer 
spans  to  the  values  produced  by  Locomotives  Nos.  1  and  2. 

The  spacing  of  the  60  000-lb.  axles  was  made  5  ft.,  as  this  is  the  closest 
spacing  of  such  axles  in  any  existing  loading.  The  spacing  of  the  75  000-lb. 
axles  was  made  5^  ft.,  for  the  same  reason.  (In  Locomotives  Nos.  2,  5,  6,  and  7, 
the  60  000-lb.  axles  are  spaced  approximately  5  ft.  apart ;  and  in  Locomotives 
Nos.  1,  3,  and  4,  the  heavier  axles  are  spaced  5J  ft.  apart.)  The  heavier  group 
of  axles  was  placed  in  the  rear,  following  the  precedent  of  Locomotive  No.  1. 

A  pair  of  pilot  wheels  was  added,  as  required  by  the  stresses,  in  accordance 
with  the  precedent  fixed  by  the  six  heaviest  locomotives.  The  trailing  wheels 
and  tender,  however,  are  considered  as  being  absorbed  in  the  uniform  train 
load  which  follows  the  locomotive.  As  modern  cars  have  concentrated  loads 
exceeding  those  of  the  trailing  wheels  and  tender,  it  is  inconsistent  refinement 
to  represent  the  one  by  concentrations  and  the  other  by  a  uniform  load. 

The  proposed  engine  diagram  is  thus  reduced  to  a  conventional  2-10-10 
grouping  of  wheels,  followed  by  a  uniform  train  load  of  6  000  lb.  per  lin.  ft. 

Although  the  engine  diagram  is  really  determined  by  the  conditions  pre- 
viously set  forth,  the  writer  arrived  at  the  same  diagram  by  a  synthetic 
method  which  closely  fixed  each  axle  load  and  each  wheel  spacing. 

In  constructing  a  chart  of  equivalent  uniform  loads,  one  begins  with  a  wheel 
diagram  and  proceeds  to  find  the  corresponding  equivalent  uniform  loads.  In 
the  present  case,  the  problem  is  reversed:  The  equivalent  uniform  loads  are 
listed  for  all  sections  of  all  spans  in  the  table,  Plate  V,  and  the  chart,  Plate 
VI ;  it  is  required  to  construct  a  wheel  diagram  to  fit  these  equivalent  uniform 
loads  throughout  the  entire  range  of  spans  and  sections. 

This  problem  is  solved  by  starting  with  very  short  spans  and  determining 
the  necessary  maximum  concentration.  Then,  by  successively  lengthening 
the  span  considered,  successive  additional  axle  loads  are  determined  in 
magnitude  and  relative  position,  until  a  point  is  reached  where  the  further 
annexing  of  concentrations  can  be  dispensed  with  and  a  uniform  load  sub- 
stituted. This,  in  brief,  is  the  method  that  was  followed  by  the  writer,  except 
that  minor  modifications  of  the  loads  and  spacings  were  introduced  in  order 
to  secure  greater  uniformity  and  simplicity. 

After  the  engine  diagram  was  thus  determined,  it  was  found  to  give  results 
very  close  to  those  obtained  with  the  composite  of  the  heaviest  locomotives, 
except  for  slight  variations  due  to  the  rounding  off  of  the  figures  adopted. 

In  order  to  facilitate  the  use  of  the  proposed  engine  diagram  and  at  the 
same  time  to  test  its  conformity  with  the  Composite  Standard,  the  equivalent 
uniform  loads  have  been  computed  and  are  presented  in  tabular  form  in 
Fig.  2. 
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This  table,  Fig,  2,  gives  the  equivalent  uniform  loads  of  the  proposed 
engine  loading  (M-60)  for  all  sections  of  all  spans.  It  is  found  to  check 
closely  the  maximum  values  in  the  similar  table,  Plato  V,  constructed  for 
the  heaviest  existing  locomotive  loadings. 

Simple  methods  of  using  this  table  for  calculating  maximum  bending 
moments,  shears,  and  reactions  are  indicated.  More  complete  instructions  for 
calculating  maximum  stresses  of  all  kinds  from  equivalent  uniform  loads  will 
be  found,  on  Plate  IV. 

Pig.  3  is  a  conventional  tabulation  of  load  positions  giving  maximum 
stress  under  the  proposed  engine  loading.  It  gives  the  wheel  to  be  placed  at 
the  section  for  any  combination  of  values  of  l^  and  l^.  The  equivalent  uniform 
loads  tabulated  in  Fig.  2  correspond  to  the  load  positions  given  in  this  table 
(Fig.  3). 

The  table  (Fig.  3)  shows  greater  regularity  than  the  corresponding  table 
for  the  Cooper  loading  (Plate  IV).  For  the  proposed  engine  loading,  this 
table  (Fig.  3)  is  hardly  needed,  as  the  wheel  diagram  is  so  simple  and  regular 
that  load  positions  for  maximum  stress  at  any  section  can  be  decided  by  in- 
spection. It  is  seldom  necessary  to  try  more  than  one  load  position  for  any 
maximum  stress. 


Shorter  Segment  h 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

120{140|160|180|200|220{240{260{280|300|400|500|600   700   800 |300  1000 

1000 

2 

3 

3 

5 

6 

7 

8 

9 

9 

10 

I 

900 

2 

3 

3 

5 

6 

7 

8 

9 

9 

10 

1 

800 

2 

3 

3 

5 

6 

7 

8 

9 

9 

10 

For  ll >  iWA  ft.,  place  head                                  | 

700 

2 

3 

3 

5 

6 

7 

8 

9 

9 

10 

of  uniform  train  load  at 

600 

2 

3 

3 

5 

6 

7 

8 

9 

9 

10 

117K  ft.  from  head  of  span.                     | 

500 

2 

3 

3 

5 

6 

7 

8 

9 

9 

10 

1 

400 

2 

3 

3 

5 

6 

7 

8 

9 

9 

10 

1 

300 

2 

3 

3 

5 

6 

7 

8 

9 

10 

10 

1 

280 

2 

3 

3 

5 

6 

7 

8 

9 

10 

10 

1 

-T 

260 

2 

3 

3 

5 

7 

7 

8 

9 

10 

10 

/                        1 

c 

240 

2 

3 

3 

5 

7 

7 

8 

9 

10 

10 

^ 

E 

220 

2 

3 

3 

5 

7 

7 

8 

9 

10 

10 

r^ 

bo 

200 

2 

3 

3 

6 

7 

7 

8 

9 

10 

10 

r^ 

180 

2 

3 

3 

5 

6 

7 

8 

8 

9 

10 

10 

r^ 

160 

2 

3 

3 

5 

6 

7 

8 

8 

« 

10 

10 

C 

o 

140 

2 

3 

5 

6 

7 

8 

8 

9 

10 

10 

hJ 

120 

2 

3 

5 

6 

7 

8 

8 

9 

10 

10 

WHEEL  DETERMINING  MAXIMUM  STRESS 

100 

2 

3 

5 

6 

8 

8 

9 

9 

10 

10 

90 

2 

3 

5 

6 

8 

8 

9 

9 

10 

80 

IT 

3 

5 

8 

8 

9 

9 

JO         to^eototo               C't-c^t^f 

70 

IT 

3 

5 

5 

8 

8 

9 

.,.    . 

■      <  '      J,      •         ^ 

'  llllllllllllllllllllllllllllllllllllll 

60 

"n 

8 

5 

5 

8 

8 

' 

1 

,  ^  , .     ^  ,  ^ 

^ 

50 

ll 

8 

9 

8 

8 

s' 

b' 

5' 

5' 

IsK'     ISM' 

5' 

40 

Tl 

8 

9 

8 

1      1     1     1      1                 1       1      1      1      1 
1          28466               789    10   11 

30 

7 

8 

9 

8 

The  shorter  segment  is  ahead  followed  by 

20 

7 

8 

9 

the  longer  one,  except  wheel  is  overlined. 

10 

7 

8 

Fig.  3. 


When  Zj  increases  beyond  the  value  of  117.5  ft.,  the  head  of  the  uniform 
train  load  becomes  fixed  at  that  distance  from  the  head  of  the  span.     Con- 
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sequently,  for  all  values  of  l^  exceeding  117.5  ft.,  the  equivalent  uniform  load, 
in  kips  per  foot,  is  expressible  by  Equation  (1)  : 

35  320 

'  =  "  +  j;kti-) « 

For  mid-span  moments,  l^  =  l^,  and  Equation  (1)  reduces  to: 

„       17  660 
9  =  6  +  —^ (2) 

h 

For  end  shears  in  spans  of  90  ft.  or  more,  the  proposed  engine  loading 

yields  an  equivalent  uniform  load  expressible  by  Equation  (3)  : 

606       17  440 
5  =  6  +  - — - (3) 

'■2  h 

The  use  of  Equations  (1),  (2),  and  (3),  and  other  similar  formulas, 
greatly  simplified  the  computation  of  the  equivalent  uniform  loads  for  the 
table  on  Fig  2.  Moreover,  these  formulas  represent  continuous  functions  of 
l^  and  l^  over  wide  areas,  and,  therefore,  contribute  to  smoothness  and  regu- 
larity in  charts  or  diagrams  of  equivalent  uniform  loads  constructed  for  the 
proposed  engine  loading  (Plate  X  and  Figs.  5  and  6). 

The  remarkably  close  correspondence  between  the  proposed  engine  load- 
ing (M-60)  and  the  composite  of  the  heaviest  existing  locomotives  is  shown 
in  the  comparative  rating  table.  Fig.  4.  This  table  gives,  for  each  point,  the 
percentage  ratio  of  the  equivalent  uniform  load  for  the  proposed  engine  load- 
ing to  the  corresponding  equivalent  uniform  load  of  the  Composite  Standard. 
The  percentages  tabulated  are  simply  the  ratios  of  the  values  in  Fig.  2  to 
the  corresponding  maximum  values  in  Plate  V. 

The  tabulated  ratios  are  all  close  to  100% ;  with  few  exceptions  the  varia- 
tion is  less  than  1  per  cent.  At  a  few  points,  confined  to  very  short  spans, 
some  larger  variations  are  found,  with  extreme  values  of  —  4  and  -\-  6  per  cent. 
These  variations  could  have  been  eliminated  by  making  one  or  two  of  the 
heavy  axle  loads  in  the  proposed  engine  loading  slightly  more  than  75  000  lb. 
and  the  adjacent  axle  loads  correspondingly  less;  but  the  writer  considered 
it  wiser  to  sacrifice  such  hair-splitting  refinement  for  the  sake  of  the  greater 
simplicity  and  convenience  resulting  from  the  use  of  five  equal  axle  loads  of 
75  000  lb.  The  writer  doubts  whether  any  closer  agreement  with  the  Composite 
Standard  could  be  obtained  by  the  use  of  any  other  engine  diagram  of  equal 
simplicity. 

Having  computed  the  equivalent  uniform  loads  for  the  proposed  engine 
loading  (Fig.  2),  and  having  verified  (Fig.  4)  their  close  agreement  with  the 
Composite  Standard  previously  established  (Plate  Y),  the  next  step  was 
to  present  the  values  in  graphic  form  for  easier  application.  This  is  done  in 
Plate  X  which  is  a  chart  of  equivalent  uniform  loads  for  the  proposed 
engine  loading  and  on  which  are  notes  that  explain  its  use. 

This  chart,  Plate  X,  agrees  closely  with  the  corresponding  chart  for 
the  Composite  Standard  (Plate  YI).  The  maximum  variation  between  cor- 
responding curves  on  the  two  charts  is,  except  for  a  few  unimportant  points, 
only  1  or  2  per  cent. 


LOCOMOTIVE  LOADINGS   FOR  RAILWAY   BRIDGES 


Glli 


^ 

o 

X 

s 

-' 

„ 

o 

o 

Ss^ 

g 

fe 

^ 

o 

o 

o 

^ 

s 

s 

2 

o 

o 

o 

o 

§ 

8 

s 

8 

8 

O 

. 

.-r, 

rr. 

Q 

<- 

CO 

C3 

?o 

§ 

s 

S 

8 

8 

* 

vo 

*"■ 

r-i 

•^ 

J2           C3 

z 

1 

o 

8 

o 

i 

i 

2 

i 

5 

< 

CD            z 

o 

^ 

rr, 

<T> 

rT> 

o^ 

ai 

m 

-X) 

RATIN 
LOADI 

-J 

^ 

=n 

a 

s 

Ci 

g 

g 

g 

S  OF 
TIVE 

g 

-. 

o 

-. 

(> 

-. 

-. 

^-. 

-. 

I'j 

^ 

o> 

CJ» 

o> 

CT. 

CT. 

o> 

LU      u.     UJ 

^    O  z 

^    5 

DC     S 

« 

'^ 

'^. 

t% 

^. 

^ 

'*. 

lO 

r*^         ^ 

^  8 

N 

oi 

CT^ 

OT 

g 

g 

g 

g 

g 

^ 

1-           o 

Z            2 

lij              lu 

o 

O 

to 

'-. 

-. 

-. 

r^ 

- 

«. 

■». 

E  3 

LI 

o- 

Oj 

CT> 

tr. 

U. 

CT> 

cr> 

Ixl                LJ 

1- 

co 

o 

s 

g 

g 

g 

g 

g' 

g 

g 

g 

g 

CL                CO 
O 

a. 

o 

UJ 

> 

o 

t_ 

,, 

i:~ 

OD 

u= 

^ 

U= 

CO 

■o. 

CO 

■^ 

o 

< 

UJ 

OJ 

s? 

s 

% 

g 

g 

g 

g 

g 

g 

g 

g 

0. 

I 

"«o 

i 

si 

^. 

g 

5 

g 

g 

i 

g 

i 

"• 

"• 

"•' 

■4-> 

c 

o 

o 

s 

o- 

»r3 

in 

g 

5 

^i 

*H 

g 

g' 

g 

o 

g 

b 

Wi 

o 

U2 

•X) 

to 

VO 

U3 

•^ 

(M 

O 

^ 

o 

o 

o 

o 

r- 

CO 

<« 

w 

'  ' 

u* 

U. 

U- 

u- 

o. 

u* 

o. 

o. 

2 

u 

o 

o 

^ 

<-. 

••T- 

CO 

LO 

CO 

o 

o 

O 

•x> 

o 

r- 

rr 

^ 

e 

^ 

^ 

g 

8 

g 

oJ 

g 

s 

S 

g 

a> 

a? 

o? 

s 

s 

s 

g 

g 

u 

1-. 

"^ 

o 

X, 

o 

"* 

W 

-T 

T 

\n 

o 

<^. 

oo 

in 

lO 

oo 

■T 

■^ 

o 

C^I 

C^l 

CM 

M 

t»1 

o> 

g 

g 

g 

g 

g 

g 

CT5 

S 

g 

S 

s 

OT 

g 

g 

g 

^ 

lO 

o> 

1— 

o 

^ 

_ 

o 

W 

r- 

N 

CO 

^ 

fM 

CO 

<_, 

^ 

en 

o 

o 

'^ 

(T, 

o^ 

m 

o. 

2 

u, 

Ci 

m 

CT» 

CT> 

cr» 

CJ> 

a> 

a. 

o. 

o- 

^ 

,_ 

t- 

CO 

[^ 

u= 

-T 

N 

to 

^ 

<M 

■^ 

CM 

o 

CM 

in 

CO 

CO 

CM 

<n 

UJ 

OT 

o. 

Ul 

Ui 

u. 

U. 

Ui 

Ui 

UJ 

o 

r- 

g" 

O 
O 

g' 

g" 

i 

g 

g 

g 

g 

g 

" 

5 

i 

-* 

"• 

1 

g 

oa 

j^ 

oo 

,n 

=> 

in 

^, 

_ 

in 

.o 

rvl 

to 

in 

in 

^ 

rr> 

o 

CD 

in 

CM 

CO 

^ 

t- 

a 

s 

g 

g 

g 

g 

g 

g 

g 

g 

g 

g 

g 

g 

8 

8 

o 

O 

o 

2 

^ 

^ 

« 

o 

■W 

„ 

r- 

in 

^ 

in 

C-4 

CM 

CM 

CJ> 

in 

a> 

CO 

in 

CM 

^ 

O 

- 

to 

s 

g 

g 

8 

g 

g 

oi 

g 

g 

g 

g 

g 

g 

g 

g 

g 

8 

8 

2 

o 

2 

^^ 

o 

1^ 

P- 

„ 

lO 

^ 

o 

o 

o 

o 

e^ 

CO 

_ 

t— 

CM 

U5 

m 

oo 

in 

in 

o 

CO 

CO 

2 

a 

g 

8 

g 

g 

g 

g 

g 

g 

g 

g 

g 

g 

g 

g 

g 

g 

g 

s 

o 

o 

o 

r-l 

o 

o 

O 

iO 

rr, 

,„ 

U3 

m 

„ 

-» 

in 

^ 

m 

CO 

o 

i^ 

in 

^ 

^ 

CO 

o 

o 

^ 

o 

2 

s 

8 

8 

g 

g 

g' 

g' 

m 

g 

g 

g 

g 

g 

g 

8 

g 

g 

g 

8 

8 

s 

s 

C5 

o 

'^ 

•^ 

" 

'"^ 

*"■ 

'"' 

o 

rr, 

.n 

N 

(D 

r_ 

^ 

!0 

to 

CO 

oo 

m 

m 

oo 

^ 

05 

in 

in 

in 

rt 

t- 

in 

CO 

CO 

CO 

o 
m 

§ 

a 

g 

2 

g 

oC 

g 

g 

g 

g 

g 

g 

g 

g 

O 

g 

g 

g 

g 

g 

g 

g 

g 

g 

O 

f-i 

o 

o 

^ 

ir- 

r- 

in 

_H 

•^ 

^ 

00 

<o 

^ 

a> 

cr» 

in 

in 

CO 

^ 

en 

^ 

CO 

r-, 

oc 

CO 

CT> 

o 

§ 

8 

g 

g 

g 

g 

g 

I 

g 

g 

g 

g 

g 

g 

g 

g 

g 

g 

g 

g 

g 

s 

8 

o 

2 

2 

,^ 

rr. 

w 

r- 

O 

U5 

o 

o 

M 

in 

C-l 

CM 

CO 

cr> 

„ 

„ 

in 

CO 

o 

Cl 

^ 

in 

CO 

r- 

^ 

t- 

CT- 

g 

g 

g 

8 

g 

8 

s 

g 

g 

g 

8 

8 

g 

8 

8 

^ 

g 

a 

% 

g 

o 

2 

o 

2 

S 

CTl 

ro 

^ 

00 

OO 

no 

oo 

n 

rr, 

Tl 

m 

o 

o 

„ 

CM 

o 

oo 

in 

oo 

-, 

M 

r- 

o 

^ 

CJ 

C» 

CO 

O 

s 

a 

g 

g 

g 

g 

g 

g 

g 

g 

g 

8 

8 

I 

8 

o 

g 

g 

g 

1 

2 

2 

o 

1 

CO 

o 

s? 

5i 

R 

o 

o 

s 

s 

s 

s 

8 

O 

o 
o 

o 

o 

R 

o 

o 

o 

O 

§ 

O 

§ 

o 

g 

o 

o 

■cH 

o 

o 

o 

O! 

O* 

r 

!      ■      1 

^^'^uaiuSsg  aaSjB'j 


620  LOCOMOTIVE  LOADINGS   FOR  RAILWAY  BRIDGES 

The  curves  on  the  chart  (Plate  X)  are  remarkably  smooth  and  regular 
for  curves  derived  from  a  loading  diagram  with  wheel  concentrations.  They 
are  free  from  the  kinks  and  irregularities  found  in  charts  based  on  the 
Cooper  engine  diagram,  which  are  attributable  to  certain  minor  anomalies 
inherent  in  the  Cooper  loading. 

If  ^the  proposed  engine  loading  (M-60)  is  adopted,  this  chart,  Plate  X, 
can  be  incorporated  in  any  set  of  printed  specifications  as  a  "time  saver"  in 
calculating  live  load  stresses.  It  gives  the  maximum  stresses  produced  by 
M-60,  which  are  nearly  equal  to  the  maximum  stresses  producible  by  the 
heaviest  existing  locomotive  loadings. 

In  Fig.  5,  there  is  presented  a  greatly  simplified  form  of  chart  of 
equivalent  uniform  loads  devised  by  the  writer.  It  is  in  the  form  of  an 
isogenic  or  straight-line  diagram  constructed  by  a  new  empirical  method. 

As  the  relation  for  a  given  engine  diagram  between  the  equivalent 
uniform  loads,  q,  and  the  span  segments,  \  and  l^,  is  not  expressible  as  a 
continuous  function,  either  logarithmic  or  otherwise,  an  ordinary  nomo- 
graphic diagram  with  straight  axes  cannot  be  applied.  As  an  alternative, 
the  writer  decided  to  plot  the  values  of  g  in  a  logarithmic  field,  and  to  use 
the  mean  curve  thus  obtained  as  the  g-axis.  The  result  is  shown  in  Fig.  5. 
This  simple  isogenic  chart  gives  the  equivalent  uniform  loads  for  the 
proposed  engine  loading  (M-60).  It  is,  of  necessity,  slightly  approximate; 
but  the  largest  error  resulting  from  its  use  is  only  zt  4.2  per  cent.  This 
diagram  possesses  advantages  of  simplicity  and  ease  of  reproduction,  which 
counterbalance  the  advantage  of  greater  precision  of  the  preceding  chart 
(Plate  X). 

An  attempt  to  construct  a  similar  nomographic  diagram  for  the  Cooper 
loading  was  abandoned,  as  the  inherent  peculiarities  of  that  loading  made  it 
impossible  to  obtain  an  acceptable  result. 

The  small  error  of  rt  4.2%  in  the  isogenic  chart  (Fig.  5)  could  be 
still  further  reduced  by  substituting  curved  axes  for  l^  and  l^.  It  requires 
merely  a  repetition  of  the  operation  by  which  the  curved  axis  for  q  was  ob- 
tained. By  successive  repetition  of  this  procedure,  a  final  isogenic  chart  may 
be  obtained  to  give  results  with  almost  any  desired  degree  of  accuracy.  The 
writer  submits  this  as  a  suggested  method  for  constructing  an  isogenic  chart 
for  any  three  variables  between  which  there  is  a  relation  that  is  more  or  less 
regular,  but  which  is  not  expressible  by  any  continuous  formula.  This  isogenic 
chart  (Fig.  5)  may  be  incorporated  in  specifications  based  on  the  proposed 
engine  loading  (M-60). 

In  Fig.  6  there  is  presented,  in  more  familiar  form,  a  graphic  comparison 
between  the  different  loadings  under  consideration,  namely : 

(1)  The  Cooper  E-60  loading; 

(2)  The  composite  of  the  heaviest  existing  locomotives;  and 

(3)  The  proposed  engine  loading   (M-60). 

The  stress-producing  effects  of  these  loadings  are  represented  by  graphs 
of  equivalent  uniform  loads  for  end  shears  and  center  moments  for  spans  of 
varying  length. 
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q  mm  Equivalent  Uniform  Load  taken  from 
Chart  for  the  values  of  /j  and  I2 
Values  given  in  pounds  per  linear  foot 
per  track. 
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This  chart  can  be  used  for  calculating  the  maximum 
strcBs  in  any  member  or  section  of  any  span.  It  gives 
stresses  approximately  equal  to  the  maximum  stresses 
producible  by  the  heaviest  existing  locomotive  loadings. 


For  Maximum  Bending 
Moment  at  any  section  of 
any  span,  li   and  /^.^^the 
two  segments  of  the  span. 

For  Maximum  End  Reaction  or  End 
Shear,  ^i"  0,  and  Iz  =  the  span. 
V=Vrq'l2 
For  Maximum  Shear  at  any  section  of  a  span. 
^1*^  0.  ^2«>  the  longer  segment  of  the  span,  and 
=  the  span. 

For  Maximum  Flobrbeam  Reaction  or  stress  In  Hanger, 
^1'  and  I2  *-=  the  adjoining  panel  lengths. 


Any  TrianguT 
Influence  Line.    [^;.j. 

il.-=  Shorter  Segment  of  Infl 

^2,»  Longer  Segment  of  Infl 

q  wm  Equivalent  Uniform  Load  taken  from 
Chart  for  the  values  of  /,  and  h 
Values  given  in  pounds  per  linear  foot 
pec  tcack. 
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Equivalent  Uniform  Loads  for  Shears  and  Reactions 
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This  Chart  can  be  used  for  figuring  the 
maximum  stress  in  any  member  or  section 
of  any  span.    It  gives  stresses  approximately 
equal  to  the  maximum  stresses  producible  by 
the  heaviest  existing  locomotive  loadings. 


Any  value. 


Any  Triangular 
Influence  Line, 
ll=  Shorter  Segment  of  Influence  Triangle. 
l„=  Longer  Segment  of  Influence  Triangle, 
q  =  Equivalent  Uniform  Load  taken  from 
Chart  for  the  values  of  Z|  and  l<i 
Values  given  in  pounds  per  foot  per  track. 
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For  both  shears  and  moments,  the  Composite  Standard  is  about  25% 
heavier  than  Cooper's  E-60  at  short  spans  and  gradually  approaches  coincidence 
with  the  latter  at  very  long  spans.  If  Cooper's  E-75  is  substituted,  it  will 
cause  an  excess  of  25%  at  long  spans. 

For  end  shears,  there  is  the  discrepancy  of  a  few  per  cent.,  previously 
mentioned,  between  the  Composite  Standard  and  the  proposed  engine 
loading    (M-60)    at  short  spans.     Except  for  spans  of  less  than  24  ft.,  the 
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WITH  EXISTING  LOADINGS 
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Proposed  Engine  Loading  M-60 
Fig.  6. 

variation  is  on  the  side  of  safety.  For  spans  of  more  than  90  ft.,  the  two 
curves  coincide,  indicating  that  the  proposed  engine  loading  is  the  exact 
equivalent  of  the  Composite  Standard  in  this  range. 

In  the  graphs  for  center  moments,  there  is  a  remarkable  agreement  be- 
tween the  proposed  engine  loading  (M-60)  and  the  Composite  Standard.    The 
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two  curves  follow  each  other  throughout,  with  maximum  variations  of  only 
1  or  2%,  except  for  one  point  having  a  diiference  of  2.9  per  cent. 

This  agreement  between  the  two  curves  is  as  close  as  could  reasonably  be 
demanded.  Closer  agreement  cannot  be  secured  without  sacrificing  the  sim- 
plicity and  uniformity  of  the  proposed  wheel-load  diagram.  The  variation  is 
so  small  that  the  proposed  engine  loading  (M-60)  may  safely  be  accepted  as  a 
close  equivalent  of  the  composite  of  the  heaviest  existing  locomotives. 

The  tabulation  in  Fig.  7  shows  how  the  proposed  engine  loading  can  be 
diminished  or  augmented  in  fixed  ratios  to  form  different  classes,  in  the  same 
manner  as  the  Cooper  system  of  engines. 

After  conference  with  other  engineers,  the  writer  has  decided  to  designate 
the  proposed  engine  loading,  previously  derived,  as  equivalent  to  the  heaviest 
modern  locomotives,  by  the  class  symbol,  M-60.  The  letter,  M,  stands  for 
"Modern",  "Motive  Power",  or  "Mallet".  The  class  number  is  made  60  to 
symbolize,  in  the  conventional  manner,  the  weights  of  the  first  group  of  driver 
axles  and  the  weight  of  the  uniform  train  load.  An  additional  reason  for 
the  designation,  60,  was  to  simplify  the  conversion  to  different  classes. 

PROPOSED  ENGINE  LOADING  SYSTEM 
FOR  DESIGN  OF  RAILWAY  BRIDGES 


Uniform  Load 
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Loading  M-60  will  give  stresses  for  all  spans 
very  close  to  the  maximum  stresses  producible  by 
the  heaviest  existing  locomotive  loadings.      It  is 
approximately  equivalent  to  Cooper's  E-75  for 
short  spans  and  to  Cooper's  E-60  for  long  spans 

Fig.  7. 


Eeducing  the  proposed  engine  loading  to  Class  M-10,  as  a  basic  unit, 
there  is  a  pilot  axle  of  5  k.,  five  driver  axles  of  10  k.,  and  five  driver  axles  of 
12.5  k.,  followed  by  a  uniform  load  of  1  000  lb.  per  lin.  ft.  This  simple  loading 
is  all  that  need  be  given  in  a  specification.  By  multiplying  this  unit  loading, 
M-10,  by  4,  5,  6,  7,  8,  or  9,  the  loadings,  M-40,  M-50,  M-60,  M-70,  M-80,  and 
M-90  are  obtained. 

Loading  M-60  will  give  stresses  for  all  spans  very  close  to  the  maximum 
stresses  producible  by  the  heaviest  existing  locomotive  loadings.     To  allow 
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for  probable  future  increase  in  weight  of  traffic,  the  writer  would  recommend 
that  Loading  M-50  be  specified  in  present-day  specifications  with  a  provision 
for  an  excess  loading  of  50%;  or,  what  amounts  to  the  same  thing,  Loading 
M-60  may  be  specified  with  a  provision  for  an  excess  loading  of  25  per  cent. 

TABLE  3. — Equivalent  Cooper  Ratings  of  the  Proposed 
Engine  Loading  (M-50). 


Spans. 

E-rating  for  center  moments. 

E-rating  for  end  shears. 

10 

E-60 

E-60 

20 

E-59 

E-59 

30 

E-6a 

E-63 

40 

E-64 

E-61 

50 

E-63 

E-62 

60 

E-61 

E-63 

70 

E-61 

E-62 

80 

E-61 

E-«0 

90 

E-62 

E-58 

100 

E-62 

E-57 

120 

E-6() 

E-57 

140 

E-.58 

E-56 

160 

E-56 

E-56 

180 

E-55 

E-55 

200 

E-54 

E-55 

250 

E-53 

E-54 

800 

E-52 

E-54 

400 

E-51 

K-53 

500 

E-51 

E-52 

600 

E-50 

E-52 

700 

E.50 

E-52 

800 

E-50 

E-52 

»nn 

E-50 

E-52 

1000 

E-50 

E-51 

For  spans  up  to  100  ft.  the  proposed  Loading  M-50  is  about  equivalent  to 
Cooper's  E-60.  This  is  shown  by  Table  3  which  gives  the  equivalent  Cooper 
ratings  of  the  proposed  Loading  M-50  for  spans  from  10  to  1  000  ft. 

TABLE  4. — Equivalent  M-Eatings  of  the  Cooper  E-60  Loading. 


Spans. 

M-rating  for  center  moments. 

M-rating  for  end  shears. 

10 

M-50 

M-50 

20 

M-51 

M-51 

30 

M-49 

M-48 

40 

M-47 

M-49 

SO 

M-48 

M-49 

60 

M-49 

M-48 

70 

M-49 

M-48 

80 

M-49 

M-50 

90 

M-48 

m-52 

100 

M-48 

M-52 

120 

M-50 

M-53 

140 

M-52 

M-54 

160 

M-53 

M-5.1 

180 

M-54 

M-54 

200 

M-65 

M-55 

250 

M-57 

M-56 

300 

M-58 

M-56 

400 

M-59 

M-57 

500 

M-o9 

M-57 

600 

M-60 

M-57 

700 

M-60 

M-58 

800 

M-60 

M-58 

900 

M-60 

M-58 

1000 

M-60 

M-59 
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It  will  be  observed,  from  Table  3,  that  the  Cooper  equivalent  of  M-50 
diminishes  from  E-G4  at  short  spans  to  E-50  at  very  long  spans. 

A  reverse  rating  or  conversion  table  is  presented  in  Table  4  which  gives  the 
M-ratings  of  the  Cooper  E-GO  loading  for  various  spans. 

According  to  Table  4,  the  M-equivalent  of  Cooper's  E-60  ranges  between 
M-47  at  short  spans  and  M-60  at  long  spans;  but  it  is  fairly  well  represented 
by  M-50  for  all  spans  below  100  ft. 

Proposed  Simplified  Loading 

As  an  alternative  for  the  proposed  engine  diagram  to  represent  the  com- 
posite of  the  heaviest  existing  locomotives,  the  writer  has  devised  an  equivalent 
simplified  loading  which  has  certain  advantages  and  may  be  preferred  by 
some  engineers. 
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This  proposed  simplified  loading  (Figs.  8,  9,  and  10)  consists  of  a  con- 
tinuous uniform  load  of  6  000  lb.  per  lin.  ft.,  on  which  is  superimposed  a 
floating  group  of  excess  concentrations.  These  concentrations,  determined 
after  a  number  of  trials,  consist  of  three  90  000-lb.  loads  spaced  12  ft.  and 
48  ft.  apart,  respectively. 

The  use  of  a  simplified  loading  of  this  form  greatly  facilitates  the  computa- 
tion of  maximum  stresses.  Any  stress  is  calculated  by  simply  considering  the 
uniform  load  and  then  adding  the  independent  contribution  of  the  group  of 
concentrations.  The  latter  contribution  is  quickly  found;  there  are  only 
three  concentrations  and  they  are  easily  placed  and  easily  calculated.  For 
stringer  and  floor-beam  spans,  only  the  first  two  concentrations  enter. 

To  expedite  still  further  the  calculation  of  maximum  stresses  for  this 
proposed  simplified  loading,  and  to  permit  direct  comparison  with  the  com- 
posite of  the  heaviest  existing  locomotives,  a  table  of  equivalent  uniform  loads 
is  presented  in  Fig.  8.  The  computation  of  this  table  consumed  only  a  small 
fraction  of  the  time  required  for  the  similar  table  of  equivalent  uniform  loads 
(Fig.  2)  for  the  proposed  engine  loading,  indicating  the  greater  convenience 
and  despatch  of  stress  computations  with  the  simplified  loading. 


PROPOSED  SIMPLIFIED  LOADING 

UNIFORM  LOAD  WITH  EXCESS  CONCENTRATIONS 

FOR  DESIGN  OF  RAILWAY  BRIDGES 


-Any  length- 


-Any  length- 


^ 


Loads  per  Track 

M-10 

15 

15                                            15 

1000  lb. per  lin. ft 

M-40 

60 

60                                         60 

4000 

M-50 

75 

75                                         75 

5000 

jM-60 

90 

9U                                           90 

6000 

M-70 

105 

105                                    105 

7000 

M-80 

120 

120                                     120 

8000 

M-90 

135 

135                                     135 

9000 

Loading  M-60  will  give  stresses  for  all  spans 
very  close  to  the  maximum  stresses  producible  by 
the  heaviest  existing  locomotive  loadings.      It  is 
approximately  equivalent  to  Cooper's  E-75  for 
short  spans  and  to  Cooper's  E-60  for  long  spans 

FlQ.   10. 


Comparison  of  the  values  in  this  table  (Fig.  8)  with  the  equivalent  uniform 
loads  for  the  composite  of  the  heaviest  locomotives  (Plate  V)  shows  a  suffi- 
cient agreement  for  all  practical  purposes.  With  the  exception  of  some  end 
shear  values,  where  there  is  a  maximum  deficiency  of  2.7%,  the  variations 
are  on  the  side  of  safety.  In  other  words,  the  proposed  simplified  loading  will 
yield  stresses  equal  to  or  somewhat  greater  than  the  heaviest  existing  locomo- 
tive loadings.    Closer  agreement  could  have  been  secured  by  varying  the  con- 
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centrated  loads,  but  it  was  deemed  preferable  to  keep  the  three  concentra- 
tions equal  for  the  sake  of  simplicity. 

Moment  and  shear  graphs  comparing  the  simplified  loading  with  existing 
loadings  are  presented  in  Fig.  9.  The  shear  graph  closely  follows  the  curve 
for  the  Composite  Standard,  except  for  a  variation  of  a  few  per  cent,  (on  the 
safe  side)  at  very  short  spans.  The  moment  graph  also  follows  the  Composite 
Standard  curve  up  to  a  span  of  about  200  ft.,  where  it  begins  to  deviate  (on 
the  safe  side)  with  a  maximum  excess  of  about  10%  at  500-ft.  span. 

It  may  be  noted  that  the  moment  and  shear  graphs  for  the  simplified  load- 
ing are  smoother  than  the  corresponding  curves  for  either  the  Composite 
Standard  or  the  proposed  engine  loading. 

To  provide  for  different  loading  classes,  similar  to  the  different  classes  in 
the  Cooper  system,  the  proposed  simplified  loading  can  also  be  expressed  in 
multiples  of  a  smaller  unit  loading,  as  indicated  in  Fig.  10. 

The  simplified  loading  described,  approximately  equivalent  to  the  heaviest 
modern  locomotives,  is  called  M-60.  Accordingly,  Loading  M-10  consists  of  a 
uniform  load  of  1  000  lb.  per  lin.  ft.  with  three  excess  concentrations  of  15  k. 
each.  Classes  M-40,  M-50,  M-60,  M-70,  etc.,  are"  simply  the  corresponding 
multiples  of  Loading  M-10. 

For  present-day  specifications,  as  previously  suggested,  the  writer  would 
recommend  Loading  M-50  with  provision  for  an  increase  of  50%  or,  what  is 
equivalent,  Loading  M-60  with  provision  for  an  increase  of  25  per  cent. 

Proposed  Loading  Formula 

As  a  third  alternative  solution  of  the  problem  of  representing  the  composite 
of  the  heaviest  locomotives  in  more  condensed  form,  the  writer  offers  a  load- 
ing formula  which  gives  directly  the  equivalent  uniform  load  at  any  section 
of  any  span. 

In  the  opinion  of  other  engineers  besides  the  writer,  this  is  an  ideal  solu- 
tion of  the  problem,  as  a  formula  possesses  many  advantages  over  an  engine 
diagram : 

1. — It  yields  results  of  singular  smoothness  and  regularity,  unattainable 
with  any  diagram  of  wheel  concentrations.  The  minor  irregularities  in  stress 
variation  due  to  unavoidable  peculiarities  in  any  concrete  engine  diagram  are 
eliminated. 

2. — It  is  a  ''time  saver,"  as  it  yields  maximum  stresses  directly  without  the 
labor  of  shifting  a  wheel-load  diagram  and  calculating  the  contributions  of 
individual  concentrations. 

3. — It  facilitates  the  construction  of  tables,  stress  diagrams,  and  charts, 
and  yields  diagrams  of  greater  simplicity,  smoothness,  and  accuracy. 

4. — It  is  more  easily  remembered  than  a  wheel-load  diagram,  and  saves 
repeated  reference  to  the  specifications. 

5. — It  makes  the  designer  independent  of  reference  books,  as  the  ordinary 
slide-rule  takes  the  place  of  all  tables,  diagrams,  and  charts. 

6. — It  is  more  flexible  than  a  wheel-load  diagram,  being  more  easily  modi- 
fied to  adjust  it  to  any  desired  change  in  variation  of  equivalent  loads  with 
length  of  span. 

7. — It  is  more  scientific  than  an  arbitrary  loading  diagram. 
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The  fornmla  devised  by  the  writer  to  represent  the  maximum  equivalent 
uniform  loads  of  the  heaviest  existing  engines,  as  tabulated  on  Plate  V  and 
plotted  on  Plate  VI,  is  presented  in  Figs.  11,  12,  13,  and  14,  and  Plates 
XI  and  XII,  inclusive.    It  is  as  follows : 

g  =  5  000  +  60  000  r— ^ (4) 

'i  +  '2 
in  which, 

7^  ==  the  shorter  segment  of  the  influence  triangle  for  any  stress; 

?,  =  the  longer  segment  of  the  influence  triangle;  and 

q  =  the  corresponding  equivalent  uniform  load  for  maximum  stress. 

To  obtain  Equation  (4),  the  writer  platted  the  composite  values  of  q  for 

varying  spans  on  logarithmic  cross-section  paper.     He  soon  found  that  the 

graphs  representing  q  —  5  000  were  closely  approximated  by  straight  lines 

having  a  slope  corresponding  to  the  convenient  exponent,  J.    The  graph  for  end 

shears  yielded  Equation  (5),  as  follows: 

60  000 
g  =  5000  +        (5) 

V  span 

and  the  graph  for  center  moments  yielded  Equation  (6)  : 

30  000 

g  =  5000  +  — (6) 

\  h  span 

The  resemblance  between  Equations  (5)   and  (6)  at  once  suggested  that 

they  could  be  considered  as  two  special  cases  of  one  general  formula,  namely, 

r  X  60  000 

5  =  5  000  +  (7) 

V  r  X  span 

in  which  r  =  the  position  ratio  in  the  span  of  the  section  considered.    For  end 

shears,  the  section  is  at  the  end  of  the  span,  consequently,  r  =  1,  yielding 

Equation  (5).   For  center  moments,  the  section  is  at  mid-span,  consequently, 

r  =  J,  yielding   Equation    (6).     For  maximum  bending  moment   or   chord 

stresses  at  the  quarter-point  of  a  span,  r  =  |,  and  Equation  (7)  would  yield: 

45  000 
g  =  5  000  -f  (fi) 

V  f  span 

For  maximum  shear  at  the  quarter-points  of  a  span,  the  equivalent  uniform 
load  is  the  same  as  for  end  shear  in  a  span  only  three-quarters  as  long, 
consequently, 

60  000  ,^. 

g  =  5  000  +  -7^= (^) 

V  f  span 

These  examples  show  how  simple  the  actual  application  of  the  formula 
becomes. 

In  order  to  facilitate  the  application  of  Equation  (7)  to  finding  maximum 
stresses  of  all  kinds,  it  is  expressed  in  more  general  form  by  introducing  the 
symbols,  \  and  l^,  fpr  the  two  segments  of  the  loaded  length  of  span.  It  then 
becomes : 
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g  =  5  000  4-  GO  000  -~^ (10) 

(,  +  (2 

which  is  the  proposed  loading  formula. 

Empirical  formulas  for  equivalent  uniform  loads  have  been  proposed  in 
recent  years,  but  they  were  deficient  in  one  respect,  namely,  they  expressed  the 
equivalent  uniform  load  as  a  function  merely  of  the  span  without  regard  to 
the  position  of  the  member  or  section  in  the  span. 

The  proposed  formula,  notwithstanding  its  simplicity,  makes  full  provision 
for  the  necessary  variation  of  equivalent  uniform  load  for  different  sections 
or  members  in  the  same  span.  For  instance,  in  the  case  of  a  100-ft.  span,  the 
proposed  loading  formula  yields  values  of  q  varying  from  9  240  for  bending 
moments  or  flange  stresses  at  mid-span,  to  11  000  for  flange  stresses  near  the 
ends  of  the  span ;  and  from  11  000  for  end  shears  to  13  480  for  shears  near  mid- 
span  ;  a  total  range  of  variation  of  46  per  cent.  This  variation  corresponds  to 
the  actual  stress-producing  effects  of  locomotive  loadings,  and  the  reproduc- 
tion of  this  appropriate  variation  of  equivalent  uniform  loads  within  a  given 
span  is  an  important  advantage  of  the  proposed  loading  formula. 

The  possibility  of  fairly  close  representation  of  the  equivalent  uniform 
loads  for  all  sections  of  all  spans  by  a  single  formula  is  a  point  of  superiority 
of  the  proposed  Composite  Standard  over  the  Cooper  engine  loading. 

The  equivalent  uniform  loads  yielded  directly  by  the  proposed  loading 
formula  for  various  sections  of  various  spans  are  tabulated  on  Fig.  11.  This 
tabulation  can  be  incorporated  in  printed  specifications  to  expedite  the  calcula- 
tion of  stresses  based  on  the  formula. 

The  tabulated  values  on  Fig.  11  agree  fairly  well  with  those  in  the  cor- 
responding tables  (Fig.  2  and  Fig.  8)  for  the  other  proposed  loadings.  Except 
for  only  4  or  5  values  out  of  405  in  the  table  (Fig.  11),  the  values  are  on  the 
safe  side  in  comparison  with  the  composite  of  the  heaviest  locomotives 
(Plate  V).  Closer  agreement  could  have  been  secured  by  adopting  a  formula 
with  an  odd  decimal  exponent;  but  it  appeared  preferable  to  keep  the  simpler 
expression,  although  it  varied  somewhat  (on  the  side  of  safety)  from  the 
exact  values  desired. 

Platting  the  values  tabulated  on  Fig.  11,  one  obtains  for  the  proposed 
loading  formula,  a  chart  of  equivalent  uniform  loads,  Plate  XL  This 
chart,  although  yielding  nearly  the  same  values  throughout  as  the  similar 
preceding  charts.  Plates  VI  and  X,  possesses  a  marked  advantage  in  the 
perfect  smoothness  and  systematic  regularity  of  its  curves.  As  irregu- 
larities in  a  chart  may  be  regarded  as  weak  spots  in  the  stress-producing 
effects  of  the  corresponding  loading  specification,  the  ideal  regularity  of  the 
curves  in  Plate  XI  constitutes  a  strong  argument  in  favor  of  the  proposed 
loading  formula. 

General  instructions  for  the  use  of  the  chart  are  given  on  Plate  XI. 
More  complete  directions  for  finding  maximum  stresses  of  all  kinds  are  given 
on  the  similar  chart  for  the  Cooper  loading,  Plate  lY. 

A  much  simpler  chart  for  the  proposed  loading  formula  is  an  isogonic  dia- 
gram presented  in  Plate  XII,    The  equation  between  q,  l^,  and  I.-,,  is  of  such 
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q  •=   Equivalent  Uniform  Load  taken  from 
Chart  for  the  values  of  /j  and  I2 
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form  as  to  permit  a  perfect  nomographic  solution  of  conventional  form.  A 
straight-line  chart  of  this  form,  yielding  exact  values  for  the  equivalent 
uniform  loads,  cannot  be  constructed  for  any  loading  specification  consisting 
of  a  diagram  of  axle  concentrations.  The  isogonic  diagram,  Plate  XII,  is 
submitted  merely  as  a  suggestion.  By  varying  the  arrangement  and  scales 
of  the  three  straight-line  axes,  other  engineers  can  easily  construct  variations 
of  this  chart  that  may  better  suit  their  individual  preference. 

In  the  construction  of  the  diagram,  the  values  of  span  (l^  +  l^)  and  longer 
segment  (l^)  are  platted  on  ordinary  logarithmic  scales.  The  g-axis  is  a 
similar  logarithmic  scale,  except  that  the  constant,  5  000,  has  been  added  to 
each  numbering. 

One  drawback  of  this  isogonic  chart,  Plate  XII,  is  the  relatively  small 
scale  of  the  q-axis,  which  limits  the  precision  attainable.  The  chart  of  curves, 
Plate   XI,   gives   greater   precision   with   equal,   if   not   greater,   expedition. 

To  overcome  objections  arising  from  the  crowding  of  the  graduations  near 
one  end  of  the  g[-axis  in  the  exact  nomographic  diagram  Plate  XII,  there 
is  presented  in  Fig.  12  an  isogonic  chart  of  a  more  convenient  form  con- 
structed for  the  same  loading.  This  is  an  empirical  and,  therefore,  slightly 
approximate,  isogonic  diagram  of  the  type  devised  by  the  writer  and  pre- 
viously described  in  connection  with  Fig.  5. 

The  smoothness  and  simplicity  of  this  approximate  nomographic  chart 
(Fig.  12)  for  the  proposed  loading  formula  are  unattainable  with  any 
other  loading  specification  considered  in  this  paper.  The  accuracy  attainable 
is  sufficient  for  most  practical  purposes,  the  greatest  errors  being  less  than  ±  4 
or  5  per  cent.  This  chart  can  be  easily  reproduced  and  incorporated  in  any 
printed  specifications  based  on  the  proposed  loading  formula.  For  the  Cooper 
loading,  a  chart  of  this  form  is  practically  out  of  the  question. 

Moment  and  shear  graphs  are  presented  in  Fig.  13  for  the  purpose  of 
comparing  the  proposed  loading  formula  with  existing  loadings.  These  graphs 
show  that  the  proposed  loading  formula  is  a  much  closer  and  safer  representa- 
tion of  the  composite  of  the  heaviest  locomotives  than  the  present  Cooper 
loading. 

For  end  shears,  the  graph  for  the  proposed  loading  formula  follows  fairly 
close  to  the  Composite  Standard,  with  all  variations  on  the  side  of  safety. 

For  mid-span  moments,  the  graph  for  the  proposed  loading  formula  is 
again  a  fairly  close  approximation  to  the  Composite  Standard,  with  a  de- 
ficiency of  only  a  few  per  cent,  at  short  spans  and  a  small  variation  on  the 
safe  side  at  long  spans. 

For  stresses  at  intermediate  sections  of  a  span,  the  variations  from  the 
Composite  Standard  will  be  intermediate  between  the  corresponding  varia- 
tions for  end  shears  and  center  moments. 

The  moment  and  shear  graphs  for  the  proposed  loading  formula  shown  in 
Fig.  13  are  obviously  smoother  curves  than  are  attainable  with  any  loading 
specification  consisting  of  a  diagram  of  wheel  concentrations. 

Fig.  14  shows  how  a  system  of  loading  classes  similar  to  the  Cooper  sys- 
tem can  be  constructed  from  the  proposed  loading  formula.    Designating  the 
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intensity  of  loading  corresponding  to  the  formula  as  derived  from  the  Com- 
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FtG.    13. 

Multiplying  this  loading  by  the  constants  4,  5,  6,  etc.,  the  successive  classes, 
M-40,  M-50,  M-60,  etc.,  are  obtained. 

Loading  M-60  will  give  stresses  for  all  spans  equal  to  or  slightly  greater 
than  the  maximum  stresses  producible  by  the  heaviest  existing  locomotives. 
To  provide  for  a  future  increase  of  25%,  it  is  suggested  that  specifications 
recommend  Loading  M-50  with  provision  in  the  design  for  a  50%  overload, 
or  Loading  M-60  with  a  provision  for  a  25%  overload. 
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Conclusion  >;    ■ 

After  showing  the  inadequacy  of  the  Cooper  system  to  represent  modern 
loading  conditions  properly,  the  writer  has  constructed  a  Composite  Standard 
covering  the  stress-producing  effects  of  the  heaviest  existing  locomotives  and 
has  been  devised  three  alternative  forms  of  specification  conforming  to  this 
Composite  Standard. 

The  advantages  over  the  Cooper  system  of  any  loading  specification  based 
on  the  Composite  Standard  are: 

1. — The  proposed  specification  makes  it  possible  to  design  bridges  strong 
enough  in  all  their  parts,  without  waste,  for  the  heaviest  existing  locomotive 
loadings,  without  requiring  separate  computations  for  each  loading. 

2. — The  proposed   specification  gives  bridges   of  uniform   strength   in   all 
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approximately  equivalent  to  Cooper's  E-75  for 
short  spans  and  to  Cooper's  E-60  for  long  spans 

Fig.   14. 


their   parts   for  present   and   prospective   future   loadings,   without   requiring 
different  load  ratings  for  different  members  in  a  span. 

3. — The  proposed  specification  gives  designs  of  uniform  strength  for 
bridges  of  all  spans  under  present  and  prospective  future  loadings,  without 
requiring  different  load  ratings  for  different  lengths  of  span. 
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4. — The  proposed  specification,  being  based  on  the  heaviest  modern  locomo- 
tives and  train  loads,  better  represents  the  future  development  to  be  expected 
in  loadings  than  a  specification  based  on  the  engines  and  train  loads  of  thirty 
years  ago. 

In  addition,  the  proposed  specification,  in  the  three  forms  presented  by 
the  writer,  offers  advantages  over  the  Cooper  loading  in  simplicity,  regularity, 
ease  of  computation,  and  greater  facility  of  diagrammatic  representation. 

Of  the  three  alternative  forms  developed  in  this  paper  for  the  proposed 
new  specification,  each  has  distinctive  features  to  recommend  it: 

1. — The  proposed  loading  diagram  represents  the  smallest  departure  from 
present  methods,  involving  merely  the  substitution  of  a  new  and  simpler 
wheel-load  diagram  for  the  one  now  in  use.  It  will  best  meet  the  require- 
ments of  engineers  who  prefer  a  concrete  picture  of  a  locomotive  as  a  load- 
ing specification.  Furthermore,  it  "affords  the  closest  agreement  throughout 
the  entire  range  of  spans  with  the  composite  of  the  heaviest  existing  loco- 
motives. 

2. — The  proposed  simplified  loading  greatly  reduces  the  time  and  labor  of 
calculating  stresses.  It  is  a  greatly  simplified  loading  which  can  be  handled 
expeditiously  without  tables  or  charts. 

3. — The  proposed  loading  formula  is  an  ideal,  scientific  form  of  loading 
specification.  It  is  the  most  convenient  in  application;  it  yields  tables,  dia- 
grams, and  charts  of  unequalled  simplicity  and  regularity;  or,  if  tables  and 
charts  are  not  at  hand,  any  maximum  stress  can  be  found  by  a  simple  opera- 
tion on  the  ordinary  slide-rule.  It  is  a  "short-cut"  specification,  virtually 
prescribing  stresses  rather  than  loads. 

If  this  paper  only  serves  to  direct  attention  to  the  inadequacy  of  existing 
loading  specifications,  and  to  indicate  the  general  lines  of  attack  in  deter- 
mining a  new  specification  to  be  adopted,  the  writer  will  feel  repaid  for  the 
labor  expended. 
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Discussioisr 


C.  D.  PuRDON,*  M.  Am.  Soc.  C.  E,  (by  letter). — The  author  appears  to 
assume  that,  at  some  time,  all  railroads  will  have  to  provide  for  such  engines 
as  the  enormous  ones  described  in  the  paper.  Although  it  is  true  that  cars  of 
any  kind  may  be  encountered  on  any  railroad,  they  may  be  pulled  by  small 
engines,  and  bridges  should  provide  for  these  as  a  minimum.  Such  engines 
as  those  described  in  the  paper  are  for  exceptional  places,  very  heavy  tonnage, 
and  heavy  grades,  and  are  not  likely  to  be  found  on  roads  which  do  not  have 
such  grades  and  business.  The  load  of  heavy  cars,  expressed  as  weight  per 
foot,  does  not  express  their  effect  on  bridges.  For  instance,  the  car  of  the 
Norfolk  and  Western  Railroad  Company,  of  5  346  lb.  per  ft.,  has  a  maximvmi 
effect  in  shear  of  a  little  more  than  E-48  and  in  moment,  of  E-47.  A  gondola  of 
the  Pennsylvania  System,  of  3  980  lb.  per  ft.,  overloaded  10%,  has  a  maximum 
effect  of  E-44.5  when  in  solid  trains,  but  if  alternated  with  80  000-lb.  cars 
fully  loaded,  it  has  an  effect  of  E-31  on  spans  of  60  ft.  and  more. 

The  typical  engine  described  by  the  author  does  not  resemble  an  engine 
and  is  only  a  load  per  foot  and  his  M-loading  might  as  well  be  used.  This 
would  require  a  purchaser  to  turn  the  engine  he  desires  into  M-loading. 
Although  the  tractive  power  of  M  is  not  given — as  it  generally  runs  about 
22%  of  weight  on  drivers — an  M-loading,  on  a  line  with  maximum  grades  of 
0.5%,  would  haul  more  cars  than  could  be  handled. 

In  preparing  the  1920  specifications,  the  Iron  and  Steel  Structures  Commit- 
tee of  the  American  Railway  Engineering  Association  canvassed  carefully  all 
kinds  of  loading  and  finally  decided  on  the  Cooper  series  as  being  the  most 
suitable.  The  specification  is  for  spans  of  300  ft.  and  less;  for  longer  spans, 
the  same  loading  "per  foot"  could  be  used;  and,  for  long  spans,  the  floor  and 
some  members  are  designed  by  the  Cooper  loading,  but  the  trusses  are  on  a 
"per  foot"  basis. 

The  author  states  that  his  M-loading  provides  for  future  increase.  The 
A.R.E.A.  loading  also  allows  for  a  future  increase  by  using  a  unit  stress 
of  16  000  lb.,  after  adding  impact.  This  has  been  criticized  by  some  engineers. 
Why  not  use  the  actual  safe  stress  of,  say,  20  000  or  22  000  lb.  per  sq.  in.  ? 
If  the  M-loading  allows  for  increase,  consider  it  with  a  unit  stress  of  20  000  lb., 
which  is  the  same  as  adding  25%  to  the  Cooper  loading.  Then,  taking  Fig.  6 
and  adding  25%  to  the  Cooper  E-60  brings  a  curve  practically  the  same  as 
M-60  up  to  80  ft.,  after  which  it  is  a  little  above  that  loading.  Few  railroad 
companies  in  the  West  would  care  to  build  their  trestle  bridges  for  such  a 
loading. 

Some  years  ago,  the  writer  made  a  comparison  of  engines  of  different  kinds, 
with  the  Cooper  loading,  using  E-55  as  a  base.  Through  the  courtesy  of  the 
Baldwin  Locomotive  Works,  many  diagrams  were  obtained.  These  diagrams 
were  reduced  to  an  equivalent  load  of  55  000  lb.  on  each  driving  axle,  and 
either  the  shear  or  the  moment  was  plotted,  the  highest  value  being  used,  but 
as  the  following  load  is  only  an  assumption,  the  supposed  bridge  was  a  deck 
*  Cons.  Engr.,  St.   L.  S.  W.  Ry.,  St.  Louis,  Mo. 
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girder  up  to  120  ft.  This  diagram*  indicates  that  the  engines  of  the  Santa  F6 
type  would  make  a  fairly  regular  curve  up  to  120  ft.,  as  they  probably  would  not 
be  "double-headed".  A  following  load  of  about  7  000  lb.  (which  is  about  the 
weight  per  foot  of  the  engine  itself)  might  be  used.  With  regard  to  the  Cooper 
loading  not  representing  the  actual,  consider  the  effect  of  a  Consolidation 
engine  (double-headed),  rated  at  about  E-42,  on  a  200-ft.  span  originally  built 
for  the  Cooper  A,  which  is  approximately  E-25.  The  Cooper  rating  will  range 
from  E-37.58  to  E-39.59  for  the  lower  chord  members,  and  from  E-37.65  to 
E-45.61  for  the  web  members. 

The  Santa  Fe  type  seems  to  be  a  favorite;  Record  88  of  the  Baldwin  Loco- 
motive Works,  which  is  dated  1917,  states  that  between  1903  and  1906,  the 
Atchison,  Topeka  and  Santa  Ee  Railway  Company  had  bought  160  locomotives 
and  had  since  bought  32  more;  that  the  Chicago,  St.  Paul,  Minneapolis  and 
Omaha  Railway  Company  had  bought  2  engines;  the  Texas  and  Pacific  Rail- 
way Company,  26;  the  Duluth,  Missabe  and  Northern  Railroad,  6;  the  Chi- 
cago Great  Western,  7;  the  Union  Pacific,  27;  the  Chicago,  Burlington  and 
Quincy,  66;  the  Lehigh  Valley,  76;  the  Southern,  55;  the  St.  Louis,  San  Fran- 
cisco, 60;  the  Bessemer  and  Lake  Erie,  20;  the  Baltimore  and  Ohio,  30;  and 
the  Erie,  20;  and,  in  June,  1922,  50  locomotives  were  on  their  way  to  the 
Southern  Pacific. 

The  average  weight  of  these  locomotives  (all  super-heater)  is  548  745  lb. ; 
on  drivers,  294  482  lb.;  tractive  power,  72  973  lb.  (equal  to  24.78%);  length, 
81  ft.  9  in. ;  weight  per  foot,  6  596  lb. ;  and  weight  per  pound  of  tractive  power, 
7.52.  Comparing  these  with  nine  Consolidated  locomotives,  taken  at  random, 
we  have :  Weight,  336  155  lb. ;  on  drivers,  191  711  lb. ;  tractive  power,  46  008  lb. 
(equal  to  24%)  ;  length,  68  ft.;  weight  per  foot,  4  938  lb.;  and  weight  per  pound 
of  tractive  power,  7.36.  Six  ten-wheelers  gave  22%  tractive  power,  with  an 
average  weight  per  pound  of  tractive  power  of  10.22.  This  indicates  that  the 
Santa  Fe  type  carries  no  more  load  in  proportion  than  a  Consolidated  engine, 
not  superheated,  and  less  than  a  ten-wheeler. 

Robert  C.  Strachan,+  M.  Am.  Soc.  C.  E.  (by  letter). — The  author  has 
performed  a  valuable  work  by  his  analysis  of  the  bases  underlying  much 
present  practice  in  specifying  train  loads,  and  by  making  evident  some  of  the 
inconsistencies  involved  in  attempting  to  adapt  to  present-day  conditions  an 
ancient  generalization,  which,  although  excellent  in  its  day,  has  outlived  its 
usefulness.  His  constructive  suggestions  merit  the  careful  consideration  of 
the  bridge  engineer, 

A  reading  of  the  paper  compels  one  to  realize  that,  although  stresses  and 
sections  are  computed  to  the  "twentieth  part  of  one  poor  scruple",  rivets  num- 
bered and  placed  with  the  minutest  attention  to  primary,  secondary,  or  even 
tertiary,  stress,  and  impact  coefficients  determined  with  the  utmost  refinement, 
the  completed  structure  may  be  far  from  good,  if  not  designed  for  the  loads 
actually  to  be  carried  at  once,  or  reasonably  to  be  expected  during  its  life. 

The  author's  recommendations  as  to  a  new  specification  of  the  amount  and 
distribution  of  train  loads,  based  on  his  study  of  many  pertinent  data,  are 

*  Published   in   Engineering  News,  of   October  23,   1913,  but  without  the   Erie   Triplex. 
t  New  York  City. 
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advanced  in  three  forms ;  the  second  and  third  of  these  forms  are  derived  from 
the  first,  and  are  shown  to  possess  advantages  due  to  possible  simplifications 
in  mathematical  processes.  These  advantages  are  of  undoubted  weight;  but 
the  second  and  third  forms  are,  as  it  were,  "implicit  functions"  of  the  first, 
reflecting  all  its  possible  imperfections,  and  tending  to  remove  the  nub  of  tlie 
argument  a  step  farther  in  any  discussion  of  the  merits  of  the  author's  sug- 
gestions. 

In  drawing  any  specification,  it  would  seem  preferable  to  state  the  funda- 
mental requirements,  rather  than  the  results  of  conclusions  drawn  therefrom 
by  methods  which  themselves  may  be  open  to  argument.  Accordingly,  confin- 
ing the  discussion  to  the  proposed  conventional  axle-load  diagram  (Fig.  7),  the 
author's  determination  of  M-60  after  careful  study  of  the  stress-producing 
effects  of  the  heaviest  existing  locomotives,  and  his  subsequent  building  up 
of  a  series  of  M-diagrams  bearing  simple  ratios  to  M-60,  in  the  manner 
of  the  Cooper  loading,  is  an  important  step  in  the  direction  of  introducing  a 
scientific  and  modern  standard  load  system  for  the  economical  design  of  rail- 
road bridges  and  for  the  rating  or  comparison  of  their  carrying  capacities; 
a  system  of  which  the  need  is  admittedly  great  in  consequence  of  the  changes  in 
locomotive  construction  which  have  taken  place  since  the  Cooper  system  of 
loading  was  devised. 

Although  professional  opinions  may  diifer  as  to  the  degree  of  approximation 
to  the  truth  attained  in  the  use  of  the  proposed  conventional  system,  its 
adoption  would  tend  toward  augmented  economy  and  toward  the  elimination  of 
many  unprofitable  complications  inseparable  from  the  use  of  an  obsolete  load 
specification. 

Although  it  is  the  writer's  opinion  that  neither  the  second  nor  the  third 
form  of  the  author's  recommendations  should  appear  as  a  load  specification, 
both  of  them,  with  the  accompanying  diagrams,  will  commend  themselves  as 
"short-cuts"  for  use  under  suitable  circumstances. 

Victor  H.  Cochrane,*  M.  Am.  Soc.  C.  E.  (by  letter).— The  author's 
tables  and  diagrams  clearly  show  that,  in  the  Cooper  series,  there  is  a  lack  of 
balance  between  the  locomotive  axle  concentrations  and  the  uniform  train 
load.  The  maximum  axle  load  is  ten  times  as  great  as  the  train  load  per  linear 
foot,  whereas  in  the  case  of  the  heaviest  loadings  now  in  use  this  ratio  is 
about  13.  For  some  locomotive  loadings  the  discrepancy  is  not  so  great;  for 
instance,  the  last  three  loadings  of  the  group  of  seven  presented  by  the  author 
are  fairly  well  represented  by  the  Cooper  E-60  loading.  However,  if  these 
same  locomotives  were  followed  by  a  lighter  uniform  loading,  such  as  the 
210  000-lb.  cars  assumed  by  a  committee  of  the  American  Eailway  Engineering 
Associationf  in  its  study  of  the  moments  and  shears  produced  by  modern 
locomotives  and  cars,  the  Cooper  loading  would  again  be  out  of  balance.  It 
seems  desirable,  therefore,  to  make  the  axle  loads  heavier  in  proportion  to 
the  uniform  train  load  than  is  done  in  the  Cooper  series. 

•Cons.  Engr.    (Cochrane,  Willrich  and  Johnson),  Tulsa,  Okla. 
t  Proceedings,  Am.   Ry.  Eng.  Assoc,  Vol.   21. 
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Modern  locomotives  differ  so  greatly  in  the  arrangement  and  spacing  of  axle 
loads  that  no  single  type  can  be  found  to  represent  all  of.  them,  unless  it  is  a 
more  or  less  conventional  system,  such  as  the  author's  first  alternative  loading. 
A  composite  loading  derived  from  a  number  of  different  types  of  heavy  loco- 
motives will  undoubtedly  be  more  nearly  representative  of  future  loadings  than 
any  single  loading  series,  and,  consequently,  will  make  more  adequate  pro- 
visions for  future  developments  in  locomotive  design. 

Of  the  three  alternative  loadings  proposed,  the  writer  prefers  the  loading 
formula,  as  it  is  by  far  the  simplest  and  most  direct.  There  seem  to  be  two 
principal  objections  to  its  use :  First,  that  it  does  not  give  a  graphic  picture  or 
diagram  of  the  axle  concentrations  and  uniform  load  to  which  it  corresponds; 
and,  second,  that  it  is  not  in  close  enough  agreement  with  the  composite  load- 
ing. These  objections  are  outweighed  by  the  advantages  which  are  well  stated 
by  the  author. 

In  regard  to  the  first  objection,  which  relates  to  the  lack  of  a  loading  dia- 
gram, there  is  no  reason  why  an  approximate  equivalent  loading,  such  as  the 
author's  first  alternative,  should  not  be  used  in  connection  with  the  formula  to 
show  approximately  the  loads  provided  for. 

Concerning  the  second  objection,  that  relating  to  the  differences  between  the 
formula  loading  and  the  composite  loading,  it  may  be  pointed  ou^  that,  inas- 
much as  different  locomotives  in  use  give  widely  different  results,  and  as  there 
is  no  way  of  knowing  exactly  the  future  trend  of  locomotive  design,  these 
discrepancies  are  of  minor  consequence. 

However,  if  desirable  to  do  so,  it  is  practicable  to  devise  a  formula  which 
will  agree  much  more  nearly  with  the  composite  loading  than  that  of  the 
author.  Such  a  formula  might  not  be  quite  as  simple  in  appearance  as  that 
of  the  author,  but  it  would  be  practically  as  convenient  to  use.  The  follow- 
ing is  suggested  as  an  alternative  to  the  author's  formula,  using  the  same 
notation : 

,  ^  4  400  +  ^^^  -  600  -  Azziy /plus  3  000  -  60  I,,  forX 
>^  I    _i_  I  l^  +  3  W  shears  when  l^  K  oO  / 

This  formula  reduces  to: 

5  =  5  000  +  '- =  (plus  .3  000  —  60  I2,  for  l^  <  oO),  for  shears  ; 

50  000  ^  , 

q  —  4:  600  H z= ,  for  quarter-span  moments  ; 

•50  000   ^         ., 
q  —  i  400  -\ ^,  for  mid-span  moments. 

This  formula  agrees  with  the  composite  loading  practically  as  closely  as  the 
first  alternative  loading.  Table  5  shows  the  values  obtained  by  the  author's 
formula  and  by  that  of  the  writer,  also  the  percentages  of  error  based  on  the 
maximum  values  of  the  composite  loading.  It  will  be  noted  that  for  moments 
this  formula  gives  a  series  of  curves  parallel  to  the  end  shear  curve.  The 
Cooper  loading  is  different  in  this  respect,  as  will  be  seen. 
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The  Cooper  E-60  loading  can  be  represented  by  a  similar  formula  with 
practically  the  same  degree  of  accuracy  that  is  shown  in  Table  5  for  the  M-60 
loading.     The  general  formula  is: 

30  000  +  10  000    ^'  ~  ^' 
5  =  5  000  +  ——-iJllli, 

which  reduces  to: 

40  000 
g  =  5  000  H =r,  for  shears  ; 

33  300 

g  =  5  000  -\ rr-,  for  quarter-span  moments  ; 

sf  L 

30  000    , 

g  =  5  000  H zir,  for  mid-span  moments. 

The  degree  of  accuracy  of  this  formula  may  be  determined  by  comparison 
with  Plate  lY. 

The  author's  formula  becomes: 

60  000 

g  =  5  000  H :^^,  for  shears  ; 

52  000 
q  r=  5  000  +  ^ ,  for  quarter-span  moments  ; 

Vi 

42  400 
q  =  5  000  H _  ,  for  mid-span  moments. 

\/L 

It  seems  likely  that  any  system  of  loading  that  may  be  adopted,  can  be 
represented  closely  enough  for  practical  purposes  by  a  general  formula  similar 
to  that  just  mentioned. 

The  author's  suggestion  in  regard  to  the  use  of  a  formula  (or  charts  and 
tables  corresponding  thereto),  is  a  valuable  one,  and  is  worthy  of  adoption. 

Albert  Lucius,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  believes  the 
tendency  in  future  bridge  loadings  will  not  be  toward  increased  driver  axle 
loads,  as  the  economical  limit  of  rail  service  is  against  it,  but  that  the  number 
of  drivers  will  be  increased  where  more  traction  unit  is  demanded.  He  also 
believes  that  when  the  electrification  of  railroads  takes  place,  as  sooner  or  later 
it  will,  new  motor  diagrams  will  be  developed,  aiming  at  a  more  uniform  and 
equal  maximum  of  motor  axle  and  car  axle  loads,  with  a  view  to  reducing  main- 
tenance-of-way  costs  of  roadbed  and  structures. 

Referring  to  the  author's  request  for  an  expression  of  preference  concerning 
several  alternate  propositions  for  railway  bridge  loadings  in  specifications,  the 
writer's  preference  is  as  follows:  Specify  the  maximiim  local  axle  loads  and 
spacing,  the  heaviest  typical  locomotive  diagram,  and  the  train  load  per  foot 
of  track. 

This  expression  of  preference  is  without  prejudice  to  the  value  and  correct- 
ness of  the  author's  carefully  prepared  paper  and  his  conclusions  and  recom- 
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mendations  as  contained  therein.  The  writer  begs  to  express  his  full  apprecia- 
tion of  the  labor  involved  and  of  the  service  which  the  author  has  rendered  to 
the  Profession  by  its  publication. 

B.  A.  WoRTHiNGTON,*  EsQ,  (by  letter). — Relative  to  the  author's  suggestion 
of  a  wheel  loading  for  locomotives  to  be  used  in  bridge  design  to  displace  the 
Cooper  loading,  there  is  no  doubt  but  that  the  Cooper  loading  diagram  was 
scientifically  developed,  and  that  at  the  time  of  its  adoption  it  was  the  best 
and  most  efficient  specification  for  the  locomotives  in  use.  However,  the  pres- 
ent type  of  heavy  locomotive  has  outgrown  the  Cooper  loading  diagram  and 
the  writer  thinks  the  point  made  by  Mr.  Steinman  is  well  taken,  namely,  that 
the  Cooper  loading  diagram  will  have  to  be  modified  materially  if  the  stresses 
in  railway  bridges  are  to  be  uniform  and  no  waste  in  material  is  to  occur. 

The  importance  of  making  this  change  is  brought  out  by  the  author's  calcu- 
lations showing  a  variation  of  practically  30  to  40%  in  stresses,  and  as  a  result 
of  his  analysis,  he  suggests  three  proposed  engine  loadings. 

The  writer  has  studied  this  matter  carefully  with  the  Chief  Engineer  of 
the  Cincinnati,  Indianapolis  and  Western  Railroad  Company,  H.  F.  Passel, 
M.  Am.  Soc.  C.  E.,  and  it  seems  that  the  first  suggestion,  namely,  "the  proposed 
engine  loading  (M-60),"  would  be  the  most  desirable,  for  the  reasons  set  forth 
by  the  author,  that  this  diagram  represents  the  least  departure  from  present 
practice  in  bridge  design,  and  that  it  more  nearly  represents  graphically  actual 
conditions.  * 

G.  H.  Gilbert,!  Esq.  (by  letter). — The  author  is  correct  in  the  claim  that 
the  design  of  railway  bridges  for  E-GO  loading  does  not  properly  provide  for 
the  loading  of  modern  types  of  engines  and  the  actual  axle  loads  used  with 
such  engines.  A  few  years  ago,  the  writer  was  requested  to  recommend  a 
bridge  loading  fo'r  new  specifications.  Although  no  final  recommendations 
were  ever  made,  some  preliminary  data  were  developed,  particularly  as  to 
the  weight  of  engines  in  service  on  the  railroads  of  the  United  States.  The 
tentative  conclusion  was  that  modern  locomotive  loadings  were  properly  pro- 
tected by  a  typical  Santa  Fe  engine  with  driver  axle  loads  of  65  000  lb.,  assum- 
ing a  20-ft.  driver  wheel-base  and  a  total  wheel-base  of  70  ft.  of  the  engine  and 
tender. 

The  author  recommends  a  loading  equivalent  to  E-75  for  short  bridges 
followed,  for  the  longer  structures,  with  a  uniform  train  load  of  6  000  lb.  per 
lin.  ft.  Such  a  loading  is  equal  to  or  greater  than  that  of  any  locomotive 
now  in  service.  It  may  be  questioned  whether  railroad  executives  will  approve 
of  such  a  heavy  loading.  The  Profession  and  railroad  bridge  engineers  in 
general,  can  recommend  only  such  heavy  loadings  as  are  in  use  to  any  appre- 
ciable extent,  and  such  as  are  indicated  by  the  trend  of  manufacture,  as  shown 
by  locomotives  built. 

As  indicated  previously,  it  is  considered  that  an  E-60  loading  does  not  prop- 
erly protect  the  drivers  of  Santa  Fe  engines,  nor  properly  care  for  the  heavy 
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axle  loads  now  being  used.  Attempts  to  emphasize  such  facts  are  usually  met 
with  the  claim  that  the  heavy  driver  axle  loads  are  exceptional  and  required 
by  the  use  of  special  experimental  engines  or  engines  designed  for  special  and 
particular  operating  requirements,  together  with  the  further  claim  that  the 
Santa  Fe  type  is  not  necessarily  a  permanent  type  and  no  great  number  of 
such  engines  are  in  service. 

In  Table  6,  statistics  are  given,  compiled  largely  from  the  Railway  Age 
Gazette,  showing  locomotives  for  use  in  the  United  States,  as  ordered  for  each 
year  from  1911  to  1921,  inclusive.  Table  7  gives  the  variation  in  weight  of  the 
several  types  of  heavy  engines,  together  with  the  approximate  average  loading 
per  driver  axle.  These  data  would  indicate  that  most  of  the  heavy  engines  in 
service  have  driver  axle  loads  between  55  000  and  65  000  lb. 

TABLE  6. — Locomotives  for  Use  in  the  United  States. 
(Ordered  1911  to  1917,  Inclusive.) 


Type. 

1911. 

1912. 

1913. 

1914. 

1915. 

1916. 

1917. 

Mallet 

iia 

590 
2148 

168 
1309 

3  038 

72 
796 

2  599 

59 
333 
63 

810 

120 

562 

75 

816 

218 

754 

325 

1594 

175 

a34 

Santa  F6 

370 

1  345 

Total 

2  850 

4  515 

3  467 

1265 

1573 

2  891 

2  704 

* 

(Ordered 

1918  TO  1921,  Inclusive.) 

Type. 

1918. 

1919. 

1920. 

1921. 

Mallet 

303 

1001 

433 

53 

865 

1 
11 

202 

66 
6.^ 
207 

69 
795 

1 

81 

Santa  F6 

60 

25 

43 

Total  for  railroad 

2  555 
38 

214 

1771 
227 

210 

Total  for  industries  

29 

Total 

2  593 

214 

19?8 

239 

(Summary,  1918  to  1921,  Inclusive.) 


Type. 

Number. 

Percentage. 

Mallet 

271 

1727 

700 

147 

1905 

5.7 

36.4 

Santa  F6  

14.7 

3.1 

40.1 

4  750 

100.0 

Table  8  contains  data,  compiled  from  special  articles,  showing  heavy  driver 
axle  loads.  It  will  be  noted  that  an  average  driver  axle  load  exceeding  60  000 
lb.  is  common,  that  this  loading  is  as  high  as  67  000  lb.  for  three  different 
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orders,  and  that,  in  one  case,  it  is  as  high  as  72  400  lb.     The  last  loading  and 
the  highest  single  axle  loading  of  78  000  lb.,  are  for  a  single  engine. 

TABLE  7. — Weights  of  Locomotives  Ordered  for  Use  in  the 

United   States. 


Santa  Fb,  2-10-2. 

Mallet,  2-6-6-2. 

Mallet,  2-8-8-2. 

Mallet, 

2-8-8-0 

•6 

kH  o 

2 

o 
H 

"a 
o 
H 

o 

ill 

1917. 
1918. 
1920. 
1921. 

321  000-411000 
352  000-390  000 
361  200-383  000 
378  000-394  100 

52  000-65  000 

58  000-61  000 

59  000-60  000 

60  000-62  000 

420  000-429  000 
427  000-440  000 
364  000-441  000 

58  000-59  000 

59  000-61  000 
49  000-61000 

465  000-548  000 

540  000-  

476  000-494  500 

51  000-60  000 
59  OOC- 

52  000-55  000 

494  500 
505  000 

58  500 
58  000 

. 

The  recent  tendency  of  locomotive  design  is  toward  the  increasing  use  of 
the  Mikado  and  the  Santa  Fe  types  of  engine,  with  little  change  as  regards  the 
use  of  Mallet  engines.  The  heavy  Mountain  type  of  passenger  engine  is  more 
in  demand.  This  type  is  virtually  an  adaptation  of  the  Mikado  type  for  pas- 
senger service.  On  account  of  the  extended  wheel-base,  its  loading,  from  the 
standpoint  of  bridge  design,  may  be  neglected,  as  it  will  be  lighter  than  the 
Mikado  engine.  During  the  last  four  years,  the  data  presented  show  that 
15%  of  the  engines  ordered  are  of  the  Santa  Fe  type  and  that  60%  are 
strictly  heavy  power,  with  driver  axle  loads  of  from  5o  000  to  65  000  lb. 


TABLE  8. — Heavy  Driver  Axle  Loads. 


Type  of 
locomotive. 

Average 

driver  axle 

load,  in  pounds. 

Highest 

driver  axle 

load,  in  pounds. 

Driver 
vrheel- 
base. 

Authority. 

2  10-2 

62  800 
67  400 
58  600 
67  500 
72  400 
66  900 

58  300 

57  800 

59  000 

60  100 

58  400 

63  800 
63  000 
60  000 
60  500 

68  806 
60  000 

78  666 

59466 

b\m 

65  566 
64  800 
60  000 

22  ft.  10  in. 

22  ft.  0  in. 
20  ft.  7  in. 

23  ft  6  in. 
22  ft.  2  in. 
22  ft.  8  in. 

40  ft,  33/2  in- 

41  ft.  2  in. 

42  ft.  1  in. 
42  ft.  1  in. 
42  ft.  0  in. 
16  ft.  Oin. 
16  ft.  6  in. 
50  ft.  5  in. 
67  ft.  7  in. 

R.  A.  G.,  12-7-17. 

2-10-2 

A.  R.  E.  A.,  Hulletin  No.  n». 

2-10-2 

C.  N   0.  &  T.  P.  Ry. 

2-10-2 

R.  A.  G.,  8-3-17, 

2-10-2 

A.  R.  E.  A.,  Bulletin  No.  $33. 

2-10-0 

R.  A.  G.,  6-15-17. 

0-8-8-0 

2-8-8-0 

2-8-8-2 

2-8-8-2 

2-8-8-2 

2-8-2 

A.  R.  E.  A.,  Bulletin  JVo.  333. 

R.  A.  G.,  7-2H-16. 

R.  A.  G.,  7-12-18. 

A.  R.  E.  A  ,  Hulletin  No.  223. 

R.  A.  G.,  8-15-19. 

L.  &  N.  R  R. 

2  8  2 

A.  R.  E.  A.,  Bulletin  No.  323. 

2-10-10-2 

2-8-8-8-4 

A,  R.  E.  A..  Bulletin  No.  233. 
R.  A.  G.,  1-26-17. 

It  appears  obvious  to  the  writer  that,  in  selecting  a  proper  bridge  loading, 
the  Santa  Fe  type  can  no  more  be  ignored  than  any  other  type  of  engine. 
If  that  fact  is  once  granted,  it  follows  that  many  short  spans  and  the  floor 
systems  of  the  through  spans  designed  for  E-60  loading  will,  at  unit  stresses, 
only  take  the  Santa  Fe  engines  when  the  driver  axle  loads  are  reduced  to 
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about  53  000  or  54  000  lb.  The  tendency  of  driver  axle  loading  is  the  reverse. 
A  railroad  using  60  000-lb.  axle  loads,  with  the  old  type  of  engines,  such  as 
the  Consolidation,  is  forced  by  the  need  of  tractive  power  to  use  63  000  to 
66  000  lb.  for  axle  loads  of  its  Mikado  and  Santa  Fe  engines. 

In  considering  a  broad  matter  like  bridge  building,  affecting  the  develop- 
ment of  railroads  for  the  next  15  or  20  years,  it  is  well  to  keep  close  to 
fundamentals.  The  types  and  weights  which  have  developed  within  the  last 
10  years  are  due  to  an  ever-increasing  demand  for  tractive  power.  For  pas- 
senger engines  and  freight  engines  of  the  Mikado  type,  there  is  the  added 
demand  of  speed.  The  Santa  Fe  and  Mallet  types  are  probably  restricted  to 
use  with  drag  freights,  and  the  Mikado  engine  is  the  most  popular  freight 
engine.  The  use  of  a  trailer  develops  the  full  value  of  the  weight  on  the  four 
drivers,  so  that  in  the  future  any  increased  tractive  power  must  be  obtained 
either  by  increasing  the  weights  on  the  drivers,  or  by  changing  the  type  of 
engine.  From  some  standpoints,  the  change  to  a  Santa  Fe  or  Mallet  type  is 
objectionable,  so  that  fundamentally  it  seems  reasonable  that  during  the  next 
few  years  there  will  be  an  increase  in  the  weight  of  driver  axles  on  the  Mikado 
type  of  engine.      Some  railroads  already  are  using  about  64  000  lb.  per  driver. 

To  obtain  tractive  power  greater  than  that  afforded  by  the  Mikado,  it  is 
necessary  to  use  more  driver  axles.  This  leads  immediately  to  the  5-axle 
or  Santa  Fe  engine,  or  the  Mallet  engine  with  its  6,  7,  8,  or  even  10  axles. 

The  extended  wheel-base  used  with  Mallet  engines  greatly  reduces  the 
bridge  loading  when  compared  with  the  E-60  loading.  For  floor  systems  and 
short  spans,  there  is  no  such  reduction  with  the  5-driver  axle,  or  Santa  Fe 
type. 

In  studying  this  matter  a  few  years  ago,  the  writer  compiled  the  diagrams, 
shown  on  Fig.  15,  which  compare  moment,  shear,  and  floor-beam  reactions  for 
the  following  locomotives; 

1. — A  U.  S.  Railroad  Administration,  heavy,  Mallet  engine  of  the  2-8-8-2 
type,  assumed  as  representing  about  the  heaviest  Mallet  engine  that 
would  be  used,  except  at  special  locations  to  meet  peculiar  operating 
requirements. 

2. — A  Denver  and  Rio  Grande  Santa  Fe  engine  weighing  428  500  lb.  This 
was  assumed  as  typical  of  the  heaviest  Santa  Fe  engines  built.  It 
should  be  noted  that  the  wheel-base  is  somewhat  extended. 

3. — A  typical  Santa  Fe  engine  with  condensed  wheel-base  and  65  000  lb. 
per  driver  axle. 

4. — A  typical  Santa  Fe  engine  with  condensed  wheel-base  and  60  000  lb. 
per  driver  axle. 

5.— An  E-60  loading. 

6. — A  special  engine  of  the  Pennsylvania  Railroad,  Santa  Fe  type,  weigh- 
ing 442  840  lb. 

The  plotting  of  data  for  the  last  engine  was  of  no  practical  value.  It  was 
interesting  as  showing  the  percentage  by  which  it  exceeds  other  loadings  more 
generally  in  use.  These  diagrams  (Fig.  15),  support  the  statement  that  for 
spans  in  excess  of  about  100  ft.,  an  E-60  loading  is  about  heavy  enough,  as 
far  as  trusses  are  concerned,  regardless  of  type  of  engine  or  weight  of  drivers. 
However,  these  diagrams  also  show  that  for  a  concentration  of  five  axles  on  a 
20-ft.  wheel-base,  with  65  000  lb.  per  axle,  the  loading  demand  for  floor  sys- 
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terns  of  all  bridges  and  for  many  short  spans  is  from  15  to  20%  greater  than 
that  provided  for  by  the  E-60  design. 

Five  65  000-lb.  driver  axle  loads,  spaced  at  5  ft.,  with  a  condensed  wheel- 
base  for  the  entire  locomotive  and  tender,  will  protect  all  the  engines  commonly 
used.  Under  certain  types  of  locomotives,  the  loading  will  give  extra  strength 
in  the  floor  system  and  hangers  of  truss  bridges,  and  in  short  spans.  This  will 
give  only  needed  protection  to  such  metal  against  corrosion.  Even  if  the  life 
of  a  steel  bridge  is  assumed  to  be  only  30  years,  the  loss  of  strength  of  floor 
systems  in  that  time  is  alarming.  The  menace  of  corrosion,  resulting  from 
brine  drippings,  and  from  a  policy  of  paint  maintenance  controlled  by  the  net 
income  of  a  railroad,  would  justify  the  use  of  reduced  unit  stresses  in  the 
design  of  such  parts.  Certainly,  it  demands  that  floor  systems  be  originally 
designed  so  that  they  will  not  be  weak  under  engines  which  represent  15 
to  25%  of  those  purchased  in  the  last  four  years. 

Regardless  of  criticism  of  the  heavy  loading  proposed  by  the  author,  it 
appears  to  be  self-evident  that  the  E-60  designs  are  outgrown  as  a  protec- 
tion to  the  types  of  engines  in  service.  The  Committee  on  Iron  and  Steel 
Structures  of  the  American  Eailway  Engineering  Association  has  defended  the 
retention  of  the  Cooper  system  of  loading,  in  spite  of  representations  as  to  its 
inadequacy  to  protect  the  Santa  Ee  engines.  Criticism  has  been  answered  by 
the  statement  that  the  loading  of  the  Santa  Fe  engines  will  be  protected  by 
the  use  of  the  E-65  loading  instead  of  the  E-60.  As  the  author  has  clearly 
pointed  out,  this  results  in  a  loading  for  long  bridge  spans,  which  is  excessive, 
and  an  increase  in  uniform  train  load,  which  is  not  warranted. 

A  fundamental  psychological  factor  is  further  involved  which  should  not 
be  ignored.  For  years,  executive  officers,  and  transportation  officials  generally, 
have  associated  the  E-50  and  E-60  loadings  with  corresponding  axle  loads  of 
50  000  and  60  000  lb.  It  is  unreasonable  to  expect  that  such  executive  officers 
will  understand  and  approve  a  loading  called  the  E-65,  which  does  not  protect 
axle  loads  of  65  000  lb.  Further,  it  is  extremely  difficult  to  obtain  the  approval 
of  expenditures  when  the  implied  loading  is  decidedly  greater  than  the  axle 
loading  of  the  engines  in  use,  or  those  likely  to  be  purchased. 

Railroad  officials  generally  are  being  educated  to  the  fact  that  new  bridges 
designed  for  ordinary  unit  stresses  have  a  factor  of  safety  sufficient  to  allow 
the  operation  of  any  type  of  engine  or  weight  of  driver  axle.  Such  officials, 
naturally,  cannot  be  expected  to  be  particularly  interested  in  consistency  of 
design  which  will  permit  a  proportional  increase  of  axle  load  for  all  types 
of  engines  operated.  It  is  the  function  of  the  Profession,  and  railroad 
bridge  engineers  in  particular,  to  recommend  such  loading  as  will  be  con- 
sistent for  all  types  of  power  which  are  likely  to  be  operated  and  which,  at 
the  same  time,  will  appeal  to  financial  and  executive  officials  as  properly  con- 
servative and  based  on  axle  loads  of  modern  heavy  power. 

It  is  to  be  hoped  that,  in  the  discussion  of  this  paper,  criticism  of  the 
extreme  high  loading  which  the  author  recommends  shall  not  be  allowed  to 
cloud  the  essential  facts  which  he  has  so  ably  presented,  namely,  the  inadequacy 
of  the  Cooper  system  of  loading  at  ordinary  unit  stresses  of  design  properly 
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to  care  for  the  present,  engine  loading  and  for  such  engine  loading  as  may  rea- 
sonably be  expected  in  the  next  five  or  ten  years. 

J.  A.  L.  Waddell,*  M.  Am.  Soc.  C.  E.  (by  letter). — During  the  last  four 
decades,  the  evolution  in  America  in  bridge  designing  has  been  marked 
from  time  to  time  by  certain  epoch-making  papers,  usually  presented  to  the 
Society  and  thoroughly  discussed  by  its  members.  To  these  papers  and  their 
discussions  is  mainly  due  the  development  of  bridgework  from  a  crude  art 
to  an  advanced  science. 

This  paper  is  worthy  of  being  included  in  the  list  of  such  epoch-making 
papers.  The  Society  and  the  Profession  are  deeply  indebted  to  the  author  for 
his  praiseworthy  altruism  in  undertaking  such  an  important  investigation. 
The  writer,  for  the  last  forty  years,  has  been  making  somewhat  similar  studies. 
As  long  ago  as  1892,  in  a  paper  entitled,  "Some  Disputed  Points  in  Railway 
Bridge  Designing"t,  he  treated  at  considerable  length  the  subjects  of  railway 
bridge  loadings  and  equivalent  uniform  live  loads.  Following  the  publication  of 
that  paper,  he  extended  his  investigations,  and,  later,  wrote  a  pamphlet  entitled 
"The  Compromise  Standard  System  of  Live  Loads  for  Railway  Bridges  and 
the  Equivalents  for  Same."  This  pamphlet  evoked  much  discussion  in  the 
technical  press,  as  some  engineers  were  opposed  to  the  use  of  equivalent  load- 
ings, deeming  exactness  of  stresses  to  be  a  sine  qua  non,  and  seeming  to  forget 
that  all  assumed  loadings  are  merely  typical  and  that  they  will  never  be  more 
than  approximately  realized. 

The  result  of  the  original  papers  and  the  ensuing  numerous  (and  often 
quite  warm)  discussions  was  eventually  to  bring  into  general  use  the  simple 
and  economic  method  of  calculating  live  load  stresses  in  bridges  by  the  use 
of  equivalent  uniform  loads.  In  those  days,  that  method  was  much  more 
accurate  than  it  is  at  present,  for  three  reasons : 

First. — Both  the  maximum  and  the  average  span  lengths  were  then  much 
shorter  than  they  are  now. 

Second. — The  weight  per  linear  foot  of  the  locomotives  with  their  tenders 
did  not  then  greatly  exceed  the  weight  per  linear  foot  of  the  loaded  cars, 
whereas,  to-day,  the  excess  is  50%  or  more. 

Third. — Modern  locomotives  are  longer  than  those  in  use  three  decades  ago. 

It  goes  without  saying  that  the  greater  the  excess  of  locomotive  weight,  as 
compared  with  that  of  a  corresponding  length  of  loaded  cars,  the  greater  will 
be  the  variations  of  stresses  computed  by  the  two  systems — wheel  loadings  and 
equivalent  uniform  loads. 

Comparing  Mr.  Steinman's  investigation  with  that  of  the  writer  previously 
mentioned,  there  is  as  great  a  variation  between  them,  in  respect  both  to  impor- 
tance and  science  of  treatment,  as  there  is  in  the  weights  of  present-day  loco- 
motives and  those  of  that  time. 

The  author  has  shown  that  the  "Cooper"  loadings  should  be  relegated  to 
oblivion;  and,  in  the  writer's  opinion,  the  proposed  new  system  is  as  good  as 
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can  be  evolved  for  the  purpose  of  bridge  designing.  The  argument  suggested 
as  a  reason  for  retaining  the  Cooper  loading,  namely,  "that  it  affords  a  con- 
venient standard  for  rating  bridges",  is  unsound,  because  the  author's  M-60 
loading,  with  its  proportionate  M-10  unit  loading,  provides  just  as  convenient 
a  rating  standard. 

The  "rating  standard"  evolved  by  Charles  F.  Loweth,  President,  Am.  Soc. 
C.  E.,  deserves  to  be  considered  as  one  of  the  "epoch-making"  investigations 
in  the  evolution  of  bridgework,  notwithstanding  the  fact  that  it  is  disassociated 
from  designing. 

Concerning  the  author's  three  suggested  loadings,  the  writer  is  opposed  to 
Loading  No.  2  as  being  unscientific  and  illogical.  It  has  no  raison  d'etre, 
for  it  is  much  more  troublesome  to  use  than  the  equivalent-uniform-load 
method,  and  is  but  little,  if  any,  more  accurate. 

As  for  Loading  No.  1,  it  is  well  to  retain  it  and  include  it  in  the  specifica- 
tions as  the  typical  wheel  loading,  but  it  should  be  clearly  stated  therein  that 
it  is  not  to  be  used  in  cotnputing  stresses. 

Loading  No.  3  is  by  far  the  best,  and  should  be  generally  adopted.  As 
stated  by  the  author,  it  is  "the  most  scientific  in  principle  and  most  convenient 
in  application."     In  the  writer's  opinion,  this  claim  cannot  be  gainsaid. 

The  specifying  of  a  live  load  shown  by  wheel  diagram  and  using  instead 
a  loading  indicated  by  a  formula  that  agrees  therewith  only  approximately, 
may  be  objectionable  to  some  engineers;  but  what  does  it  matter  if  there  is 
an  occasional  difference  of  a  few  per  cent,  between  the  two  methods  when 
both  methods  are  merely  arbitrary  assumptions?  To  overcome  this  objection 
and  satisfy  the  quibblers,  let  the  formula  be  called  the  true  standard  and  the 
wheel  diagram  its  approximate  graphic  representation. 

The  thoroughness  of  the  author's  investigation  and  the  clearness  of  his 
presentation  of  findings  mark  this  paper  as  one  of  the  best  ever  submitted  to 
the  Society. 

GusTAV  LiNDENTHAL,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  author's  pains- 
taking analysis  of  the  different  locomotive  loadings  in  use  for  the  design  of 
American  railroad  bridges  is  a  valuable  contribution  to  a  subject  which  has 
been  discussed  for  a  long  time,  but  which  is  not  as  vexing  as  is  usually  assumed. 

The  Cooper  standard  has  become  conventional,  because  it  is  sufficiently 
inclusive  of  maximum  effects  from  concentrated  loadings  of  locomotives  and 
the  grouping  of  such  loadings.  When  locomotives  become  heavier^  it  is  con- 
venient to  assume  heavier  axle  loads  without  disturbing  the  grouping.  Some 
locomotive  axle  loads  have  already  reached  nearly  80  000  lb.  and  some  groupings 
of  wheel  loads,  370  000  lb.  in  22  ft.  There  may  be  further  increases  in  loads 
and  changes  in  wheel  spacing  that  cannot  be  foreseen.  At  times,  bridges  have 
to  carry  whole  trains  of  dead  locomotives.  Meticulous  accuracy,  therefore,  is 
out  of  place. 

The  author's  proposed  first  method,  substituting  a  new  and  simpler  wheel- 
load  diagram  for  the  Cooper  diagram,  seems  preferable  to  his  other  two  pro- 
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posed  methods.  It  would  represent  the  smallest  departure  from  present 
methods  and  is  sufficiently  inclusive  of  the  maximum  effects  of  loads  from 
any  of  the  seven  locomotive-wheel  diagrams  illustrated  in  his  paper.  The 
Cooper  diagram  should  also  be  illustrated  in  this  paper,  so  that  bridge  engineers 
of  other  countries  may  know  without  searching  elsewhere  what  the  Cooper 
E-60  loading  represents.  Trusses  in  longer  spans  are  less  affected  by  the 
heavier  locomotives  than  those  of  shorter  spans,  as  may  also  be  seen  from 
Figs.  6  and  9. 

The  floor  construction  is  merely  a  succession  of  short  spans,  therefore,  it 
suffers  more  than  the  trusses  from  an  increase  of  locomotive  weights.  The 
larger  allowance  for  impact  in  floor  members  covers,  to  a  certain  extent,  unfore- 
seen increases  in  wheel  loads. 

Fast  trains  which  produce  the  largest  impact  stresses,  usually  have  lighter 
locomotives.  The  heavy  locomotives  considered  by  the  author  are  used  only 
with  freight  trains,  usually  at  only  one-half  the  speed  of  passenger  trains,  there- 
fore, smaller  impact  stresses  are  produced.  It  is  probable  that  heavy  axle  loads 
plus  impact  produce  smaller  stresses  than  the  lighter  passenger  locomotives 
plus  impact,  at  50  to  60  miles  per  hour. 

E.  A.  Caughey,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  believes  that 
Mr.  Steinman  has  made  a  wonderful  contribution  to  the  Profession  in  the 
preparation  of  his  paper  and  has  done  a  great  deal  toward  making  changes  in 
loadings  for  railway  bridges,  which  many  engineers  have  recognized  as  neces- 
sary, but  have  been  unable  to  suggest  on  account  of  the  enormous  amount  of 
work  involved.  He  has  proved  that  the  Cooper  loading  should  be  replaced  by 
one  more  in  accordance  with  the  weights  and  axle  arrangements  of  modern 
railway  rolling  stock.  He  has  also  developed  an  equivalent  uniform  load  which 
is  really  "equivalent",  as  he  has  taken  into  account  the  position  of  the  section 
at  which  shear  or  moment  is  desired.  Perhaps,  it  would  be  more  accurate  to 
say  that  three  systems  of  equivalent  loading  have  been  developed,  giving 
design  results  far  more  satisfactory  than  those  of  the  Cooper  system. 

As  to  which  of  these  systems  it  would  be  best  to  adopt,  the  writer  would 
favor  the  first,  the  M-engine  diagram,  and  might  be  criticized  for  doing  so,  as  it 
would  seem  that  either  of  the  last  two  loadings  would  be  easier  to  apply.  This 
would  be  true  under  ordinary  circumstances,  but  with  a  chart  available,  such 
as  is  given  by  the  author  on  Plate  X,  and  a  table  of  equivalent  uniform  loads, 
such  as  that  given  in  Fig.  2,  no  one  who  dislikes  the  long  computations  in- 
volved in  stresses  due  to  wheel  loads  would  be  forced  to  make  them. 

In  many  cases,  the  position  of  the  engine  loading  (even  though  hypothe- 
tical) on  the  structure  is  desired  and  of  the  three  schemes  suggested  the  first 
is  the  only  one  which  would  give  this.  One  case  in  which  such  information 
would  be  desired  would  be  that  of  a  complicated  structure  having  a  broken 
influence  line  some  segments  of  which  would  represent  positive  and  others 
negative  stress  and  in  which  the  maximum  stress  would  have  to  be  determined 
by  trial  positions  of  the  engine  and  train. 
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Another  point  in  favor  of  the  engine  diagram,  the  writer  believes,  is  that 
it  keeps  the  computer  more  in  touch  with  the  principles  involved  in  the  com- 
putation of  stresses  due  to  moving  loads ;  and  it  is  his  belief  that  the  engineer 
who  computes  stresses  without  an  understanding  of  the  underlying  principles 
is  of  little  use  to  his  employer.  If  the  first  method  was  in  vogue,  any  com- 
puter would  have  the  equivalent  load  as  a  time-saver  and  still  not  lose  sight 
of  the  loading  producing  it. 

The  officials  of  some  roads  prefer  to  use  their  own  engine  diagrams  in  the 
design  of  bridges,  and  no  doubt  they  would  find  the  engine  diagram  closer  to 
the  conditions  with  which  they  deal  and  could  use  it  best  as  a  basis  of  com- 
parison with  their  loadings.  In  such  cases,  the  engine  diagram  would  be  the 
basis  for  "short  cuts"  such  as  equivalent  uniform  load  charts  and  tables,  and 
it  would  seem  that  it  should  be  and  could  be  so  in  the  case  of  the  M-loadings. 

To  sum  up,  it  is  the  writer's  belief  that  a  change  in  bridge  loadings  should 
be  made  and  that  a  simple,  tangible  system  should  be  adopted.  Much  could  be 
said  for  the  simplicity  of  the  third  method,  but  it  is  a  question  as  to  whether 
railway  bridge  designers  would  care  to  think  of  a  bridge  loading  as  a  thing  so 
intangible  as  to  be  represented  by  an  equation,  and  it  may  also  be  noticed  on 
investigation  that,  for  certain  conditions,  there  is  considerable  variation  from 
the  "composite"  loading  when  the  equation  is  used.  It  seems  that  by  the  use 
of  the  author's  charts,  tables,  etc.,  the  first  method  will  satisfy  all  requirements 
of  simplicity  and  tangibility,  will  give  a  loading  approximating  most  closely 
the  "composite"  loading,  and,  in  addition,  will  be  easy  to  use  in  bridge  speci- 
fications. 

While  on  the  subject  of  railway  bridge  loadings,  the  writer  wishes  to  state 
that,  on  branch  roads,  the  controlling  load  in  the  design  of  bridges,  especially 
short-span  bridges,  is  the  train  load  instead  of  the  engine.  To  illustrate  this, 
compute  the  maximum  live  load  bending  moment  at  the  center  of  a  40-f t.  plate- 
girder  span,  the  traffic  on  which  consists  of  an  engine  load  followed  by  Penn- 
sylvania railroad  gondola  cars  of  220  000  lb.  capacity,  with  an  allowance 
of  10%  for  overload.  The  weight  of  these  cars  is  74  600  lb.  It  will  be  assumed 
that  the  engine  is  equivalent  to  Cooper's  E-50.  According  to  Table  3,  a  Cooper 
E-64  engine  is  equivalent  to  an  M-50  loading  when  the  center  moraent  on  a 
40-ft.  beam  is  considered.     An  E-50  engine,  therefore,  would  be  equivalent 

50 
to  —  X  50  =  39,  say,M-40.     The  center   moment  due  to  a  train  of  the  coal 
64 

cars  mentioned  will  exceed  nearly  15%  that  of  the  M-40  engine  loading.  From 
this,  it  would  seem  that  attention  should  be  given  to  this  type  of  loading  as 
well  as  to  locomotive  loading,  especially  when  light  locomotives  are  used. 

J.  C.  Ralston,*  M.  Am.  Soc.  C.  E.  (by  letter). — This  paper  embodies  a 
comprehensive  if  not  a  conclusive  re-cast  of  a  question  which  heretofore  has 
been  in  a  state  of  general  flux.  As  a  comparative  study,  with  a  re-valuation 
of  the  essential  factors,  lighted  by  the  last  word  of  the  mechanical  or  motive 
power  engineer,  and  evaluated  by  the  theory  of  probabilities  in  future  loco- 
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motive  development,  it  is  likely  to  clarify  and  standardize  future  specifications 
on  loadinjys  for  many  years. 

Viewing  the  paper  from  the  human  standpoint  of  ethical  ambition  on  the 
part  of  the  author,  it  is  expressive  of  the  best  devotional  spirit  of  the  Profes- 
sion. Too  often  this  spirit  of  contribution  is  lost  sight  of  by  the  reviewer  who 
would  apply  his  own  yard-stick  in  measuring  engineering  worth.  Happily, 
this  paper  is  timely,  because  it  is  serviceable  in  a  practical  way. 

The  redemption  and  the  inspiration  of  the  Profession  lie  in  the  contribution 
of  a  definite,  usable,  and  needed  technical  asset.  When  such  contributions  are 
inspired  by  altruistic  vision  rather  than  profit,  the  genius  of  a  great  profession 
is  finding  its  most  lofty  expression. 

It  is  in  this  larger  sense  that  the  writer  would  commend  the  author.  He 
has  shown  the  erratics  of  the  Cooper  applications,  or,  as  he  states,  "smoothed 
out  the  depressions,"  and  given  the  bridge  designer  a  more  consistent  and 
logical  procedure  for  the  determination  of  his  controlling  stresses. 

It  is  safe  to  assume  that  the  equivalent  uniform  loadings,  applied  either 
directly  or  through  the  author's  so-called  Composite,  will  stand  for  a  long  time. 

The  engineering  offices  of  the  motive  power  departments  generally  are  turn- 
ing their  attention  to  the  details  of  boiler  and  cylinder  performances,  to  the 
metallurgy  and  the  re-design  of  revolving  and  reciprocating  parts,  and  to  spe- 
cial devices,  rather  than  to  any  further  increase  in  or  multiplication  of  axle 
concentrations.  Eoad  structures  and  clearances  are  putting  a  peremptory 
estoppel  on  further  swelling  the  bulk  dimensions  of  locomotives.  Mechanical 
and  energic  improvements  of  locomotives  have  been  delayed  too  long,  but  the 
obsession  is  now  and  will  be  toward  carrying  them  to  maximum  finality. 

The  ratios  between  heating  surfaces,  grate  areas,  and  cylinder  volumes  have 
been  digested  and  re-digested  carefully.  At  present,  and  hereafter,  the  man- 
datory is  on  that  of  providing  a  gas  to  produce  the  greatest  cylinder  horse- 
power and  of  obtaining  greater  calorific  results  per  cubic  foot  of  firebox 
volume.  Pyramiding  further  axle  concentrations  on  top  of  obsolete  steaming 
practice  is  in  limbo.  These  considerations  being  true,  the  railway  bridge 
designer  may  look  forward  with  confidence  to  an  extended  period  for  the 
application  of  the  author's  thesis. 

Railway  engineering  has  not  been  confined  to  the  bold  projects  of  territorial 
penetration,  nor  to  the  conquest  of  rugged  and  intransitable  gorges,  but  covers 
also  those  masterful  exploits  which  the  patience,  ingenuity,  and  genius  of  the 
mechanical  engineer  and  the  bridge  engineer  have  accomplished.  It  has  been 
an  Augustan  Age  from  the  days  of  "Puffing  Billy",  the  grass-hopper  locomo- 
tive, to  this  hour  of  the  super-Mallet  and  its  concomitants,  the  colossal  canti- 
lever or  the  awe-inspiring  arch.  The  "Rocket"  locomotive  of  1830,  weighing 
41  tons,  and  the  "Old  Ironsides"  of  1832,  weighing  5-J  tons,  were  feeble  but 
epochal  beginnings.  Ten  years  later,  the  pace  had  been  trebled.  In  1842, 
Matthias  Baldwin  built  for  the  Georgia  Railroad,  on  order  from  J.  Edgar 
Thomson,  its  Chief  Engineer,  fourteen  of  those  famous  "6-wheels-connected" 
locomotives.  They  weighed  12  tons  each,  or  4  tons  per  axle.  Messrs.  Thom- 
son, Latrobe,  and  others  of  those  days,  and,  later,  Meigs,  Fink,  Bollman,  Howe, 
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and  their  contemporaries  were  making  great  strides  in  bridge  design.  Yet, 
the  work  of  each  has  become  obsolete  and  inadequate  practice.  Newer  and 
better  engines  and  stronger  and  bigger  bridges  were  demanded.  Within  the 
last  decade,  the  bridge  designer  must  draw  his  specifications  for  the  require- 
ments of  locomotives  with  two  and  even  three  groups  of  drivers,  each  engaging 
four  or  five  axles  under  concentrations  of  60,  70,  or  80  tons,  and  some  ponder- 
ous machines  weighed  as  much  as  449  tons — one  hundred  times  more  than  the 
original  locomotive. 

J.  C.  Bland,*  M.  Am.  Soc.  C.  J^.  (by  letter). — In  the  Cooper  si)ecifications 
of  1890,  the  two  heaviest  loadings  used  were  the  "Lehigh  Heavy  Grade  Engine 
Class"  and  "Class  Extra  Heavy  A".  Each  loading  consisted  of  two  coupled 
Consolidation  engines  followed  by  a  train  designated  as  so  many  pounds  per 
linear  foot  of  track.  Each  engine  was  32  ft.  7  in.  long,  with  a  tender  20  ft. 
10  in.  long. 

The  "Lehigh  Heavy  Grade"  engine  weighed  as  follows: 

Pony  truck 16  000  lb. 

4  driver  axles,  at  40  000  lb 160  000    " 

2  tender  axles,  at  18  000  lb 36  000    " 

2         "          ",  at  20  000  lb 40  000    " 

Total   : 252  000  lb. 

The  train  load  was  4  000  lb.  per  lin.  ft. 

The  "Class  Extra  Heavy  A"  weighed  as  follows: 

Pony  truck   16  000  lb. 

4  driver  axles,  at  30  000  lb 120  000    " 

4  tender  axles,  at  18  000  lb 72  000    " 

Total   208  000  lb. 

The  train  load  was  3  000  lb.  per  lin.  ft. 

In  1894,  in  his  paper  entitled,  "Train  Loadings  for  Railway  Bridges",f 
Cooper  proposed  the  loading  which  since  has  been  so  generally  used.  This 
loading  consisted  of  two  coupled  Consolidation  engines,  the  length  of  the 
engine  being  34  ft.  and  that  of  the  tender,  22  ft.  The  train  load  was  given 
as  so  many  pounds  per  linear  foot  of  track. 

In  this  loading,  the  various  axle  loads  were  expressed  in  terms  of  the  driver 
axle  load  considered  as  unity,  that  is,  the  pony  truck  axle  load  was  0.5;  each 
'of  the  four  driver  axles  was  1.0;  and  each  of  the  four  tender  axle  loads  was 
0.65.  Thus,  the  weight  of  the  engine  was  4.50  units;  that  of  the  tender  2.60 
units,  and  the  train  weight  per  linear  foot  was  0.10  units.  Cooper  gave  as  a 
minimum  the  E-25,  and  as  a  maximum  the  E-40,  loading.  He  seemed  to  have 
considered  the  latter  the  heaviest  loading  possible,  and  expressly  said  so 
regarding  the  train  load  of  4  000  lb.  per  lin.  ft. 

When  the  axle  loads  increased  between  the  limits  named,  there  was  no 
change  in  the  axle  spacing,  therefore,  in  computing  moments,  shear,  etc.,  for 
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unit  loads  for  this  axle  spacing,  the  finding  of  these  functions  for  any  E- 
loading  was  merely  a  matter  of  multiplication. 

The  advantages  of  this  loading  are  many,  but  the  disadvantages  are: 

(1). — That  even  in  1894,  the  ratio  of  tender  axle  load  to  driver  axle  load 
of  0.65  was  smaller  than  that  in  actual  engines;  and  the  distance  between  the 
rear  driver  axle  and  front  tender  axle  of  9  ft.  was  30%  less  than  in  actual 
engines  of  the  Consolidation  type. 

(2). — The  weight  of  the  train  per  linear  foot  was  given  as  one-tenth  the 
driver  axle  load,  that  is,  the  train  load  is  a  fixed  proportion  of  the  driver  axle 
load. 

(3). — The  method  was  clearly  inapplicable  to  engines  of  a  type  different 
from  that  assumed,  namely,  the  Consolidation  type. 

As  the  weight  of  engines  of  the  same  type  increases,  the  wheel-base  and 
length  increase,  and  although  this  is  of  not  much  account  between  the  limits 
given  by  Cooper  in  1894  for  his  proposed  loading  (namely,  from  E-25  to  E-40), 
it  becomes  of  consequence  beyond  E-40.  In  short,  the  E-loading  is  not  appli- 
cable beyond  Cooper's  upper  limit. 

As  to  the  train,  there  is  no  necessary  relation  between  the  weight  of  train 
per  linear  foot  and  the  driver  axle  load,  or,  more  generally,  the  weight  on  the 
driver  axles.  The  gross  weight  of  the  train  as  a  whole  depends  on  the  tractive 
power,  and  that  again  depends  on  the  load  on  the  drivers.  Within  the  limits 
of  the  Cooper  proposed  loading  of  1894  (E-25  to  E-40),  this  did  not  make  much 
difference,  as  E-40  engines  were  generally  hauling  4  000-lb.  trains,  but  the 
principle  cannot  be  extended  to  E-60  engines,  or  greater. 

In  his  paper,  previously  mentioned.  Cooper  wisely  remarks  that  "the  ten- 
dency to  seek  for  a  'final  standard'  in  any  engineering  construction,  regardless 
of  changing  conditions,  is  a  harmful  one,"  and,  by  the  same  token,  the  writer 
considers  that  for  many  years  the  "Cooper  loading"  has  ceased  to  be  a  standard. 
He  concurs  with  the  author  when  he  states  that  "the  time  has  come  to  make 
a  fresh  start,  with  a  system  based  on  the  existing  locomotive  and  train  loads", 
and  the  writer  feels  confident,  that  if  Mr.  Cooper  was  still  alive,  he  would 
share  this  view  and  be  among  the  first  to  devise  a  new  method  and  one  which 
not  only  conformed  to  existing  engines  and  train  loads,  but  looked  forward 
and  beyond.  The  author's  paper  is  so  complete  as  to  leave  little  room  for  dis- 
cussion. 

The  writer  studied  the  effects  of  some  of  the  heaviest  engines  and  train 
loads  of  the  Pennsylvania  System,  and  prepared  a  diagram  which  showed  the 
"Cooper  index"  or  "equivalent"  for  each  foot  of  span  up  to  300  ft.,  for  bending 
moments,  shears,  and  cross-girder  re-actions.  The  great  variation  of  the 
"Index"  for  the  same  engine  fully  exhibits  the  inadequacy  of  the  "Cooper 
•loading"  to  represent  the  stress  effects  of  modern  heavy  engines  and  trains. 
Table  9  gives  the  principal  data  for  the  heavy  engines  of  the  Pennsylvania 
System,  as  compared  with  the  Cooper  E-60. 

Apparently,  Cooper  did  not  look  forward  to  the  use  of  engines  other  than 
those  of  the  Consolidation  (2-8-0)  type,  and  the  data  given  for  the  heaviest 
engine  of  that  type  used  on  the  Pennsylvania  System  (the  H-lO-s),  show  the 
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great  difference  in  many  of  the  ratios,  which,  on  the  supposition  of  extending 
the  Cooper  system  of  loading  beyond  the  E-40  given  in  his  paper  previously 
mentioned,  should  be  the  same. 

The  H-lO-s  engine  has  a  Cooper  equivalent  or  index  of  E-55  to  E-50,  and 
being  of  the  Consolidation  type,  naturally  shows  less  variation  in  the  index 
than  the  engines  of  different  types.  Nevertheless,  there  are  wide  divergences 
in  the  ratios.  The  Cooper  engine  weighs  7.10  times  the  driver  axle  load, 
whereas,  the  H-lO-s  weighs  7.61  times  the  mean  axle  load.  The  Cooper  tender 
weighs  2.60  times  the  driver  axle  load,  whereas,  the  tender  of  the  H-lO-s  weighs 
3.18  times  the  mean  driver  axle  load,  or,  expressed  differently,  the  Cooper 
tender  axle  load  is  65%  of  the  driver  axle  load,  whereas,  the  H-lO-s  tender  axle 
load  is  79.6%  of  the  mean  driver  axle  load. 

It  would  be  hardly  fair  to  dwell  on  the  divergences  of  the  ratios  of  engines 
of  other  types  from  the  Cooper  ratios.  One  could  scarcely  expect  to  find  a  Con- 
solidation engine  of  the  Cooper  type,  which  would  produce  the  same  stress 
effects  as  those  caused  by  such  an  engine  as  the  N-l-s;  therefore,  it  is  here 
that  the  author's  suggested  loading  seems  to  fulfill  the  requirements.  He 
makes  a  "composite"  of  all  the  heavy  engines,  and  finds  a  loading  which  will 
come  measurably  close  to  the  moments,  shears,  etc.,  caused  by  this  "composite" ; 
thus,  all  the  irregularities  of  the  actual  engines  are  eliminated.  Of  the  three 
forms  of  loading  presented  by  Mr.  Steinman  for  replacing  the  Cooper  E- 
loading,  the  writer  much  prefers  the  third. 

The  Cooper  loading  has  been  of  incalculable  service,  not  indeed  for  the 
design  of  bridges,  but  for  expressing  the  capacity  of  existing  bridges.  It  has 
furnished  a  base,  now  fully  understood  by  railroad  men,  whereby  structures 
may  be  classified  and  compared.  By  taking  an  actual  engine  and  determining 
the  stresses  in  each  member  of  an  existing  structure,  and  then  by  dividing 
each  stress,  moment,  or  shear,  etc.,  by  those  due  to  the  Cooper  E-1,  the  Cooper 
index  for  each  member  is  obtained,  the  lowest  of  which  gives  the  capacity  of 
the  bridge.  Any  other  typical  engine  would  do  as  a  base,  but  the  Cooper 
engine  serves  the  purpose  far  better,  principally  because  of  nts  general  accept- 
ance. 

With  the  introduction,  some  years  later,  of  engines  with  trailers,  and  also 
of  engines  of  the  Mallet  type,  the  use  of  Consolidation  engines  for  the  design 
of  bridges  could  hardly  be  maintained  as  good  practice,  and  such  railroads  as 
had  adopted  the  Cooper  loadings  as  their  standard  were  soon  comi}elled  to  use 
different  Cooper  loadings  for  the  different  parts  of  the  same  bridge,  as  is 
pointed  out  by  the  author.     Such  a  practice  is  not  desirable. 

The  defects  of  the  Cooper  loading  for  the  design  of  bridges  having  been, 
so  clearly  shown  by  Mr.  Steinman,  the  writer  hopes  that  one  of  the  three 
methods  presented  will  soon  be  adopted  by  the  Profession.  The  writer  earnestly 
desires  the  abandonment  of  the  Cooper  loading  for  the  design  of  new  bridges 
of  a  capacity  greater  than  E-40,  but  he  has  no  such  wish  with  reference  to  its 
use  in  stating  the  maximum  capacity  of  existing  structures;  in  short,  the 
Cooper  loading  should  still  be  maintained  for  use  as  the  base  of  reference. 
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With  reference  to  the  desigrn  of  structures,  the  writer  wishes  that  each 
railroad  would  consider  the  group  of  its  engines  for  which  it  desires  to  pro- 
vide, form  a  "composite"  of  such  engines,  and  then  choose  the  M-loading 
(taking  into'account  future  development)  that  best  fits  its  case,  and  use  such 
loading  in  its  specifications. 

"Taking  into  account  future  development,"  stated  previously,  presents  a 
problem.  Shall  a  given  percentage  be  added  to  each  of  the  engines  forming 
the  "composite"?  Or,  shall  only  those  of  the  group  which  one  thinks  will  in 
time  be  increased  be  considered?  The  easy  way  would  be  to  increase  each 
one  of  the  group  by  a  given  percentage — the  better  way  is  to  consider  the 
question  further.  The  Mikado  engine  is  a  Consolidation  engine  with  an 
added  axle — the  trailer — which  in  a  sense  may  be  called  non-productive  weight, 
as  it  does  not  increase  the  adhesion  of  the  drivers.  In  the  I-l-s  engine,  how- 
ever, the  added  axle  is  a  driver,  and,  therefore,  the  adhesion  is  increased. 

Comparing  the  L-l-s  engine  with  its  predecessor  the  H-lO-s,  the  weight  on 
the  drivers  was  increased  only  9J%,  while  the  weight  of  the  engine  increased 
32%,  and  the  tractive  power  increased  only  16  per  cent.  Comparing  the  I-l-s 
engine'  with  the  H-lO-s,  the  weight  on  the  drivers  increased  41%,  and  the 
weight  of  the  engine  increased  45%,  whereas,  the  tractive  power  increased  69 
per  cent.  The  I-l-s  would  seem  a  better  and  more  economical  development 
than  the  L-l-s. 

Again,  compare  the  N-l-s  with  the  H-lO-s.  The  weight  on  the  drivers 
increased  47%;  the  weight  of  the  engine  increased  70%;  and  the  tractive 
power  increased  60  per  cent.  This  does  not  seem  as  economical  a  develop- 
ment as  the  I-l-s,  and  although  the  I-l-s  weighs  96%  of  the  N-l-s,  its  tractive 
power  is  6%  greater,  and  the  weight  of  engine  per  pound  of  tractive  power 
is  4.12  as  against  5.12  for  the  N-l-s;  that  is,  a  pound  weight  of  the  I-l-s  is 
more  productive  than  a  pound  weight  of  the  N-l-s. 

Thus,  it  would  seem  that  the  I-l-s  type  of  engine  is  more  likely  to  be 
increased  in  the  future  than  the  L-l-s  or  N-l-s  types. 

The  stress  effects  of  the  I-l-s  type  do  not  differ  much  from  those  of  the 
N-l-s;  therefore,  it  is  immaterial  if  both  were  increased  in  the  same  proportion. 
Prognosis  as  to  engine  development,  however,  is  extremely  hazardous,  the 
writer  merely  presents  the  facts  as  they  stand  to-day  and  ventures  a  few 
comments. 

J.  M.  Johnson,*  M.  Am.  Soc.  C.  E.  (by  letter).— The  author  presents,  in 
a  convincing  manner,  the  defects  of  the  Cooper  system  of  rating  as  applied 
to  many  of  the  present-day  locomotives.  The  writer  agrees  with  this  indict- 
ment, if  it  is  confined  to  those  roads  having  a  heavy  and  steady  tonnage, 
consisting  principally  of  coal,  ore,  and  furnace  products,  requiring  for  its 
economical  movement,  imder  diverse  conditions,  the  various  locomotives  (seven 
in  number)  tabulated  by  the  author.  For  such  roads,  the  Cooper  rating  fails, 
or  is  unsatisfactory,  and  could  be  replaced  with  advantage  by  the  author's 
system,  based  on  any  one  of  the  three  proposed  loadings. 

*  Marion,  S.  C. 
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There  is,  however,  a  large  mileage  in  the  South,  Southwest,  and  parts  of 
the  West,  constructed,  of  necessity,  originally  with  a  large  curvature  and 
with  comparatively  light  rails.  Also,  from  necessity,  this  condition  is  likely 
to  remain  practically  unchanged  for  some  time.  On  many  of  the  roads  in 
this  territory,  the  heaviest  power  is  of  the  Mikado  and  Mountain  types  of 
locomotives,  the  curves  (shear  and  moment)  of  which  agree  quite  closely  with 
the  Consolidation  type  of  equal  axle  loads,  and,  in  consequence,  the  Cooper 
loading  gives  satisfactory  working  results.  On  other  roads  of  the  same  region, 
in  addition  to  the  Mikado  and  Mountain  types,  2-10-2  locomotives  with 
maximum  axle  loads  of  about  60  000  lb.  are  in  use  on  divisions  where  the 
curves  are  not  too  sharp.  The  shear  and  moment  curves  of  this  engine,  for 
equal  axle  loads,  are  somewhat  above  the  Cooper  curves,  but  the  difference 
between  the  curves  when  only  one  2-10-2  locomotive  is  used,  is  not  marked, 
except  for  short  spans.  Engines  heavier  than  the  three  types  mentioned  would 
have  no  place  on  these  roads,  except  that  occasionally  a  locomotive  of  the 
Mallet  type  is  used  as  a  pusher  on  a  mountain  grade. 

C.  D.  Purdon,  M.  Am.  Soc.  C.  E.,  investigated  the  relation  between  the 
Cooper  loading,  and  various  heavy  locomotives,  with  axle  loads  averaging 
55  OOO  lb.  The  result  of  this  investigation  is  shown  by  curves,  originally 
published  in  Engineering  News  of  October  23,  1913,  from  which  it  is  interest- 
ing to  note  the  practical  agreement  of  the  Consolidation  and  Mikado  curves, 
and  the  decided  departure  of  the  E-55  curve,  from  that  of  the  Consolidation 
engine  as  usually  built.  The  curve  of  the  Decapod — the  nearest  to  the 
general  2-10-2  engine — is  above  the  Cooper  diagram  for  girder  spans,  but  below 
it  for  truss  spans.  A  study  of  these  curves  leads  to  the  conclusion  that, 
for  the  Mikado  and  2-10-2  engines,  with  axle  loads  of  about  60  000  lb.,  the 
Cooper  loading  gives  satisfactory  results. 

The  writer  believes  that  the  loading  suggested  by  the  author  is  in  the 
right  direction,  but  thinks  its  application  now  to  the  entire  country  is  too 
radical,  inasmuch  as  there  is  a  large  mileage  for  which  the  Cooper  loadings 
will  be  satisfactory  for  a  long  time. 

C.  S.  G.  Rogers,*  Esq.  (by  letter). — The  author  of  this  interesting  paper 
presents  the  inconsistencies  of  stress  resulting  from  applying  a  conventional 
engine  loading  and  wheel-base  such  as  that  of  Cooper,  to  the  design  of  bridges 
which  are  to  carry  engines  of  axle  loadings  and  wheel  spacings  relatively  so  dif- 
ferent from  the  conventional  loading. 

The  new  loading,  M-60,  appears  amply  to  cover  all  stresses  in  all  lengths 
of  spans  that  may  result  from  the  use  of  five  of  the  heaviest,  present-day 
tyi)es  of  engines.  If  all  these  five  types  of  locomotives  were  in  use  on  any  one 
railroad,  the  proposed  conventional  loading  would  admirably  conform  to  the 
requirements.  Is  this  the  case,  however?  Is  it  not  rather  that  each  railroad 
appears  to  be  developing  its  engines  along  lines  peculiar  to  itself? 

The  force  of  the  author's  arguments,  therefore,  seems  to  point,  not  to  a 
conventional  engine  loading  that  will  prove  satisfactory,  no  matter  what  type 
of  locomotive  is  used,  but  rather  to  loadings  that  will  specifically  meet  the 

*  Bridge   Engr.,   Canadian   National   Rys.,    Eastern    Lines,    Moncton,    N.    B.,   Canada. 
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type  of  locomotive  peculiar  to  the  railway  under  consideration.  Unless  this 
is  done,  the  extra  material  put  into  the  bridge  structure  to  suit  the  require- 
ments of  engine  loadings  of  foreign  roads  is  a  direct  and  needless  waste  and 
will  never  be  called  on  to  function. 

It  is  noted,  too,  that  although  the  main  argument  centers  about  the  new 
conventional  loading,  M-60,  other  loadings  proportional  to  the  front  group  of 
drivers  and  to  the  uniform  train  load  are  recommended  for  those  railways  the 
locomotives  of  which  are  not  of  the  size  of  the  five  heaviest  under  consideration. 

The  fact  is,  however,  that  where  the  engines  used  are  of  a  less  powerful 
type,  they  are  not  merely  reduced  models  of  these  heavier  types  (2-8-8-8-2, 
2-10-10-2,  2-10-2,  etc.),  but  usually  have  different  groupings  of  drivers.  The 
problem,  therefore,  does  not  appear  to  be  solved  by  adopting  a  loading  lighter 
and  regularly  proportional  to  M-60,  but  rather  in  discovering  a  loading  which 
will  conform  to  the  various  locomotives  in  use  or  likely  to  be  used  on  the 
special  railway  under  consideration.  No  one  of  the  five  railways,  the  heavy  loco- 
motives of  which  have  been  considered  in  developing  the  M-60  loading,  is 
concerned  in  making  its  bridges  strong  enough  to  carry  the  heavy  locomotives 
of  the  other  four  railways. 

Looking  at  the  matter  from  another  angle,  it  is  shown  that  the  Cooper 
E-60  loading  nearly  satisfies  the  stress  requirements  for  these  five  heavy  engines 
for  the  longer  spans,  yet  would  leave  an  over-stress  of  approximately  25% 
in  some  of  the  shorter  spans.  Conversely,  should  the  engines  in  use  on  any 
railroad  reasonably  conform  to  any  of  the  Cooper  loadings  (a  not  unreasonable 
supposition),  the  use  of  the  M-60  loading  (or  one  of  a  proportionate  series) 
would  result,  in  the  shorter  spans,  in  a  waste  of  the  25%  excess  material  that 
the  M-60  loading  would  provide.  Therefore,  from  this  point  of  view,  too,  the 
adoption  of  the  M-60  loading  is  not  the  real  cure  for  the  evils  resulting  from 
a  loading  that  does  not  conform  to  the  actual  loading,  and  the  problem  still 
appears  to  be  the  discovery,  on  the  part  of  each  railroad,  of  a  conventional 
loading  to  satisfy  its  special  needs. 

The  author,  however,  has  made  a  valuable  contribution  to  the  problem  of 
bridge  design  in  so  forcibly  calling  to  the  attention  of  the  bridge  engineer  the 
inconsistencies  resulting  from  adopting  an  arbitrary  engine-loading  diagram 
without  carefully  analyzing,  on  a  percentage  basis,  the  relation  between  the 
stresses  produced  by.  the  heavier  or  critical  engines  in  actual  use  on  the  lines 
under  his  jurisdiction  and  those  produced  by  the  conventional  engine,  and  cor- 
recting the  latter  before  adoption. 

E.  A.  Stone,*  Esq.  (by  letter). — 'The  author's  reasons  for  classifying  the 
Cooper  system  of  loading  among  the  relics  of  the  past  seem  to  be  beyond 
dispute,  and,  therefore,  his  proposed  new  loading  system  is  a  long  step  in  the 
direction  of  filling  a  recognized  need. 

The  three  solutions  of  this  problem  indicated  in  the  paper  probably  cover, 
in  general,  all  methods  that  might  be  brought  forward.  The  first  method,  a 
wheel-load  diagram,  would  be  a  continuation  of  present  practice  and,  after 
having  made  up  a  table  such  as  that  shown  in  Fig.  2,  it  would  be  as  simple 
to  apply  as  any  other  method. 

*  Montreal,  Que.,  Canada. 
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The  author  is  entitled  to  the  sincere  thanks  of  all  bridge  engineers  for 
the  exhaustive  manner  in  which  he  has  presented  this  subject,  particularly  in 
the  tables  and  diagrams. 

Would  it  not  be  desirable  and  opportune,  in  view  of  the  present  state  of 
bridge  specification  loadings,  to  appoint  a  committee  to  consider  this  matter 
fully  and  endorse  the  author's  proposed  M-60  loading,  or  bring  forward  some 
other  loading  which  might  be  deemed  preferable? 

Harold  C.  Bird,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — For  more  than 
thirty  years  the  subject  of  concentrated  wheel  loads  has  been  discussed. 
This  paper,  fortunately,  comes  at  a  time  when  members  of  the  Society  are 
interested  in  the  adoption  of  a  new  specification  for  bridge  design  and  con- 
struction. 

When  the  late  Theodore  Cooper,  M.  Am.  Soc.  C.  E.,  first  specified  his  Class 
A  and  B  as  Consolidation  locomotives,  he  probably  did  not  anticipate  that 
the  Consolidation  type  of  locomotive  would  be  the  type  governing  bridge  design 
for  so  many  years.  Familiarity  with  the  Cooper  series  should  not  prevent 
the  adoption  of  another  live  load  specification  if  the  latter  more  nearly  fits  the 
needs.  The  idea  of  any  load  system  specified  is  not  to  represent  an  actual 
engine  or  tiain,  but  to  be  an  imaginary  group  of  wheels  (or  its  equivalent) 
which  should  give  as  great,  if  not  greater,  stresses  than  any  which  are  likely 
to  occur  at  present  or  in  the  immediate  future.  If  the  Cooper  loading  does 
this,  and  does  it  economically,  there  is  no  reason  to  make  change. 

The  author  has  treated  the  subject  in  a  thorough  and  enlightening  manner 
which  should  convince  those  who  will  permit  themselves  to  be  convinced, 
that  the  Cooper  loading  does  not  carry  out  the  idea  expressed  previously,  nor 
does  it  fit  the  needs  for  rating  bridges.  The  fact  that  there  was  difficulty 
in  the  shipping  of  some  of  the  new  locomotives  is  another  indication  that 
bridges  are  not  prepared  to  carry  the  loads  of  the  present  time. 

Although  the  writer  has  used  Mr.  Steinman's  charts  (similar  to  Plate  IV) 
in  the  classroom  for  several  years  and  has  felt  that  they  are  satisfactory, 
he  imagines  that  many  engineers  have  never  used  them,  and  thinks  it  would 
be  well  if  the  author  would  illustrate  the  use  of  the  charts  with  typical 
problems  and  show  how  they  are  plotted.  The  writer  notices  that  the  tables 
are  not  labeled  with  longer  and  shorter  segments,  which  is  an  oversight. 

The  discussionf  by  F.  E.  Turneaure,  M.  Am.  Soc.  C.  E.,  on  the  Specifi- 
cations for  Steel  Railway  Bridges  submitted  by  the  Special  Committee  on 
Specifications  for  Bridge  Design  and  Construction,  or  the  original,:]:  should 
be  referred  to  by  all  those  studying  this  paper.  The  writer  has  calculated  a 
number  of  cases  using  Mr.  Steinman's  proposed  series  and  has  been  pleased  to 
note  how  well  the  values  fit  the  maximums  of  the  moment  and  shear  diagrams 
of  the  American  Railway  Engineering  Association.  The  making  of  such 
diagrams  and  especially  the  calculation  of  shear  and  moment  tables  similar  to 
those  in  Ketchum's  "Structural  Engineers'  Handbook,"  would  be  a  helpfvd 
addition  to  the  paper. 

*  Prof,   of   Civ.   Eng.,    Pennsylvania   Military  Coll.,   Chester,   Pa. 
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The  paper  will  also  serve  somewhat  as  a  stop  to  the  arguments  as  to 
whether  concentrated  wheel  loads,  equivalent  uniform,  or  a  uniform  load 
with  excess  or  excesses  should  be  used,  for,  here,  engineers  can  have  their 
choice,  with  results  practically  identical.  This  will  give  those  who  so  desire,  an 
opportunity  to  visualize  and,  in  addition,  will  offer  those  who  desire  excess 
loading,  an  opportunity  to  have  their  way.  The  formula  submitted  should 
also  merit  a  great  deal  of  attention. 

The  idea  suggested  by  Henry  B.  Seaman,  M.  Am.  Soc.  C.  E.,  that  live 
loads  shall  consist  of  either  the  Cooper  or  the  Steinman  series,  as  may  be  speci- 
fied by  the  engineer,  is  a  good  one. 

If  nothing  else  is  accomplished  by  this  paper,  engineers  have  been  given 
an  easy  way  to  compare  the  stresses  produced  by  the  Cooper  series  with  those 
produced  by  the  heavy  engines  of  to-day. 

Almon  H.  Fuller,*  M.  Am.  Soo.  C.  E.  (by  letter). — It  is  difficult  to 
foresee  the  far-reaching  effect  of  this  paper.  The  Cooper  loading  no  longer 
represents  even  to  an  approximate  degree  the  modern  locomotives  and  trains; 
it  is  still  used,  first,  because  it  has  been  used;  second,  because  tables  and 
diagrams  are  available  for  ready  computations;  and,  third,  because  nothing 
better  has  been  offered. 

It  now  seems  apparent  that  the  third  reason  has  been  removed  by  the  pre- 
sentation of  this  paper.  The  second  reason  is  also  partly  met  by  the  tables 
and  diagrams  which  have  been  presented  by  the  author.  Other  tables,  such 
as  moments  and  shears  for  various  panel  lengths  and  numbers  of  panels  for 
truss  work  and  for  moments,  shears,  and  floor-beam  reactions  for  girder  spans, 
may  be  constructed,  the  work  on  which  would  be  insignificant  in  comparison 
with  its  importance.  The  first  reason  has  very  little  validity  beyond  that  of 
natural  inertia,  and  to  persist  in  the  use  of  this  obsolete  standard  would  be 
not  only  vmscientific,  but  would  result  in  vmeconomical  designs. 

Of  the  three  suggestions  which  Mr.  Steinman  has  offered,  one  may  likely 
have  difficulty  in  making  a  choice.  The  writer  would  eliminate  the  second 
suggestion;  although  it  has  the  merits  claimed  by  the  author,  it  lacks  the 
definite  picture  presented  with  the  first  and  the  scientific  background  of  the 
third  suggestion.  The  writer  has  tried  to  get  the  viewpoint  which  evidently 
leads  Mr.  Steinman  to  prefer  the  third,  but  has  yet  been  unable  to  do  so  to 
the  extent  of  giving  up  the  concrete  picture  presented  by  the  first  suggestion. 

It  is  true  that  the  formula  would  prove  to  be  a  "time  saver"  (for  certain 
classes  of  work),  that  its  scientific  foundation  yields  curves  of  greater  reg- 
ularity and  smoothness,  and  that  it  is  independent  of  reference  books  to  a 
certain  extent.  In  these  days,  little  designing  or  stress  computation  is  done, 
or  need  be  done,  without  access  to  an  office  library.  When  the  tables  and 
diagrams  of  the  paper  have  been  supplemented  by  the  tablesf  for  moments 
and  shears  adaptable  to  structures  with  panels  presented  to  the  Society  by 
O.  E.  Selby,  Jun.  Am.  Soc.  C.  E.,  and  by  girder  tables  for  shears,  moments, 
and  floor-beam  reactions,  such  as  are  now  so  generally  available  for  the  Cooper 

*  Prof,   of  Civ.   Eng.,   Iowa   State  Coll.,   Ames,   Iowa. 
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loading:,  the  work  of  computation  will  be  as  simple  for  the  engine  diagram  as 
for  the  formula.  The  diagram  will  be  much  more  expressive  than  a  formula 
on  a  drawing  or  in  a  specification.  The  fact  that  the  formula  gives  a  different 
uniform  load  for  various  parts  of  the  same  span,  makes  it  necessary  to  refer  to 
tables  or  diagrams  for  rapid  work,  and  the  use  of  the  table  or  diagram  will 
require  as  much  time  from  one  as  from  the  other.  Even  though  general  use 
shall  be  based  on  the  engine  diagram,  the  formula,  either  in  memory  or  in  note- 
book, will  be  a  convenient  device  for  computations  which  must  sometimes  be 
made  quickly  and  without  office  facilities.  The  author  apparently  had  this  in 
mind  in  referring  to  it  as  a  "time  saver."  The  writer  wishes  in  no  way  to 
depreciate  the  ingenuity  of  Mr.  Steinman  in  establishing  this  formula.  He 
recognizes  it  as  an  asset  in  putting  a  finish  on  the  entire  discussion  and  in 
having  a  legitimate  practical  application  as  previously  noted.  He  believes, 
however,  that  the  greatest  contribution  from  a  practical  standpoint  lies  in 
the  first  suggestion  for  a  definite  engine  diagram. 

After  another  half  century  or  so,  this  diagram  may  represent  existing  loads 
no  better  than  that  of  Cooper  does  at  present.  If  that  should  be  the  case,  the 
Profession,  perhaps,  will  find  it  worth  while  to  make  another  re-adjustment, 
and  in  doing  so,  this  paper  should  prove  to  be  of  great  assistance.  If  the 
author  can  show  that  the  formula  may  be  readily  extended  to  rapidly  chang- 
ing situations,  it  would  not  only  be  an  added  reason  for  adopting  the  third 
suggestion,  but,  perhaps,  the  controlling  one  as  well. 

Carlton  T.  Bishop,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  author  has  shown 
that  the  Cooper  loading  has  outgrown  its  usefulness.  It  has  served  its  purpose 
well,  but  the  modern  loadings  have  not  increased  proportionately,  and  some 
change  should  be  made.  A  much  simpler  form  of  loading  could  be  devised  to 
give  results  as  satisfactory  as  those  which  the  Cooper  loading  now  gives,  but 
this  would  not  be  sufficient.  Any  new  loading  should  give  approximately  the 
same  results  as  the  actual  loads  which  are  likely  to  be  used  in  the  near  or 
distant  future. 

The  author  has  made  an  exhaustive  study  of  existing  loads  and  of  the 
trend  toward  the  future.  He  has  devised  a  composite  loading  which  appears 
to  be  satisfactory,  but,  best  of  all,  he  has  developed  a  formula  for  equivalent 
loads,  which  has  great  possibilities.  This  formula,  or  its  corresponding  tables 
or  diagrams,  can  be  used  more  advantageously  than  the  concentrated  loads 
and  gives  consistently  good,  if  not  better,  results.  No  one  system  of  con- 
centrated loads  can  give  precise  stresses  for  different  actual  loads,  and  the 
simpler  equivalent  uniform  load  seems  much  superior.  Mr.  Steinman  has 
blazed  the  way  by  proposing  a  formula  for  uniform  loads  in  terms  of  seg- 
ments of  the  span,  thus  overcoming  the  principal  objections  to  the  use  of 
such  loads,  that  have  heretofore  been  advanced.  The  stresses  obtained  from 
these  new  equivalent  loads  provide  for  any  of  the  critical  engines  of  to-day, 
and,  probably,  by  proportion,  for  those  of  years  to  come. 

The  writer  hopes  that  future  specifications  will  give  the  live  load  in 
terms  of  such  a  formula  as  that  suggested  by  the  author.  Before  such  adoption, 
•  Asst.  Prof.   Dept.   of  Civ.   Eng.,   Sheffield   Scientific   School,  Yale  Univ.,   New  Haven,   Conn. 
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however,  a  committee  should  study  the  question  and  agree  that  the  proposed 
formula  is  the  best  obtainable. 

Clyde  W.  MacCornack*  M.  Am.  Soo.  C.  E.  (by  letter). — The  writer  is 
much  interested  in  this  excellent  paper  which  is  one  of  the  most  valuable  contribu- 
tions to  bridge  engineering  literature  in  the  past  twenty  years.  It  has  been 
generally  recognized  for  some  time  that  the  Cooper  loadings  do  not  properly 
represent  modern  locomotive  loadings.  Pressure  of  daily  work  has  no  doubt 
prevented  many  engineers  from  making  as  careful  an  examination  of  this 
subject  as  they  have  wished,  and  they  will  welcome  the  data  contained  in  the 
paper,  which  give  facilities  for  making  the  necessary  comparisons.  It  is  to 
be  hoped  that,  as  a  result  of  this  paper,  a  more  modern  system  of  locomotive 
loading  will  be  generally  adopted. 

A  standard  type  of  loading  should  represent  within  close  limits  the  actual 
loads  in  use.  The  proposed  wheel-load  diagram  appears  to  satisfy  this  con- 
dition. Methods  of  computing  stresses  by  means  of  the  engine  diagram  have 
been  so  fully  developed  that  the  labor  involved  is  not  an  important  consider- 
ation. The  engine  diagram,  representing  actual  loads  in  service,  should 
always  be  used  in  examining  existing  structures.  It  does  not  follow,  however, 
that  the  engine  diagram  should  necessarily  be  adopted  for  designing  new 
bridges.  Any  system  of  loading  which  will  give  resulting  stresses  equivalent 
to  those  of  locomotives  in  use,  would  appear  to  the  writer  fully  to  satisfy  the 
requirements.  If  economical  designs  can  be  produced  by  a  simpler  loading, 
it  should  be  substituted  for  the  engine  diagram. - 

It  is  of  advantage  to  adopt  a  loading  which  would  have  the  general  char- 
acteristics of  the  actual  loads  on  the  structure.  Bridge  floors  and  short-span 
bridges  without  floors  are  subjected  to  direct  loads  from  the  locomotive  drivers. 
In  the  writer's  opinion,  such  parts  and  structures  should  be  designed  for  the 
heaviest  actual  loads  in  service.  The  stresses  in  trusses  and  girder  parts 
where  the  loads  are  applied  through  a  floor  system,  reach  the  trusses  and 
girders  in  the  form  of  panel  concentrations.  This  form  of  loading  is  as  well 
represented  by  a  imiform  load  as  by  a  system  of  wheel  loads.  The  writer 
believes  that  a  system  of  wheel  concentrations  representing  the  heaviest  loads 
in  use  should  be  adopted  for  bridge  floors  and  for  short  spans  without  floors 
and  that  a  uniform  load  should  be  used  in  designing  all  other  bridge  members. 
The  computation  of  stresses  for  such  a  system  of  loading  would  be  reduced 
to  the  simplest  operations,  and,  at  the  same  time,  the  visualization  of  the 
loadings  would  be  retained  in  the  designer's  mind.  A  load  formula  such  as 
that  offered  in  the  paper  or,  if  preferred,  modified  to  coincide  more  nearly 
with  the  composite  loading,  should  give  as  satisfactory  results  as  an  engine 
diagram. 

It  is  to  be  hoped  that  this  paper  will  result  in  the  adoption  of  a  new 
standard  system  of  loading  representing  modern  locomotive  loads.  The  im- 
portant considferation  is  not  the  type  of  loading,  whether  it  be  an  engine 
diagram  or  an  equivalent  uniform  load  formula,  or  any  modification  of  these, 

*  Chf.    Engr.,    Phoenix   Bridge   Co.,    Phoenixville,    Pa. 
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but  that  the  new  loading  be  such  that  it  will  represent  correctly  conditions 
created  by  modern  locomotives  in  all  parts  of  the  bridge  structure. 

C.  P.  Disney,*  Esq.  (by  letter). — Mr.  Steinman  is  to  be  congratulated 
on  having  made  such  an  exhaustive  study  of  this  subject.  His  proposals  are 
practical  and  may  be  considered  as  a  solution  of  the  need  for  a  system  of 
calculating  stresses  in  bridges,  which  is  abreast  of  the  present  progressive 
development  of  locomotives  and  trains  in  the  United  States. 

All  three  of  the  alternative  proposals  presented  have  distinctive  advantages 
over  present  methods.  The  third  proposal,  however,  seems  to  be  ideal,  as  it  is 
a  formula  which  can  be  memorized  and  used,  without  tables  or  charts,  to  find 
the  moments  and  shears  at  any  point  of  a  span  by  a  simple  slide-rule  operation. 

As  regards  the  application  of  this  proposed  system  of  loading  to  Canadian 
railways,  it  would  appear  that,  although  Mr.  Steinman's  system  could  be 
modified  to  conform  to  locomotives  and  trains  operated  in  Canada,  the  Santa 
Fe  type  is,  the  writer  believes,  about  the  limit,  considering  the  capacity  of 
road-beds  and  bridges,  and  this  locomotive,  with  a  train  of  100-ton  capacity 
cars,  can  still  be  taken  care  of  by  using  the  Cooper  loading. 

In  a  200-ft.,  through  truss  span,  the  maximum  difference  between  the 
stresses  produced  by  the  Cooper  E-55  loading  and  the  corresponding  stresses 
produced  by  a  double  Santa  Fe,  with  a  5  500-lb.  following  load,  including  the 
floor  system,  is  only  5  per  cent.  The  5  500-lb.  load  can  be  considered  as  a 
train  of  100-ton-capacity  cars,  which  is  the  most  severe  probable  condition  of 
loading  likely  to  occur  on  Canadian  lines. 

In  conclusion,  the  writer  would  state  that  he  considers  Mr.  Steinman's 
proposals  to  be  in  line  with  the  advanced  type  of  trains  operated  in  the  United 
States  to-day,  whereas  the  Cooper  system  conforms  to  the  type  of  trains 
operated  in  Canada,  which  type  seems  likely  to  continue  for  many  years. 

O.  H.  AMMANN,f  M.  Am.  Soc.  C.  E. — The  loadings  proposed  by  Mr.  Stein- 
man unquestionably  have  the  advantage  of  greater  simplicity  over  the  Cooper 
loading.  This  advantage,  however,  would  not  be  sufficient  to  justify  the 
abandonment  of  a  loading  which  has  been  widely  adopted  as  a  standard. 
Tables  and  diagrams  for  the  Cooper  loading,  including  those  of  the  author  for 
equivalent  uniform  loads,  greatly  simplify  the  calculation  of  stresses  for  that 
loading. 

Examination  of  the  elaborate  data  contained  in  the  paper  has  not  convinced 
the  speaker  that  the  Cooper  engine  loading  is  less  representative  of  actual 
engines  than  that  proposed  by  the  author.  On  the  contrary,  he  is  more  con- 
vinced than  ever  that  it  is  futile  to  attempt  to  introduce  a  loading  which 
embodies  any  marked  improvement  over  that  of  Cooper. 

Consider,  first,  the  engines  alone  as  affecting  spans  up  to  about  120  ft.  The 
author's  engine  bears  no  greater  similarity  than  does  that  of  Cooper,  to  any  of 
the  seven  heaviest  existing  engines,  not  to  mention  the  many  other  heavy 
engines,  steam  and  electric,  still  in  use,  and  those  likely  to  be  evolved  in  the 
future. 

•  Acting  Bridge  Engr.,  Canadian  National  Rys.,  Eastern  Lines,  Toronto,  Ont.,  Canada. 
t  Cons.  Engr.,  New  York  City. 


666 


discussion:  locomotive  loadings  for  railway  bridges 


The  apparent  improvement  of  the  author's  loading  over  the  Cooper  system 
is  due  to  inconsistent  presentation  of  the  facts.  The  author  condemns  the 
Cooper  loading  on  account  of  its  discrepancies  with  existing  individual  heaviest 
engines,  and  emphasizes  the  close  agreement  between  his  M-60  loading  and  the 
composite  of  heaviest  existing  locomotives.  He  does  not  disclose  the  equally 
large  discrepancies  between  the  M-60  loading  and  individual  heaviest  existing 
engines,  nor  the  equally  close  agreement  between  the  Cooper  loading  and  the 
composite  of  heaviest  existing  engines.  All  these  facts  are  clearly  shown  on  the 
two  diagrams  (Fig.  16),  which  are  self-explanatory.  These  diagrams  also  show 
the  small  differences  (only  up  to  6%  for  shears  and  7%  for  moments)  between 
the  M-60  loading  and  its  average  equivalent,  the  Cooper  E-72  loading. 


Spun  in  Feet 
FlG.   16. 

Considering  the  fact  that  differences  between  individual  existing  engines  are 
several  times  larger,  and  also  the  many  other  uncertain  factors,  such  as  impact, 
wind,  secondary  stresses,  quality  of  materials,  etc.,  which  factors,  as  variously 
specified,  give,  for  the  same  live  load,  sections  differing  by  as  much  as  40%,  do 
these  small  differences  between  M-60  and  E-72,  even  if  they  were  improvements, 
justify  the  abandonment  of  an  established  loading? 

Consider  the  combined  engine  and  uniform  train  load:  The  apparent  dis- 
crepancy between  the  Cooper  loading  and  actual  engines  in  short  and  long 
spans  is  not  due  to  the  Cooper  engines,  but  to  an  inconsistent  combination  of 
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the  engines  and  the  uniform  train  load  behind  them.  To  represent  the  heaviest 
modern  engines  with  a  train  load  of  6  000  lb.  per  ft.,  as  assumed  by  the  author, 
and  to  compare  equitably  with  the  M-60  loading,  the  Cooper  E-72  engines 
should  be  combined  with  the  uniform  train  load  of  6  000  lb.  If  that  is  done 
the  apparent  discrepancies  of  the  Cooper  loading  and  the  existing  heaviest 
loadings,  for  short  and  long  spans  disappear,  as  may  be  noted  in  Fig.  16.  The 
Cooper  curve  is  as  smooth  and  follows  as  consistently  the  curve  of  composite 
heaviest  existing  loadings  as  the  curve  of  the  M-60  loading.  Is  there  any 
guaranty  that  the  weights  of  locomotives  and  cars  will  not  continue  to  increase 
at  different  rates  ?  If  that  should  be  the  case,  the  author's  loading  would  become 
as  inconsistent  as  that  of  Cooper,  unless  its  axle  concentrations  were  also 
changed  in  a  ratio  different  from  that  of  its  uniform  train  load.  It  is  impossible 
to  have  an  ideal  loading  for  all  conditions  and  all  times.  Loadings  must  be 
changed  from  time  to  time,  but  such  changes  should  be  made  with  the  least 
possible  disturbance  of  the  generally  adopted  standard,  unless  commensurate 
advantages  can  be  gained  otherwise. 

The  speaker  would  recommend  the  retention  of  the  Cooper  loading,  but 
would  leave  the  variation  of  the  engine  concentrations  and  the  uniform  train 
load  by  suitable,  not  necessarily  the  same,  ratios  to  the  discretion  of  the 
engineer.  Such  a  specification  would  be  sufficiently  elastic  to  cover  practically 
any  present  or  future  loadings.  This  suggestion  is  not  new,  a  different  ratio 
for  engine  concentrations  and  uniform  train  load  has  already  been  used, 
notably  in  the  design  of  the  Metropolis  Bridge. 

The  speaker  would  favor  a  formula  for  uniform  load,  except  for  the  fact 
that  such  a  formula  does  not  convey  to  the  mind  a  conception  of  the  loading 
which  it  represents,  and  which  is  desirable  for  general  comparison  with  actual 
engines.  The  author  deserves  much  credit  for  his  elaborate  investigation 
without  which  proper  judgment  of  this  question  would  hardly  be  feasible. 

Henry  B.  Seaman,*  M.  Am.  Soc.  C.  E. — The  speaker  wishes  to  express 
his  appreciation  of  this  paper.  To  have  the  subject  presented  in  such  detail 
is  a  great  satisfaction. 

The  next  question  is  its  practical  application  and  introduction.  Bridges 
generally,  throughout  the  United  States,  are  rated  on  the  Cooper  E-system; 
all  the  records  are  on  that  basis,  and  to  make  such  a  radical  change  would 
hardly  seem  justifiable.  Therefore,  a  double  specification,  providing  for  a 
multiple  of  either  the  E-10  or  the  M-10  loading,  whichever  may  be  preferred 
by  the  designing  engineer,  has  been  proposed  by  the  speaker. 

It  is  believed  that  future  heavy  bridges  will  be  designed  for  the  M-loading. 
It  will  not  be  difficult  to  alter  the  classified  records  of  the  railroads  if  the 
engineer  so  desires,  as  tables  are  furnished  for  that  purpose.  Mr.  Steinman 
is  to  be  congratulated  on  the  results  of  his  studies. 

Charles  A.  MEAD,f  M.  Am.  Soc.  C.  E. — The  necessity  for  revision  of  the 
live  loading  for  railroad  bridges  is  becoming  more  and  more  apparent.    Every 
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one  who  has  investigated  the  stress-producing  effects  of  actual  modern  engine 
loads  on  existing  bridges  that  were  designed  for  the  Cooper  loading,  must  be 
impressed  with  the  lack  of  uniformity  of  stress  throughout  the  various  parts 
of  the  structure.  This  has  resulted  in  wasted  metal  in  some  parts  and  in- 
sufficient section  in  others,  the  differences  assuming  a  magnitude  beyond  the 
E-50  class,  which  makes  imperative  some  changes  in  loading  specifications  to 
fit  modem  practice. 

It  is  evident  that  train  loads  and  locomotive  loads  do  not  vary  in  the  same 
ratio.  Train  loads  in  general  use  are  fairly  well  fixed,  owing  to  the  inter- 
change of  cars,  so  that  comparatively  unimportant  branch  lines  and  sec- 
ondary railroads,  with  light  motive  power,  will  be  subjected  to  the  same  train 
loading  as  the  main  lines  with  their  heavy  power.  At  present,  train  loads  do 
not  exceed  6  000  lb.  per  lin.  ft.  of  single  track,  except  in  a  few  instances  which 
will  not  affect  the  conclusions  reached.  Furthermore,  the  present  design  of 
cars  must  be  changed  so  radically,  in  order  to  increase  this  train  loading, 
that  it  seems  as  if  this  uniform  load  would  represent  a  maximum  train  loading 
for  an  indefinite  period. 

Locomotive  loadings  do  vary  greatly  on  different  roads  and  on  the  several 
sections  of  the  same  road,  and  necessarily  so  for  economic  reasons.  There- 
fore, it  is  inconsistent  that  locomotive  and  train  loads  should  be  considered 
to  vary  proportionately.  Mr.  Steinman  has  gone  a  long  way  toward  adjusting 
this  incongruity.  He  has  also  produced  a  simple  specification  requiring  a 
minimum  amount  of  work  in  computation. 

Good  bridges  can  be  designed  for  a  uniform  load  plus  spot  loads,  as  sug- 
gested in  Mr.  Steinman's  second  series.  This  method  is  not  new,  but  it  has 
been  presented  in  this  paper  more  comprehensively  than  ever  before.  The 
selection  and  spacing  of  spot  loads  can  be  adjusted  to  suit  the  loading  require- 
ments of  various  railroads,  resulting  in  more  economical  bridges.  From  its 
simplicity  and  its  adaptability  to  various  conditions,  the  second  loading  method 
is  especially  attractive. 

Herbert  C.  Keith,*  M.  Am.  Soc.  C.  E. — The  author  is  to  be  congratulated 
on  his  paper;  but  bridge  engineers  are  more  to  be  congratulated  on  his  having 
presented  to  them  in  this  paper  the  results  of  his  studies. 

In  1882,  under  the  direction  of  the  late  Samuel  E.  Tinkham,  M.  Am.  Soc. 
0.  E.,  the  New  York  and  New  England  Railroad  Company  adopted  bridge 
specifications  with  a  live  load  headed  by  a  consolidation  locomotive — a  new 
type  at  that  time — with  a  driving  wheel  load  of  24  000  lb.  per  axle,  or  96  000 
lb.  total  weight  on  the  drivers.  A  short  time  afterward,  Mr.  Tinkham 
thought  it  advisable  to  increase  the  engine  load  to  25  000  lb.  per  driving  axle, 
or  100  000  lb.  on  all  the  drivers. 

When  it  is  noted  that  one  of  the  engines  mentioned  by  the  author  has  a 
load  of  300  000  lb.  on  the  drivers,  and  another  has  an  axle  load  of  78  000  lb., 
it  is  amusing  to  one  who  remembers  the  criticisms  that  were  made  at  the  time 
Mr.  Tinkham  and  the  New  York  and  New  England  Railroad  Company  saw 
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fit  to  increase  the  weight  on  the  drivers,  in  their  specifications,  to  25  000  lb. 
per  axle  and  100  000  lb.  total  driver  load.  At  that  time,  many  railroad  men 
said  that  such  a  heavy  engine  would  never  be  built ;  and  as  the  New  York  and 
New  England  Eailroad  Company  was  not  very  prosperous  in  those  days,  it 
seemed  somewhat  ridiculous  to  them  that  such  a  poverty-stricken  railroad, 
should  use  such  heavy  loads.  Within  three  years  that  road  had  engines  in 
use  heavier  than  those  that  had  been  considered  as  excessive.  The  changes  of 
the  future  cannot  always  be  foreseen.  There  have  been  periods  when  the 
weights  of  locomotives  have  increased,  and  these  periods  have  been  followed 
by  a  slackening  in  the  rate  of  increase  of  locomotive  loads,  during  which 
the  weights  of  cars  have  been  increased,  as  when  the  large  high-sided  coal  cars 
came  into  use,  until  now  an  equivalent  to  6  000  lb.  per  ft.  is  a  commonly 
accepted  train  load. 

A  few  years  after  Mr.  Tinkham  left  the  New  York  and  New  England 
Railroad  Company,  a  serious  accident  occurred  near  Boston,  Mass. — Bussey 
Bridge  collapsed  under  the  weight  of  a  train.  This  accident  caused  an  inves- 
tigation to  be  made  by  the  company  of  the  condition  and  capacity  of  its 
bridges,  and  the  speaker  was  appointed  to  that  task.  He  first  studied  the  various 
engines  used  on  the  road,  especially  the  heaviest  of  each  type ;  there  were  Con- 
solidation engines,  Moguls,  and  the  American  type  with  only  two  driving 
axles.  It  was  found  that  in  bridges  carrying  all  these  engines,  the  maximum 
stresses  in  different  members  was  caused  by  different  types  of  engines;  that 
is,  one  member  might  receive  its  maximum  stress  from  a  Consolidation  engine, 
whereas  some  other  member  would  be  stressed  more  by  a  Mogul  or  an  Ameri- 
can engine.  In  some  cases  a  member  would  receive  its  maximum  stress 
from  a  lighter,  but  more  compact,  engine,  than  from  the  heavier,  but  longer, 
engine  of  the  same  type.  It  would  have  been  quite  a  task  to  make  calculations 
for  all  the  bridges  for  all  these  locomotives;  therefore,  after  some  study,  it 
was  decided  to  use  as  a  basic  load  for  this  investigation,  a  uniform  load  of 
4  000  lb.  per  lin.  ft.,  which  was  the  recognized  heavy  train  load  at  that  time, 
with  an  excess  load  of  3  000  lb.  per  lin.  ft.  for  a  length  of  25  ft.  For  the 
purpose  of  comparing  the  effect  of  the  different  locomotives,  tables  were  pre- 
pared, that  gave,  for  different  lengths  of  span  and  different  positions  in  the 
span,  the  relative  moments  and  shears  of  various  heavy  locomotives  that  were 
used  on  different  parts  of  the  road,  as  compared  with  the  basic  loading  of 
4  000  lb.  per  lin.  ft.,  with  an  excess  load  of  3  000  lb.  per  ft.  for  a  length  of 
25  ft.  This  loading  was  adopted  also  as  the  standard  for  the  design  of  new 
bridges  on  the  road  until  the  New  York  and  New  England  Railroad  Company 
was  absorbed  by  the  New  York,  New  Haven,  and  Hartford  Railroad  Company. 

It  is  interesting  to  note,  however,  and  it  is  considered  to  be  worthy  of 
serious  thought  in  connection  with  the  model  loading  which  Mr.  Steinman 
has  suggested,  that  although  the  heaviest  locomotives  may  not  run  on  the 
minor  branch  lines,  there  may  be  short  trains  of  heavy  cars  hauled  by  a  lighter 
locomotive  on  those  lines.  Instead  of  increasing,  as  was  suggested,  from  the 
M-60  to  the  M-75  or  the  M-90  loading,  it  might  be  advisable  to  take  cogni- 
zance of  the  fact  that,  on  the  branch  lines,  light  locomotives  may  haul  trains 
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made  up  of  cars  as  heavy  as  those  on  the  main  lines  with  their  longer  trains 
and  heavier  locomotives.     This  matter  should  receive  careful  consideration. 

Philip  George  Lang,  Jr.,*  M.  Am.  Soc.  C.  E.  (by  letter). — For  more  than 
a  generation  the  Cooper  loadings  have  represented  to  American  engineers  the 
accepted  medium  for  determining  and  recording  the  carrying  capacities  of 
bridges.  A  careful  perusal  of  Mr.  Steinman's  paper  indicates  that  it  is 
primarily  an  attack  on  the  Cooper  system  of  loading.  Certain  particularly 
heavy  engines  in  actual  use  have  been  selected,  and  an  attempt  has  been  made 
to  develop  a  loading  to  represent  the  composite  of  these  engines.  The  actual 
engines  selected  are  extreme,  and  are  used  in  special  localities  for  special 
purposes. 

Why  such  a  special  engine  loading  as  M-60  should  be  followed  by  a  train 
load  of  6  000  lb.  per  lin.  ft.,  is  not  apparent.  As  special  engines  were  selected 
for  study  and  comparison,  there  is  no  reason  why  similar  cars  should  not  like- 
wise have  been  selected.  Cars  are  in  use  on  American  railroads,  that  average 
8  300  lb.  per  lin.  ft.  of  track,  and  others  have  been  proposed  of  more  than  10  500 
lb.  per  lin.  ft.  The  Cooper  loading  provides  for  an  increase  in  the  following  train 
load  and  thus  tends  to  bring  the  average  train  load  up  to  that  of  the 
engine  load.  The  M-60  loading  perpetuates  a  material  difference  in  the  effect 
of  the  engine  and  the  train  load  on  bridge  structures. 

The  author  states  that  "since  the  days  of  the  E-40  loading,  the  axle  con- 
centrations have  increased  100%,  whereas  the  weight  of  train  per  linear 
foot  has  increased  barely  60  per  cent." 

It  would  seem  that  such  a  statement  is  open  to  question.  Although,  perhaps, 
the  engine  axle  concentrations  have  increased  100%,  the  weight  of  the  train 
load  per  linear  foot  has  increased  about  in  the  same  proportion;  certainly,  30 
years  ago,  cars  having  capacities  of  20  and  30  tons  were  common ;  to-day,  cars 
with  capacities  of  55  and  70  tons  are  in  general  use,  and  many  cars  with 
capacities  of  100,  110,  and  120  tons  are  in  operation  and  proposed  for 
general  use. 

Again,  the  author  states  that  "it  [the  new  loading]  should  be  from  25  to 
50%  heavier  than  the  average  present  loading."  Just  what  is  meant  by  this 
statement  is  not  readily  discerned.  The  engines  investigated  by  the  author  have 
an  effect  on  bridge  structures  approximately  equivalent  to  Cooper's  E-73,  which 
is  equivalent  to  the  M-60  loading,  with  the  exception  that  the  author's  loading 
provides  for  a  train  load  of  6  000  lb.  per  lin.  ft.,  whereas.  Cooper  loading 
provides  for  a  train  load  of  7  300  lb.  per  lin.  ft.,  which  more  nearly  approximates 
present-day  equipment  and  rolling  stock. 

The  simplified  loading  and  the  load  formula  are  essentially  an  M-60  loading. 
Each  of  these  forms  is  merely  a  return  to  the  old  and,  perhaps,  original  idea  of 
simplified  loading  to  be  used  in  order  to  make  for  ease  in  calculation.  Such 
a  loading  has  no  basis  in  fact,  and  is  simply  prepared  with  the  idea  of  making 
it  produce  stresses  in  bridge  structures  approximately  equivalent  to  the  motive 
power  and  rolling  stock  in  use,  or,  in  this  case,  approximately  equivalent  to 
the  proposed  typical  engine  designated  as  "M-60".    There  does  not  seem  to  be 
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any  valid  reason  for  the  use  of  such  a  so-called  "simplified"  form  of  loading, 
and  when  a  typical  loading  for  the  design  and  re-calculation  or  the  rating  of 
bridges  in  service  is  determined,  a  complete  set  of  moment,  shear,  and  floor- 
beam  reaction  tables  may  be  prepared.  Such  tables  for  the  Cooper  loadings 
have  been  in  use  for  many  years  and  simplify  the  calculations;  certainly,  as 
much  so  as  the  proposed  simplified  loading,  or  the  load  formula. 

It  will  be  shown  that  the  loading  proposed  by  Mr.  Steinman  does  not  vary 
appreciably  from  the  Cooper  system  of  loading,  and  that  the  Cooper  system 
represents  the  actual  loads  in  service  more  nearly  than  the  proposed  M-60 
loading. 

In  Table  10  is  given  the  moments  and  shears  for  span  lengths  varying  from 
10  to  300  ft.  The  equivalent  uniform  load  is  shown  for  the  E-60  and  the  M-60 
loadings  and  also  the  actual  E-rating  for  M-60  and  the  E-rating  for  M-60  as 
given  by  Mr.  Steinman.  The  E-ratings  given  in  the  paper  differ  from  those 
computed  by  the  writer.  For  moments,  with  the  span  lengths  shown,  this 
difference  ranges  from  0.6%  to  14.2%,  with  an  average  of  3.1%,  and  for  shears 
from  2.4  to  7.4%  for  span  lengths  varying  from  10  to  80  ft.,  with  an  average 
of  6.25  per  cent.  It  would  seem  that  this  constitutes  a  rather  remarkable 
variation  where  an  effort  is  made  to  supersede  the  existing  Cooper  loadings. 

TABLE  10. — Comparative  Table — Moments  and  Shears. 
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Note. — E-60  =  two  of  Cooper's  E-60  engines,  followed  by  6  000  lb.  per  ft.,  or  two 
75  000-lb.  axle  loads,  7  ft.,  center  to  center. 

The  statement  has  been  made  that  "the  proposed  loading  has  much  to  recom- 
mend it,  particularly  as  applied  to  design.  It  more  nearly  represents  future 
developments  in  train  load  to  be  expected  in  this  country,  and  insures  a  more 
uniform  design  of  bridges." 

It  is  doubtful  whether  such  is  the  fact.  The  M-60  loading  approximates  the 
heaviest  engines  now  in  use,  but  is  followed  by  a  train  load  of  6  000  lb.  per 
lin.  ft.  of  track,  which  does  not  represent  present-day  maximum  train  loads. 
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There  is,  therefore,  too  great  a  disparity  between  the  engine  and  the  following 
load  in  the  case  of  the  M-60  loading.  This  disparity  does  not  exist  with  the 
Cooper  loading,  particularly  when  M-60  and  the  present  loadings  are  compared 
with  Cooper's  E-73. 

Fig.  17  shows  moments  and  shears  for  existing  heavy  engines  and  the  three 
forms  of  the  author's  proposed  loading  in  comparison  with  Cooper's  E-73.  The 
stress-producing  effects  of  the  heavy  locomotives  approach  Cooper's  E-73  for  the 
longer  spans  if  the  following  train  load  is  increased.  It  may  also  be  noted  that 
the  actual  engines  are  represented  more  nearly  by  the  Cooper  E-73  than  by  the 
M-60  loading.  For  moments,  the  variation  of  the  actual  heavy  locomotives 
from  E-73  is  from  4  to  13%,  whereas,  for  M-60,  the  variation  is  from  6  to  16 
per  cent.  For  shears,  the  variation  of  the  actual  engines  is  from  1  to  12%, 
whereas,  for  the  M-60,  it  is  from  4  to  12  per  cent. 
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The  further  statement  has  also  been  made : 

"In  view  of  the  present  universal  use  of  the  Cooper  loading,  it  may  well  be 
continued  for  the  classification  of  old  structures,  in  spite  of  some  of  the  short- 
comings pointed  out  by  Mr.  Steinman,  but  there  is  clearly  need  for  something 
other  than  the  short  Consolidation  locomotives  of  the  Cooper  series  when  it 
comes  to  proportioning  the  parts  of  a  new  bridge." 

Evidently,  it  is  proposed  to  use  one  method  or  system  for  the  design  of  new 
structures,  and  to  continue  in  use  a  different  system  for  the  rating  of  existing 
structures  and  for  the  determination  of  their  carrying  capacity.  This  %ould 
require  a  structure  to  be  re-calculated  for  the  other  system.  The  bridges  now 
in  service  cannot  be  re-calculated  for  a  new  system  of  loading.  The  work 
involved  is  too  great,  and  engineers  in  charge  of  railroad  bridges  have  not  the 
time  to  change  the  records.  Statistics  indicate  that  there  are  about  250  000 
bridges  in  use  on  American  railroads.  Presumably,  complete  records  and 
calculations  for  these  bridges  exist. 
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In  a  study  of  the  length  of  bridge  spans,  more  than  5  000  railroad  bridges 
have  been  classified,  this  study  being  representative  of  general  bridge  conditions 
in  the  United  States.  Exclusive  of  timber  trestles,  it  was  found  that  these 
bridges  might  be  classified  as  to  spans,  as  follows : 

Less  than  120  ft 96% 

From  120  to  149  ft U% 

"      150  to  199  ft 1% 

"      200  to  249  ft 1% 

"      250  to  300  ft 4  spans 

More  than  300  ft 11  spans. 

It  is  apparent  from  the  foregoing  tabulation  that  the  plate  girder  is  the 
most  prevalent  type  of  bridge.  Spans  in  excess  of  120  ft.  are  relatively  few,  and, 
undoubtedly,  the  few  bridges  that  exceed  300  ft.  in  length,  when  designed  and 
built,  are  the  subject  of  special  consideration.  The  1920  A.  R.  E.  A.  Specifica- 
tions for  Steel  Railway  Bridges  treats  of  spans  up  to  300  ft.  in  length.  In  view 
of  the  classification  of  bridges  mentioned  previously,  this  discussion  has  been 
limited  to  the  consideration  of  spans  of  less  than  300  ft.  Fig.  17  shows  that  for 
spans  from  10  to  120  ft.,  there  is  practically  no  variation  between  the  Cooper 
series  of  loadings,  the  engines  in  use,  and  the  author's  proposed  loadings — 
certainly  not  sufficient  variation  to  justify  the  adoption  of  a  new  system  of 
loading. 

In  this  connection,  not  only  structures  to  be  designed  in  the  future  must  be 
considered,  but  also  the  vast  number  of  existing  structures  in  use,  for  which 
elaborate  records  are  maintained  in  order  that  motive  power  may  be  assigned 
so  as  to  secure  the  maximum  benefits,  considering  the  ultimate  carrying 
capacity  of  the  structures. 

The  author's  study  is  appreciated,  particularly  as  it  has  the  effect  of  draw- 
ing attention  to  the  question  of  the  load  to  be  used  in  the  design  of  railroad 
bridges.  Except  for  the  advantage  to  be  derived  from  such  discussion,  it  is  not 
felt  that  a  convincing  argument  for  discarding  the  Cooper  system  has  been 
developed. 

H.  T.  Welty,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  author  is  to  be  com- 
plimented for  his  valuable  contribution  to  this  subject,  which,  in  the  writer's 
opinion,  constitutes  a  strong  argument  in  favor  of  retaining  the  Cooper  sys- 
tem of  loading,  with  possibly  a  modification  in  the  uniform  load  following  the 
series  of  wheel  loads. 

]\[finy  diagrams  are  shown,  which  will  be  of  great  value  for  reference,  but 
to  the  writer,  the  most  illuminating  data  are  those  given  in  Table  2  showing 
equivalent  Cooper  ratings  for  various  spans  of  the  proposed  composite  loading, 
M-60.  The  majority  of  railroad  bridges  have  span  lengths  of  less  than  100  ft. 
It  will  be  seen  by  referring  to  Table  2  that  the  moments  produced  by  the  M-60 
loading  for  such  spans  are  equivalent  to  Cooper's  E-73  for  spans  of  20,  50,  80, 
90,  and  100  ft.,  and  vary,  for  the  others,  from  E-73  by  less  than  3  per  cent. 

Even  for  spans  up  to  160  ft.,  the  variation  is  only  7%,  and  this  is  because 
Mr.  Steinman  uses  a  uniform  load  of  6  000  lb.  per  lin.  ft.  for  his  M-60  loading, 

*  Engr.   of   Structures,   N.   Y.   C.   R.   R.,   New   York   City. 
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whereas,  the  Cooper  E-73  would  carrj^  with  it  a  uniform  load  of  7  300  lb.  per 
lin.  ft.  Should  the  Cooper  loading  be  modified  to  the  extent  of  using  6  000  lb., 
which  would  be  necessary  tb  obtain  a  correct  comparison  with  Mr.  Steinman's 
M-60  loading,  the  agreement  between  the  two  would  be  still  more  striking,  as 
this  would  raise  the  equivalent  E-ratings  for  the  longer  span  lengths.  Also, 
for  shear,  the  agreement  is  nearly  as  close,  the  Cooper  loading  giving  slightly 
higher  shear  stresses. 

The  author  takes  a  140-ft.  span  as  an  example  to  show  the  deficiencies 
of  the  Cooper  loading.  He  shows  that,  in  the  members  of  such  a  span,  the 
Cooper  lof«iing  would  give  stresses  varying  by  as  much  as  37%  from  those 
produced  by  the  N-l-S  engines  of  the  Pennsylvania  Railroad  Company.  Such 
variations  will  always  be  found,  some  greater,  some  less,  where  actual  loco- 
motives are  compared  with  a  conventional  set  of  wheel  loadings,  whether  such 
loadings  are  the  Cooper  or  the  proposed  M-60  loading. 

The  Cooper  E-loading  was  adopted  for  the  A.  R.  E.  A.  1920  Specifica- 
tions for  Steel  Railway  Bridges,  after  thorough  discussion  and  consideration. 
Some  of  the  reasons  in  favor  of  the  retention  of  this  loading  have  been  given 
in  a  paper*  by  Mr.  W.  S.  Bouton  and  the  wi-iter. 

The  writer  can  see  nothing  of  practical  value  to  be  gained  and  much  to 
be  lost  by  changing  from  the  Cooper  to  the  proposed  M-60  loading,  or  to  any 
other  loading  yet  devised. 

Clement  C.  Williams,!  M.  Am.  Soc.  C.  E.  (by  letter.) — This  able  paper 
is  a  valuable  contribution  to  the  science  of  structural  design  and  should 
promote  economy,  adequacy,  and  consistency  in  the  design  of  railway  bridges. 
Although  the  Cooper  loadings  were  a  boon  to  structural  engineering  in  one 
sense,  they  have  been  a  detriment  in  another,  inasmuch  as  they  have  caused 
the  Profession  to  be  so  satisfied  with  a  good  device  as  not  to  seek  a  better  one. 

The  writer  in  classifying  many  existing  railroad  bridges  according  to 
the  Cooper  loadings  has  observed  the  inconsistency  of  design  required  by  that 
system.  Mr.  Steinman's  statement  that  an  error  of  20  to  37%  results  from 
expressing  modern  loadings  in  terms  of  the  Cooper  engines  does  not  indicate 
the  seriousness  of  the  lack  of  balance  in  most  designs,  for  to  find  a  structure 
the  chords  of  which  would  class  as  E-50  and  the  web  or  floor  of  which  would 
class  as  about  E-25  is  common,  notwithstanding  that  the  structure  is  fairly 
satisfactory  as  to  actual  requirements. 

The  Consolidation  type  of  locomotive  will  probably  never  again  be  the  pre- 
vailing type  and,  therefore,  it  represents,  in  its  close  concentration  of  load, 
a  system  of  loadings  different  from  those  to  which  railway  bridges  will  be  sub- 
jected. Hence,  there  seems  to  be  little  excuse  for  continuing  the  inconsistent 
designs  which  result  from  this  antiquated  conventional  loading.  In  fact,  as 
long  as  it  is  continued,  it  will  be  common  practice  to  remove  old  bridges 
because  some  of  the  main  members  and  details  are  inadequate,  while  much  of 
the  structure  is  amply  strong  to  carry  the  heavier  loads  to  which  it  is  sub- 
jected. 

*  Am.   Ry.   Eng.   Assoc.   Bulletin  No.   219,   September,   1919. 

t  Prof,  of  Civ.  Eng.  and  Head  of  Dept.,  Univ.  of  Illinois,  Urbana,   111. 
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The  Cooper  system  of  loading  has  demonstrated  the  advantages  of  a  con- 
ventional system  of  wheel  loads  as  a  basis  of  design  for  railway  bridges,  and 
probably  the  present  need  is  a  revision  of  the  system  rather  than  a  radical 
departure  in  the  type  of  loading. 

The  results  obtained  by  the  Special  Committee  on  Stresses  in  Railroad 
Track  reveal  the  effect  of  wheel  concentrations  in  a  new  light  and  seem  to  call 
for  accentuating  this  effect  rather  than  minifying  its  importance  by  the  use 
of  equivalent  uniform  loads.  Unless  locomotive  equalizers  can  be  improved, 
it  might  be  desirable  to  break  the  uniformity  of  axle  loads  and  ascribe  addi- 
tional load  to  the  main  driving  axle.  In  the  writer's  opinion,  economy  of 
design  will  be  hindered  rather  than  enhanced  by  the  adoption  of  such  an 
equivalent  uniform  load  as  that  which  the  author  proposes. 

It  is  doubtful,  however,  whether  a  single  system  of  wheel  concentrations  can 
be  adopted,  which  will  meet  the  varying  needs.  Many  cantilever  structures  for 
carrying  locomotives  must  be  designed,  for  which  close  concentrations  of 
wheel  loads  lead  to  grossly  inaccurate  results;  therefore,  the  needs  seem 
to  require  several  different  types  of  wheel  concentrations,  to  be  applied 
according  to  the  anticipated  development  of  locomotives  as  demanded  by  the 
topography  and  traffic  conditions  of  the  contiguous  districts.  One  of  these 
types  certainly  should  be  similar  to  that  represented  by  the  author's  M-series, 
and  the  other  extreme  should  be  one  of  about  two  or  three  concentrations,  as 
represented  by  the  Atlantic  type  of  locomotive,  to  be  used  especially  for  short 
spans,  whereas,  the  third  might  be  an  intermediate  type  similar  to  the  Cooper 
engines.  The  development  of  locomotives  in  recent  years  has  shown  the 
Mallet  locomotive  as  the  logical  type  for  heavy  loads  and  steep  grades,  hence, 
the  design  of  structures  on  such  roads  should  be  predicated  on  a  locomotive 
loading  of  this  type.  The  demands  of  topography  and  of  traffic  in  so  far  as 
they  affect  locomotive  types  can  be  predicted  with  a  fair  degree  of  reliability 
and  bridges  should  be  designed  accordingly. 

Attention  should  be  called  to  the  desirability  of  considering  the  entire 
problem  of  loads  and  stresses  together  rather  than  separately.  The  question 
of  loadings  to  be  used  is  not  more  than  half  the  case,  for  many  of  the  present 
and  past  inconsistent  or  unbalanced  designs  are  due  to  illogical  selections  of 
unit  stresses  quite  as  much  as  to  illogical  schemes  of  loading.  Every  one 
knows  that  16  000  lb.  per  sq.  in.  does  not  represent  the  limiting  safe  working 
stress  in  steel  in  direct  tension.  There  is  little  uncertainty  about  the  strength 
of  materials;  the  uncertainty  lies  in  the  loads  to  which  the  structure  is  sub- 
jected. The  logic  of  the  situation,  therefore,  would  demand  that  the  factor  of 
safety  be  inserted  in  the  loadings  rather  than  in  the  unit  stresses.  This  arrange- 
ment would  make  a  consistent  design  as  between  dead  and  live  load,  which 
is  not  obtainable  under  most  existing  specifications.  Indeed,  this  illogical 
situation  permeates  nearly  all  structural  steel  design — buildings  as  well  as 
bridges.  Specifications  governing  reinforced  concrete  design  are  decidedly  in 
advance  of  those  for  steel  in  this  respect. 

Mr.  Steinman  has  opened  an  important  question  and  has  made  a  valuable 
contribution,  but  the  writer  would  urge  that  the  entire  question  of  loads  and 
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stresses  be  considered  together,  because  a  simple  change  from  the  E-series  to 
an  M-series  is  not  likely  to  afford  a  permanent  improvement.  When  a  custom 
or  device  has  become  so  ingrainefl  in  the  education  of  engineers  through  years 
of  use  as  the  Cooper  loading,  considerable  professional  inertia  is  to  be 
expected  when  an  improvement  is  proposed.  It  is  to  be  hoped,  however,  that 
the  author's  valuable  contribution  will  lead  to  the  introduction  of  a  system  of 
loadings  and  stresses  that  will  yield  a  more  consistent  and  economical  design 
for  railway  bridges. 

Jonathan  Jones,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  following  assump- 
tions underlie  the  author's  method : 

(1). — On  any  important  railroad,  the  structures  should  be  designed  for  the 
typical  rolling  stock  of  that  or  any  other  railroad,  with  a  consistent  factor  of 
safety,  rather  than  for  the  typical  rolling  stock  of  the  home  road,  with  a  con- 
sistent factor  of  safety,  but  subject  to  certain  over-stresses  from  rolling  stock 
of  other  types. 

(2). — As  locomotive  weights  increase  hereafter,  they  are  likely  to  increase 
by  the  retention  of  present  types  and  wheel  spacings,  with  a  proportionate  in- 
crease of  each  wheel  load. 

(3). — There  is  an  advantage  to  be  derived  from  having  a  uniform  loading 
specification  throughout  the  country. 

If  these  assumptions  hold,  the  author's  work  is  so  searching  and  instructive 
that  it  becomes  authoritative,  and  his  recommendations  deserve  to  be  put  into 
force. 

These  were  Cooper's  assumptions  also,  and  that  they  have  not  generally 
held  is  indicated  by  the  number  of  railroads  which  use  something  other  than 
the  Cooper  loadings,  also  by  the  discrepancies,  pointed  out  by  the  author,  be- 
tween the  heavy  Cooper  system  and  present-day  developments. 

Are  the  assumptions  of  to-day,  then,  better  than  former  ones?     The  writer 
hopes    that    they    will    be    thoroughly    discussed    by    mechanical    engineers; 
certainly,    the    whole    matter    must    be    referred    to    the    American    Railway 
Engineering  Association  before  these  assumptions  can  be  disposed  of. 

Regarding  Assumption  (1),  if  the  only  negative  argument  was  the  present- 
day  distinctions  of  railroad  ownership,  management,  and  design,  one  could 
foresee  these  distinctions  breaking  do^vTi,  and  rolling  stock  traveling 
promiscuously  as  it  did  during  the  World  War.  However,  in  locomotive  types 
are  there  not  districts,  and,  therefore,  groups  of  railroads,  which  always  will 
be  well  served  by  one  type  and  poorly  by  another;  so  that  if  extra  metal  was 
placed  in  a  certain  truss  member  to  accommodate  this  latter  type  at  the  normal 
unit  stress,  money  would  have  been  spent,  that  might  well  have  been  saved. 

Regarding  Assumption  (2),  will  the  development  of  electric  traction  in- 
troduce a  type  so  different  as  to  re-determine  some  of  the  author's  maximums  ? 
Or,  if  the  present  types  remain  as  the  normal  types,  will  they  grow  by  mere 
proportionate  increase  in  weight,  or  must  not  the  wheel-bases  increase?  Will 
weight  per  foot  of  train  increase  in  proportion  to  locomotive  weights?     It 

*  Res.   Mgr..   McClintic-Marshall  Products  Co.,   Pittsburgh.   Pa. 
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seems  to  the  writer  that  before  any  given  railroad,  well  satisfied  with  the 
correspondence  between  its  present  designing  stresses  and  the  author's  M-50, 
should  specify  M-50  plus  an  allowance  for  50%  overload,  it  might  properly 
assume  its  present  locomotive  type,  expanded  both  in  weight  and  in  dimen- 
sions, and  compare  the  future  stresses,  thus  calculated,  with  M-75  before 
accepting  the  latter. 

With  Assumption  (3),  the  writer  is  in  accord.  Each  step  in  bridge  design 
from  the  preliminary  estimate  to  the  finished  details  would  be  simplified, 
cheapened,  and  increased  in  accuracy  through  the  building  up  of  standards 
of  comparison,  if  more  railroads  would  yield  their  special  loadings  and  agree 
to  a  common  standard.  Therefore,  the  writer  hopes  that,  even  though  the 
permanency  of  a  new  standard  adopted  to-day,  may  be  voted  dubious,  one  may 
be  adopted,  if  only  as  a  second  step  toward  the  ultimate — provided  there 
is  a  pledge  of  adoption  by  sufficient  additional  railroads  and  an  assurance  of  its 
persisting  for,  say,  two  decades  more. 

For  the  purposes  of  such  a  transition,  a  wheel-load  diagram  would  be  the 
least  radical  and  the  most  acceptable.  It  is  regrettable  that  the  proposed  M- 
type  differs  from  any  existing  type  in  the  change  of  driver  spacing  and  driver 
weight  in  the  two  groups.  This  will  make  it  difiicult  to  "sell"  the  type  to 
literal  minded  executives  whose  reactions  will  be  that  it  is  like  neither  their 
own  engines  nor  those  of  any  other  railroad,  and,  therefore,  cannot  be  reason- 
able. The  logical  answer  to  this  is  found  in  the  author's  derivation  of  the 
type.  In  addition  to  the  advantages  listed  by  the  author,  a  diagram  has  the 
advantage,  as  a  transition  step,  that  it  is  a  picture  which  invites  review  as 
mechanical  developments  come.  The  excess  concentrations,  or  the  formula 
proposed,  if  once  adopted,  lose  all  significance,  except  that  they  get  a  certain 
mathematical  result.  They  are  stopping,  not  starting,  points  in  the  reasoning, 
and  until  engineers  are  agreed  that  the  starting  point  is  beyond  further  re- 
vision, they  should  not  bury  it  in  a  formula,  but  keep  it  out  where  everybody 
can  look  at  it.  This  latter  refers  to  the  choice  for  publishing  in  a  specifica- 
tion. The  designer,  however,  would  probably  forget  the  wheel-load  picture, 
paste  Fig.  2  or  Plate  X  in  his  handbook,  and  perhaps  memorize  Formula 
(4)  for  emergencies,  feeling  more  than  a  little  grateful  to  the  author  for 
precious  hours  of  computation  saved  him  thereafter. 

Glenn  B.  Woodruff,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  author  deserves 
the  thanks  of  the  Profession  for  the  study  he  has  given  to  this  subject. 

The  Cooper  system  of  loadings  does  not  fit  present-day  conditions,  and  this 
divergence  is  likely  to  be  increased  by  future  developments  in  engine  and  train 
loadings.  However,  the  Cooper  system  is  in  general  use,  and,  before  making 
a  change,  it  would  be  well  to  take  all  possible  measures  in  order  that  the  changed 
loading  will  meet  the  developments  of  the  next  thirty  years  as  well  as  the 
Cooper  loading  has  done  in  the  past.  A  thorough  study  of  present  and 
probable  future  developments  of  motive  power  and  equipment  design  should 
be  made  by  the  proper  committees  of  the  Society  and  of  the  American  Railway 
Engineering  Association. 

*  Asst.   to  Bridge  Engr.,   Lehigh  Val.   R.   R.   Co.,   Bethlehem,   Pa. 
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In  considering  the  engines  selected  by  the  author  as  a  basis  for  his  "com- 
posite loading",  the  following  suggestions  are  oflFered: 

1. — One  of  the  locomotives  shown  was  built  for  pusher  service  and  moves 
only  over  a  limited  part  of  the  owning  railroad.  Others  were  built  for  roads 
having  peculiar  operating  conditions.  It  is  a  question  whether  such  loco- 
motives are  likely  to  come  into  general  use. 

2. — Engine  No.  3  is  probably  somewhat  ahead  of  its  time,  considering  the 
present  trend  of  locomotive  loadings.  The  writer  believes  that  the  "composite 
loading"  does  not  provide  for  short  spans  as  it  should  and  suggests  adding  a 
hypothetical  engine  of  the  Pacific  type  with  axle  loads  of  about  84  000  lb.  on 
drivers.  This  would  necessitate  modifying  the  M-loading  by  specifying  an 
alternate  loading  that  would  govern  for  short  spans. 

3. — Although  the  uniform  load  of  6  000  lb.  may  represent  present-day  con- 
ditions, the  writer  believes  that  it  is  not  enough  to  be  in  keeping  with  the 
locomotives  shown.  There  is  probably  more  chance  for  a  large  increase  in  the 
train  load  than  in  the  engine  load.  The  writer  would  suggest  an  increase  of 
about  10%  in  the  train  load  of  the  proposed  M-loading. 

Considering  the  three  alternate  solutions  proposed  by  the  author,  the  writer 
prefers  the  continued  use  of  the  wheel  loads.  The  saving  of  labor  by  the 
"simplified"  methods  is  slight.  By  the  use  of  tables  and  diagrams,  the  calcula- 
tion of  live  load  stresses  is  an  easy  task.  It  is  a  simple  matter  to  prepare 
influence  lines  for  any  structure  and  then  use  the  values  given  on  Plate  X. 
Having  a  set  of  concentrated  loads  in  mind,  one  is  less  likely  to  err  when  it  is 
necessary  to  give  a  hurried  ruling  on  the  acceptance  or  refusal  of  a  heavy 
shipment. 

The  divergence  between  the  "simplified"  loadings  and  the  "composite  load- 
ings" is  nearly  as  great  as  between  the  composite  loadings  and  the  Cooper 
E-(J5.  The  writer  fails  to  see  any  valid  argument  in  favor  of  their  use.  Instead 
of  designing  for  the  M-60  loading,  with  a  provision  for  25%  overload,  the 
writer  suggests  designing  directly  for  M-75,  both  for  simplicity  and  economy. 
For  economy  of  metal,  it  is  desirable  that  all  members  should  reach  their  limit 
under  the  same  load,  and  the  logical  method  of  securing  this  result  is  by  de- 
signing for  ultimate  load. 

T.  Kennard  TnoirsoN,*  M.  Am.  Soc.  C.  E.  (by  letter).— The  author 
deserves  the  thanks  of  the  Society  and  the  Profession  for  his  valuable  contri- 
bution on  engine  loadings.  The  Ava-iter  recalls  the  unnecessary  labor  due  to  the 
great  vai-iation  of  loads,  not  only  as  specified  by  different  roads,  but  also  as 
adopted  by  individual  roads.  When  he  began  working  for  a  bridge  company 
about  thirty-six  years  ago,  the  entire  design  of  bridges  was  in  the  transition 
X>eriod.  Not  only  did  each  railroad  have  its  own  engine  diagrams,  but  it  also 
had  its  own  peculiarity  of  design.  Designs  were  so  different  that  a  glance 
would  enable  one  to  tell  the  railroad  for  which  a  shop  plan  was  being  made. 
The  same  applied  to  the  bridge  companies,  as  one  would  know,  in  most  cases, 
on  seeing  a  completed  bridge,  what  company  had  built  it. 

*  Cons.    Engr.,    New  York   City. 
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In  the  intervening  years,  however,  the  railroads  and  the  bridge  companies 
have  adopted  the  better  and  have  discarded  the  poorer  features,  so  that  there 
is  now  much  more  uniformity.  Probably  no  single  feature  has  changed  more 
than  the  engine  and  train  loads.  The  efforts  of  each  railroad  to  design  its 
bridges  as  close  as  possible  to  one  or  two  types  of  engines,  has  been,  in  many 
cases,  false  economy. 

If  Mr.  Steinman's  valuable  paper  causes  the  adoption  of  a  few  standard 
engine  load  diagrams,  much  mechanical  labor  in  estimating  will  be  saved, 
and  the  result  will  probably  be  fewer  errors,  more  uniformity  of  design,  and 
much  less  likelihood  of  frequent  replacement. 

As  engineers,  other  officials,  and  even  owners  of  railroads  are  changed  so 
often,  and  as  the  same  freight  transfers  from  one  road  to  another,  it  seems 
absurd  to  have  such  an  infinite  variety  of  engine  loads  adopted,  only  to  be 
superseded  by  others  in  a  few  years. 

The  late  Theodore  Cooper,  M.  Am.  Soc.  C.  E.,  was  probably  the  first  to 
devise  an  engine  diagram  which  was  generally  adopted.  The  highway  bridge 
companies  often  simplified  matters  by  specifying  a  uniform  load,  plus  a 
concentrated  load,  which  saved  much  labor. 

The  writer  hopes  that  Mr.  Steinman's  paper  will  result  in  the  adoption  of 
a  few  standard  systems  of  loading,  which  will  be  tabulated  for  a  uniform 
load  per  linear  foot,  and  that  these  loadings  will  include  long-span  bridges  for 
highway,  combined  highway,  and  railway  purposes. 

C.  E.  Young,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The  author  is  to  be 
congratulated  for  the  service  he  has  rendered  the  Engineering  Profession  in 
placing  before  it,  data  so  convincing  as  to  leave  no  other  course  open  than  to 
revise  the  present  obsolete  locomotive  loadings.  Much  discussion  has  been 
given,  in  recent  years,  to  the  alleged  inapplicability  of  the  Cooper  system  of 
conventional  loadings,  but  in  most  cases  this  has  been  of  a  desultory  and 
general  character.  The  author  has  established  that,  for  heavy  loadings  on  first- 
class  railway  systerus,  the  Cooper  system  is  inadequate  and  that  the  new  pro- 
posed system  would  give  safe  and  logical  results.  It  now  remains  for  the  rail- 
way systems  to  make  the  next  move.  It  is  to  be  hoped  that  this  will  not  be  long 
delayed,  and  that,  in  particular,  the  American  Railway  Engineering  Associa- 
tion will  reconsider  its  decision  to  abide  by  the  Cooper  system. 

Caution  is  needed  in  attempting  to  apply  the  author's  proposed  system  of 
loading  to  railways  carrying  only  moderately  heavy  traffic.  Although  his  load- 
ings are  admirably  suited  to  the  heavier  lines  operating  with  steam  locomotives, 
they  are  not  so  closely  applicable  to  average  or  second-class  lines  on  which 
existing  locomotives,  and  those  likely  to  be  used  for  some  years  to  come,  are 
of  a  type  distinctly  different  from  those  used  by  Mr.  Steinman  in  the  establish- 
ment of  his  composite  loading.  For  this  reason,  it  may  be  preferable  to  retain 
on  some  railways  a  loading  system  that  more  closely  approximates  the  actual 
loadings  in  use  than  any  class  of  the  author's  standard  loading.  The  electric 
locomotive  is  becoming  important  and  should  be  considered  in  any  system  that 
is  devised  to  be  used  for  a  long  time. 

*  Assoc.  Prof,  of  Structural  Eng.,  Univ.  of  Toronto,  Toronto,  Ont.,  Canada. 
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Of  the  three  types  of  loading  proposed,  the  writer  prefers  the  loading 
formula.  As  each  of  these  loadings  is  empirical,  there  seems  to  be  no  good 
reason  to  halt  part  way  in  the  determination  of  stresses  in  bridge  structures. 
Rather  than  adopt  a  loading  that  is  conventional,  •  it  would  seem  best  directly 
to  adopt  stresses  that  are  conventional.  There  is  no  greater  offense  in  the 
second  method  than  in  the  first.  It  may  be  desirable  to  retain  the  wheel  load- 
ing for  investigation  of  special  parts  of  structures  receiving  their  maximum 
stresses  under  short  loading,  but,  in  most  cases,  the  writer  believes  a  distinct 
advantage  would  be  derived  from  proceeding  directly  to  the  use  of  the  loading 
formula. 

Edward  Godfrey,*  M.  Am.  See.  C.  E.  (by  letter). — The  author's  able 
paper  clearly  demonstrates  that,  for  the  heaviest  type  of  locomotive,  coupled 
to  the  heaviest  loads  usually  carried,  the  Cooper  loading  does  not  give  con- 
sistent stresses  nor  economic  design.  This  is,  however,  not  a  conclusive  reason 
for  discarding  the  Cooper  standard  of  loading.  If  all  bridges  could  be  rebuilt, 
it  would  be  desirable  to  establish  a  standard  of  loading  to  correspond  with 
the  latest  in  modem  engine  construction.  Bridge  specifications,  however, 
are  used  largely  to  judge  the  capacity  of  existing  bridges  as  well  as  a  standard 
by  which  to  build  new  ones.  Furthermore,  perhaps,  a  large  mileage  of  the 
railroads  in  the  United  States  will  never  be  called  on  to  carry  the  very  heavy 
engine  loads  that  are  in  use  on  a  few  of  the  roads.  It  would  mean  the  re- 
building of  many  bridges  and  even  the  laying  of  heavier  rails  to  enable  these 
roads  to  carry  heavy  loads.  As  a  criterion  for  judging  the  bridges  on  such 
roads  or  the  building  of  new  ones,  these  heavy  loads,  therefore,  are  just  as 
inappropriate  as  the  Cooper  loading  is  on  roads  where  the  modem  heavy 
engines  are  in  use. 

It  is  difficult  to  discard  a  system  of  calculating  stresses  that  is  as  inter- 
woven with  railroad  bridge  design  as  the  Cooper  standard  loading.  By  using 
two  simple  modifications  of  the  Cooper  standard  of  loading  the  author's 
principal  objections  can  be  overcome,  and  it  can  be  made  to  give  results  as 
nearly  equivalent  to  the  modern  heavy  loading  as  practical  considerations 
demand. 

One  modification  is  to  use  heavier  axle  loads  in  the  pair  of  concentrations 
for  stringers  or  short  girder  spans.  The  other  modification  is  to  use  a  train 
load  less  than  that  called  for  by  the  class  of  engine  in  the  standard.  For 
example,  let  an  E-70  engine  be  followed  by  6  000  lb.  jter  ft.  instead  of  7  000 
lb.  per  ft.  By  a  simple  rule  such  as  this,  the  lack  of  economy  in  long  spans 
is  eliminated. 

After  a  standard  of  design  is  once  established,  it  should  be  adhered  to  with 
little  or  no  departure.  One  can  believe  this  and  still  be  aware  of  the  fact 
that  the  exact  stresses  computed  may  never  be  even  closely  approximated  in 
the  bridge.  The  ends  of  safety  and  stability  are  served,  and  this  is  the  prin- 
cipal object.  The  main  reason  for  rigid  adherence  to  certain  rules  in  cal- 
culating stresses  is  to  have  a  definite  standard  of  design.     In  competitive 

*  Structural   Engr.    (Robert   W.   Hunt   &   Co.).   Pittsburgh,   Pa. 
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design,  this  is  particularly  useful,  as  without  a  definite  standard,  comparisons 
could  not  be  made.  It  is  not  so  necessary,  therefore,  whether  a  diagram  of 
loading  agrees  exactly  with  the  axle  loads  of  a  locomotive,  as  long  as  the 
heavy  concentrations  in  the  diagram  practically  agree  with  those  to  be  used, 
or  as  long,  in  fact,  as  the  load  per  foot  is  almost  the  same. 

The  only  bridge  loading  for  calculating  stresses  that  can  be  tolerated  by 
designers  is  either  a  uniform  load,  a  system  of  concentrations,  or  a  combina- 
tion of  both.  To  introduce  a  new  system  of  concentrated  loads  would  place 
a  great  burden  on  designers  who  are  familiar  with  the  Cooper  loading  and 
have  many  tables,  etc.,  based  on  it. 

It  would  not  be  wise  to  mask  bridge  loading  by  a  formula,  as  proposed  by 
Mr.  Steinman.  The  general  manager  of  the  railroad  will  say,  "never  mind  the 
formula,  what  kind  of  engine  and  train  loading  can  I  run  over  this  bridge?" 

To  try  to  interpret  the  strength  of  an  old  bridge,  or  a  new  one  for  light 
loads  (and  such  will  be  built  for  many  years  to  come),  with  respect  to  the 
heavy  Mallet  type  of  loading,  would  be  just  as  awkward  as  it  is  to  interpret 
the  strength  of  a  heavy  bridge  by  the  use  of  the  Cooper  loading. 

The  Cooper  loading  standard  is  needed  and  can  be  used  for  many  years 
to  come,  and  with  slight  modifications  it  can  be  made  to  suit  any  modified 
locomotive  loading  with  all  the  accuracy  tha*'  actual  conditions  demand. 

A.  F.  EoBiNSON,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  author  has  con- 
denmed  the  E-loadings  and  submitted  a  new  loading.  In  the  writer's  judgment, 
the  Cooper  loading  is  superior  in  every  way  to  that  proposed  by  the  author. 
The  simple  statement  in  the  paper  that  the  Cooper  loading  is  out  of  date  does 
not  necessarily  make  it  so.  The  author  has  submitted  nothing  whatever,  except 
this  bare  statement. 

Before  adopting  the  Cooper  E-loading,  when  making  up  the  A.  R.  E.  A. 
Specifications  of  1920,  Committee  15  of  that  organization  studied  the  question 
with  extreme  care.  A  sub-committee  submitted  a  report  which  showed  that 
the  moments  and  shears  for  the  E-series  loadings  compared  with  those  for  all 
the  heavy  engine  loadings. 

In  the  writer's  opinion,  it  is  not  necessary  to  try  to  make  up  an  ideal 
engine  loading  which  shall  consider  in  any  way  the  Mallet  type  of  locomotive, 
as  it  will  not  be  necessary  to  provide  for  many  engines  of  that  type.  Experi- 
ence has  demonstrated  that  the  large  Santa  Fe  type  and  the  Mikado  type  of 
locomotives  will  give  much  better  net  returns  in  service  than  any  of  the 
Mallet  types.  This  being  the  case,  there  is  no  need  of  providing  especially 
for  the  Mallet  engines.  As  locomotive  designing  progresses,  it  may  be  neces- 
sary to  modify  or  re-construct  the  E-loadings,  but  it  is  not  necessary  for  the 
present  and  the  immediate  future.  A  careful  study  of  the  report  of  Committee 
15  of  the  American  Railway  Engineering  Association,  submitted  with  the  1920 
Specifications  of  that  organization,  will  clearly  demonstrate  what  the  writer 
has  stated. 

The  E-loadings  follow  very  closely  the  weights,  moments,  and  shears,  as 
given  by  the  heavy  power  in  service,  which  includes  the  Mallet  type  of  engines. 

*  Bridge  Engr.  System,  A.   T.  &  S.  P.   Ry.,  Chicago.   III. 
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This  E-loading  furnishes  a  unit  or  basis  for  comparison  which  has  been  gen- 
erally adopted.  The  locomotive  loading  proposed  by  the  author  is  in  advance 
of  anything  that  is  likely  to  be  used  on  the  Atchison,  Topeka  and  Santa  Fe 
Railway  for  many  years  to  come.  An  engine  loading  that  is  materially  in 
advance  of  the  engines  that  are  being  used  at  the  time,  should  not  be  adopted. 
Although  the  E-loading  can  be  criticized  in  many  ways,  it  still  meets 
present-day  requirements  very  well  and  is  much  to  be  preferred  to  the  load- 
ing submitted  by  the  author.  The  M-60  loading  does  not  give  any  check  on 
the  effects  of  the  motive  power  now  in  service.  Before  this  system  of  loading 
is  generally  adopted,  the  locomotives  must  be  increased  materially  in  weight 
and  a  different  kind  of  a  road-bed,  together  with  much  heavier  rails,  will  be 
necessary.  The  writer  is  in  favor  of  adhering  to  the  E-loadings.  This  is  a 
case  where  the  cure  is  much  worse  than  the  disease. 

Lewis  E.  Moore,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — Some  of  the 
most  difficult  questions  with  which  railroad  bridge  engineers  have  to  contend 
are  the  probable  future  increases  in  loads  and  whether  the  useful  life  of  a 
bridge  will  be  ended  before  its  capacity  is  exceeded.  Engineers  hardly  could 
have  been  expected  to  foresee  or  to  provide  in  their  bridges  for  the  tremendous 
increases  which  have  taken  place,  both  in  the  total  weight  of  locomotives  and 
in  the  wheel  concentrations.  To  predict  what  will  happen  is  difficult,  but  that 
is  no  argument  for  failing  to  make  as  wise  provision  for  the  future  as  circum- 
stances and  conditions  seem  to  warrant. 

For  the  heaviest  present-day  loading,  the  Cooper  series  does  not  meet  the 
requirements.  Perhaps,  few  railroad  companies  at  present  use  locomotives 
like  those  on  which  Mr.  Steinman's  diagrams  are  based,  nevertheless,  the 
tendency  of  loads,  both  total  and  concentrated,  has  been  upward  for  a  number 
of  years.  Any  change  in  loading  which  better  meets  the  tendencies  of  loco- 
motive design  and  which  can  be  used  as  a  more  or  less  general  "yard-stick", 
is  an  advance.  The  fact  that  all  lines  do  not  use  such  enormous  locomotives 
as  the  maxima  treated  in  the  paper,  is  no  reason  for  condemning  the  system 
evolved  in  it.  It  is  possible  to  use  any  part  of  Mr.  Steinman's  loadings  in 
any  particular  case.  As  to  whether  Loading  !Nos.  1,  2,  or  3,  is  used  would 
depend  largely  on  the  ideas  of  the  individual  engineer.  Having  the  loading 
in  such  shape  that  one  can  check  the  resulting  stresses  by  judgment  to  a 
certain  extent,  is,  perhaps,  to  be  preferred  to  a  single  loading  formula, 
especially  as  difficulties  of  computation  cannot  be  allowed  to  stand  in  the 
way  of  excellence  or  reasonable  accuracy  of  design. 

The  omission  of  electric  locomotives  from  the  paper  is  rather  unfortunate, 
because  it  seems  probable  that  their  use  will  increase  materially  in  the  future, 
particularly  on  congested  lines  with  heavy  traffic.  To  see  just  where  the 
electric  locomotive  fits  among  the  engines  used  by  Mr.  Steinman  will  be  of 
interest.  It  would  seem  that  the  stress-producing  effects  of  a  proposed  Nor- 
folk and  Western  freight  locomotivef  having  four  axle  loads  of  TO  250  lb.  each, 
concentrated  in  a  distance  of  16  ft.  6  in.,  with  another  similar  series  of  loads 
22  ft.  away,  would  be  somewhere  between  those  of  Loadings  Nos.  2  and  3,  sug- 


*  Cons.    Engr.,   Boston,    Mass. 
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gested  by  the  author.  Accurate  computation  might  not  confirm  this  some- 
what superficial  conclusion. 

The  size  of  the  engine  governs  the  length  of  the  train,  but  it  does  not 
govern  the  weight  of  the  individual  car.  In  most  cases,  any  locomotive,  how- 
ever small,  that  a  railroad  possesses,  is  capable  of  pulling  a  train  of  maximum 
weight  per  foot,  which  will  fill  its  longest  bridge  span,  so  that  whatever 
variations  are  made  in  the  locomotive  loading,  the  loading  following  the 
tender  should  be  kept  to  the  maximum  and  should  be  the  same  whatever  the 
type  or  weight  of  the  locomotive.  This  should  be  so,  irrespective  of  the 
location  of  the  railroad,  as  long  as  it  has  trunk-line  connections,  and,  also, 
of  whether  the  bridge  is  on  a  main  line  or  a  branch. 

The  exact  trend  of  locomotive  development  for  the  future  is  problematical, 
but  owing  to  the  present  tremendous  wheel  concentrations  and  the  resulting 
wear  on  road-bed  and  track,  it  would  seem  that  the  limit  has  been  almost 
reached.  This  has  been  said  in  the  past,  and  yet  wheel  concentrations  have 
increased.  The  limits  of  clearance  have  now  been  quite  well  filled  and  as  the 
cost  of  increased  clearances  is  practically  prohibitive,  it  is  perhaps  more  rea- 
sonable to  say  that  the  limit  of  individual  wheel  concentrations  has  now  been 
reached  than  it  would  have  been  some  years  ago.  When  the  dimensions  of 
width  and  height  are  entirely  utilized,  only  length  remains  in  which  expan- 
sion can  take  place.  It  would  seem,  therefore,  that  locomotives  may  become 
longer  in  the  future,  with  perhaps  a  different  wheel  arrangement. 

Locomotive  cylinders  and  reciprocating  parts  and  rods  have  become  so 
heavy  that  development  may  take  place  along  entirely  different  and  new  lines. 
This  might  mean  the  substitution  of  a  vertical  high-speed  engine  of  the 
marine  type,  probably  condensing  and  compound,  geared  to  the  axles,  instead 
of  the  present  enormous  pair  of  single  cylinders.  Such  a  construction  should 
have  a  number  of  advantages  toward  the  reduction  of  weight  and  possible 
increase  in  fuel  economy,  as  well  as  a  lower  cost  for  repairs.  Such  construc- 
tion would  make  it  possible  to  install  an  engine  on  the  tender  and  so  use  for 
tractive  purposes  a  dead  weight  which  must  now  be  hauled  with  no  compen- 
sating advantages.  Development  of  this  kind  would  probably  result  in  wheel 
arrangements  somewhat  similar  to  that  of  the  existing  electric  locomotives. 
Such  locomotives,  if  properly  designed,  could  be  run  in  either  direction  with 
equal  facility,  thus  obviating  the  use  of  turn-tables  and  the  periodical  increases 
in  turntable  lengths,  which  have  been  one  of  the  many  difficulties  facing 
railroad  engineering  departments.  The  high-speed  engines  of  the  marine 
type  could  be  made  interchangeable  so  that  if  repairs  were  necessary  to  the 
engine  and  not  to  the  boiler,  the  engine  could  be  removed  and  another  sub- 
stituted in  its  place,  which  would  make  it  unnecessary  to  tie  up  the  whole 
expensive  machine  for  repairs  to,  perhaps,  a  minor  part.  A  locomotive  of 
the  type  outlined  could  be  made  to  have  a  torque  practically  as  steady 
as  that  of  the  electric  motor.  The  balancing  of  the  engines  would  be  much 
simplified  and  the  wear  and  tear  on  the  track  and  equipment,  due  to  lack 
of  balance,  would  be  practically  eliminated. 
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Railroad  motive  power  executives,  if  confronted  with  this  development, 
will  say  that  Trevithick  used  a  vertical  cylinder  locomotive  and  discarded 
it  because  of  the  vertical  vibration.  To  those  who  may  raise  this  objection, 
the  writer  will  say  that  Trevithick's  engine  was  not  balanced  and  will  also 
ask  them  to  consider  the  automobile. 

In  the  desire  to  prophesy  a  little,  the  writer  has  apparently  wandered  far 
from  the  main  subject,  but  perhaps  not  so  far  as  may  appear.  Such  a  develop- 
ment would  result  in  locomotive  loadings  which  would  more  closely  approach 
the  general  characteristics  of  those  given  in  the  paper,  although  they  would 
not  necessarily  have  such  large  wheel  concentrations,  Mr.  Steinman  deserves 
great  credit  for  his  paper.  The  writer  believes  the  paper  to  be  progressive 
and  that  the  system  of  loadings  proposed  by  the  author  vsdll  be  quite  generally 
adopted. 

Charles  B.  Wing,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  author  has  per- 
formed a  valuable  service  in  showing  the  discrepancies  existing  between  stresses 
obtained  by  using  the  Cooper  E-system  of  engine  loadings  and  those  caused 
by  seven  types  of  engines  now  in  quite  general  use.  Calculated  static  stresses 
in  railroad  bridge  structures  subjected  to  train  loads  serve  two  purposes :  First, 
to  form  a  judgment  as  to  the  safety  of  structures  now  in  use;  and,  second,  to 
form  a  basis  for  the  design  of  structures  yet  to  be  built. 

Engineers  charged  with  the  responsibility  of  maintaining  existing  struc- 
tures stressed  by  new  types  of  locomotives  of  increased  weight,  naturally  choose 
the  wheel-load  method  of  analysis  and  for  this  purpose  use  the  wheel  concen- 
trations and  spacings  belonging  to  the  heaviest  engine  operating  on  the  division 
on  which  the  structure  is  located.  In  the  writer's  opinion,  no  system  of 
engine  excess  or  equivalent  uniform  load  analysis  is  as  satisfactory  for  this 
purpose  as  the  method  of  using  the  actual  wheel  loads  and  spacings  of  the 
heaviest  engine  in  operation. 

As  a  basis  for  designing  new  structures,  it  is  advisable  to  look  forward 
to  probable  changes  in  engine  loadings.  If,  as  the  author  contends,  the  present 
standard  Cooper  E-system  is  no  longer  adequate,  a  new  standard  should  be 
adopted.  The  author's  proposed  M-system  of  loadings  is  worthy  of  considera- 
tion and  may  prove  to  be  the  needed  modification  of  the  Cooper  E-system. 

The  determination  of  the  static  stresses  in  the  members  of  bridge  trusses, 
due  to  a  system  of  moving  concentrated  loads,  is  a  comparatively  simple 
problem'  of  analysis.f  Stresses  thus  obtained,  properly  modified  for  impact, 
form  a  safe  and  satisfactory  basis  for  bridge  design.         g^ 

The  writer  can  see  no  advantage  to  be  gained  by  the  adoption  of  either 
of  the  substitute  systems  mentioned  by  the  author.  The  difficulties  of  wheel- 
load  analysis  mentioned  by  many  writers  in  the  past  are  more  imaginary  than 
real.  Given  a  moment  diagram  and  a  fair  knowledge  of  stress  analysis,  the 
time  consumed  by  either  of  the  proposed  systems  of  analysis  is  approximately 
the  same.  As  the  proposed  substitute  systems  are  based  on  the  actual  wheel 
concentrations,  there  seems  to  be  no  good  reason  for  their  preference. 

*  Prof.,  structural  Eng.,  Stanford  Univ.,  Palo  Alto,  Calif. 

t  "General  Criterion  for  Position  of  Loads  Causing  Maximum  Stress  in  Any  Member  of 
a  Bridge  Truss,"  by  L.  M.  Hoskins,  Transactions,  Am.   Soc.  C.  E.,  Vol.  XLII    (1899).  p.  240. 
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R.  O.  Stewart,*  Esq.  (by  letter). — The  author  has  chosen  those  few 
types  of  locomotives,  which  produce  peak  points  on  a  moment  curve,  and  has 
compiled  a  series  of  arbitrary  loadings  which  will  give  approximately  an 
enveloping  moment  curve  for  such  peak  points.  There  is  nothing  new  or  un- 
usual about  the  two  alternative  methods  of  handling  this  arbitrary  loading, 
and  these  alternatives  do  not  require  or  merit  special  consideration,  as  the  same 
principles  can  be  applied  to  any  conventional  system  of  concentrated  loadings. 

The  essential  requirements  of  a  standard  bridge  loading  for  any  given 
railway  are,  as  follows: 

(a). — One  standard  system  of  conventional  loading  must  be  used  for  all 
bridge  structures,  such  loading  to  be  increased  or  decreased  in  fixed  ratios  for 
heavy  or  light  structures.  For  purposes  of  design,  this  requirement  is  desir- 
able and,  for  the  classification  of  old  structures,  it  is  essential. 

(&). — The  basis  of  any  standard  bridge  loading  should  be  an  average  of 
the  heaviest  of  the  existing  or  probable  locomotives  in  greatest  common  use 
on  the  railway,  or,  in  other  words,  the  standard  loading  should  be  designed 
to  give  the  most  economical  structure  possible  for  the  class  or  strength  of 
structure  most  generally  required.  The  standard  loading  should  also  be  such 
that  proportional  increases  or  reductions  of  it  will  produce  the  smaller  number  of 
heavier  or  lighter  structures,  without  too  great  a  sacrifice  in  economical  design. 

(c). — As  the  tendency  has  been  (and  may  possibly  continue  to  be)  for 
the  weight  of  rolling  stock  to  increase  slowly,  the  standard  loading  should  tend 
to  be  more  nearly  normal  to  the  heavier  rather  than  to  the  lighter  existing 
or  probable  locomotives. 

On  the  basis  of  these  requirements  for  a  standard  loading  and  consider- 
ing not  one  railway,  but  the  majority  of  American  and  Canadian  railways 
(the  customary  types  of  locomotives  being  somewhat  common  to  both  coun- 
tries), the  writer  would  consider  Mr.  Steinman's  proposed  standard  loading 
at  fault  in  the  following  respects: 

1. — Rather  than  being  based  on  the  heaviest  of  the  regular  standard 
types  of  locomotives  in  common  use  on  the  majority  of  average  railways,  the 
loading  has  been  designed  to  cover  only  the  unusually  heavy  locomotives 
among  a  few  railways.  These  locomotives  are  probably  operated  only  on 
restricted  districts  where  special  design  provisions  could  readily  be  made  for 
the  i:)articular  heavy  locomotives  involved. 

2. — Contrary  to  Mr.  Steinman's  contention,  this  loading  cannot  be  re- 
duced in  fixed  ratios,  in  a  manner  similar  to  the  Cooper  loading,  to  suit  prop- 
erly the  requirements  of  railways  operating  only  lighter  locomotives  or  to  suit 
the  requirements  of  various  intensities  of  loading  necessary  on  different  sec- 
tions of  any  one  road. 

The  author's  M-60  is  a  fair  loading  for  any  railway  operating  locomotives 
of  the  Erie  Railroad,  Class  Pi,  2-8-8-8-2,  the  Virginian  Railway,  Class  2-10- 
10-2,  and  the  Pennsylvania  Railway,  Class  N-l-S,  2-10-2,  the  train  load  being 
6  000  lb.  per  lin.  ft.  in  each  case.    However,  this  is  the  one  and  only  condition 

*  Asst.  Engr.  of  Standards— Bridges,  Canadian  National  Rys.,  Grand  Trunk  Pacific  Ry., 
Toronto,  Ont.,  Canada. 
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in  which  the  use  of  this  loading  is  fair  or  economical.  For  a  railway  operating 
only  one  or  two  of  these  heavy  classes  of  locomotives,  the  author's  loading 
is  not  correct. 

Mr.  Steinman  states  that  "this  loading  can  be  increased  or  reduced  in 
fixed  ratios  in  the  same  manner  as  the  Cooper  system  of  loading".  The  bulk 
of  the  bridges  of  the  Canadian  National  Railways  are  being  designed  to  carry 
economically  the  Santa  Fe  T-l-c,  Mikado  S-l-e,  Consol  N-2-a,  and  Pacific 
J-7-c  locomotives,  and  the  writer  thinks  that  these  four  classes  of  locomotives 
represent  quite  fairly  the  general  loadings  of  the  average  Canadian  and 
American  railway.  These  locomotives  do  not  fit  the  author's  loading  nearly 
as  well  as  they  do  the  Cooper  loading,  except  possibly  up  to  spans  of  150  ft. 
In  addition  to  this,  the  Canadian  National  Railways  has  a  number  of  branch 
lines  for  which  it  is  unlikely  that  any  but  the  lighter  locomotives  will  ever 
be  required.  The  author's  loading  is  at  its  worst  for  these  light  locomo- 
tives, whereas,  the  Cooper  loading  is  at  least  a  fair  approximation,  consider- 
ing that  the  number  of  new  bridges  required  for  such  loading  is  small  com- 
pared with  those  required  for  the  heavier  locomotives. 

The  writer  does  not  think  that  the  Cooper  system  of  loadings  is  perfect,  or 
that  it  cannot  be  improved.  Quite  an  extensive  study  of  this  matter  was  made 
in  1921,  using  the  locomotives  of  the  Canadian  National  Railways.  Although 
several  systems  of  loadings  were  devised,  which  were  considerably  more  normal 
to  the  heaviest  locomotives,  than  the  Cooper  system,  it  was  decided  that,  at  least 
for  the  present,  the  use  of  the  Cooper  system  would  give  designs  as  economical 
as  any  other  loading  which  could  be  evolved.  Railways  the  requirements  of 
which  for  bridge  loading  were  heavier  than  those  of  the  Grand  Trunk  Pacific 
Railway  might  find  it  advantageous  to  adopt  a  system  more  nearly  normal 
to  somewhat  heavier  locomotives  than  those  to  which  the  Cooper  loading 
will  agree,  but  the  writer  thinks  that  the  author  is  altogether  wrong  in  pro- 
posing as  a  general  standard  a  loading  based  on  a  normal  to  the  few  excejn 
tionally  heavy  locomotives  which  he  has  chosen  as  the  "heaviest  existing 
locomotives". 

Hekry  S.  Jacoby,*  M.  Am.  Soc.  C.  E.  (by  letter). — The  author  deserves 
much  credit  for  the  scientific  manner  in  which  he  has  investigated  this  subject, 
and  the  systematic  form  in  which  the  paper  is  presented.  The  use  of  a  com- 
posite standard  loading  and  of  the  segments  of  the  influence  triangle  for  any 
truss  member  are  especially  noteworthy.  The  comparisons  made  between  the 
results  obtained  for  each  of  the  seven  heavy  modern  loadings  that  are  selected 
for  the  composite  standard  and  for  the  Cooper  standard  now  in  use,  seem  to 
answer  most  of  the  questions  about  their  relationship,  as  far  as  static  stresses 
are  concerned. 

The  question  may  be  raised,  however,  whether  the  proposed  M-60  loading 
with  its  relatively  lighter  uniform  train  load  will  represent  more  closely  the 
development  of  future  actual  live  loads  than  the  equivalent  Cooper  loading 
with  its  relatively  heavier  train  load.  This  matter  will  require  the  composite 
judgment  of  a  great  number  of  railroad  engineers  in  active  practice. 

*  Prof.,    Bridge    Eng.    Emeritus,    Cornel]    Univ.,    Bethlehem,    Pa. 
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If  the  officers  of  any  railroad  on  which  light  motive  power  is  used,  are  in 
doubt  whether  locomotives  of  any  of  the  types  considered  by  the  author  are 
likely  to  be  adopted  on  their  line  in  the  future,  and  who,  therefore,  would 
hesitate  to  accept  a  standard  like  M-40  or  M-50,  an  independent  investigation 
can  readily  be  made  to  decide  the  question.  The  time  required  for  such  an 
investigation  would  be  short  in  comparison  with  that  devoted  to  this  subject 
by  the  author.  Only  the  heaviest  locomotives  of  each  class  now  in  use  on  the 
given  railroad  need  to  be  considered.  The  spans  can  be  limited  to  those  which 
include,  say,  90%  of  the  bridges  now  in  use.  A  study  of  the  results  for  these 
short  spans  will  soon  indicate  whether  greater  or  less  differences  among  them- 
selves in  equivalent  uniform  loads  are  caused  by  those  locomotives  for  any 
given  section  or  truss  member  than  by  the  seven  locomotives  selected  by  the 
author.  After  selecting  the  equivalent  uniform  loads  from  which  a  special 
composite  standard  for  that  railroad  may  be  derived,  they  can  be  compared 
with  those  given  by  the  author  to  see  whether  they  differ  materially  from  those 
obtained  by  scaling  down  the  corresponding  values  due  to  the  M-60  loading.  It 
may  also  be  observed  whether  the  differences  are  larger  for  the  web  members  or 
the  chord  members.  For  plate-girder  spans,  the  moments  and  shears  are  due  to 
the  locomotives  alone,  except  for  the  small  number  having  the  largest  spans. 

In  making  a  choice  of  one  of  the  three  loadings  proposed  by  the  author,  it 
is  well  to  remember  that  locomotive  wheel  loads  were  introduced  in  the  United 
States  nearly  fifty  years  ago,  and  that  numerous  discussions  since  that  time 
have  failed  to  displace  them.  It  is  illuminating  to  re-read  the  discussion* 
held  at  the  Annual  Convention  of  the  Society  on  June  27,  1899.  This  is 
especially  true  with  respect  to  forecasts  made  at  that  time  regarding  the 
increase  of  locomotive  loads.  Although  a  series  of  uniform  loads  determined 
by  a  formula  may  be  more  scientific,  there  are  evident  advantages  in  a  series 
of  wheel  loads,  which  commend  it  to  railroad  officers  outside  the  engineering 
department.  With  the  aid  of  tables  and  diagrams,  the  computation  of  stresses 
is  practically  as  simple  in  one  case  as  in  the  other. 

The  fact  that  the  American  Railway  Engineering  Association  concluded  to 
retain  the  Cooper  series  of  loading  in  its  1920  Specifications,  after  its  Committee 
had  carefully  re-investigated  the  subject,  makes  it  necessary  to  present  excep- 
tionally strong  arguments  to  secure  a  change  in  the  near  future.  The  exten- 
sive records  now  in  use  on  the  rating  of  railroad  bridges  in  terms  of  the 
Cooper  series  make  it  inadvisable  to  introduce  a  change  involving  so  many 
short-span  bridges,  unless  advantages  are  secured,  which  exceed  in  value  that 
of  the  labor  required. 

Charles  Evan  FowLER,f  M.  Am.  Soc.  C.  E. — A  composite  loading  was 
first  proposed  before  the  Society  in  the  speaker's  paper  entitled,  "Revision 
of  the  Niagara  Railway  Arch  Bridge.":}:  The  same  general  idea  is  being  used 
by  P.  B.  Motley,  M.  Am.  Soc.  C.  E.,  on  the  Canadian  Pacific  Railway,  by 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  XLII   (1899),  p.  189. 

t  Cons.  Engr.,  New  York  City. 

i  Traiisactions,  Am.    Soc.   C.   E.,  Vol.   LXXXIII    (1919-20),   p.    1919. 
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J.  J.  Yates,  M.  Am.  Soc.  C.  E.,  on  the  Central  Railroad  of  New  Jersey,  and 
by  others. 

When  the  speaker  broached  this  subject  to  the  Committee  of  the  Ameri- 
can Eailw^y  Engineering  Association  in  1919,  he  found  the  members  of  that 
Committee  so  strongly  in  favor  of  retaining  the  Cooper  Class  E-loading  that 
the  matter  was  not  pressed,  as  that  Committee  represented  the  engineers  who 
are  responsible  for  railway  loadings.  Thus,  it  is  certain  that  the  Association 
and  the  Engineering  Institute  of  Canada  must  be  consulted  and  first  be 
satisfied  if  any  proposed  loading  is  to  be  substituted  for  the  Cooper  system, 
even  though  that  is  so  badly  out  of  date  and  out  of  time  with  modern  bridge 
engineering. 

The  history  of  bridge  loadings  shows  that  changes  must  come  about  slowly. 
The  speaker  recalls  the  wheel-load  diagrams  with  resultant  panel  loads,  pub- 
lished about  1885,  by  the  late  Thomas  H.  Johnson,  M.  Am.  Soc.  C.  E.,  of 
the  Pennsylvania  Lines  Southwest;  the  ones  most  used  were  two  74.5-ton 
■engines  followed  by  32-ton  cars,  or  about  1640  lb.  per  lin.  ft.;  two  92.3-ton 
engines  with  the  same  following  load;  and,  in  1888,  the  undreamed-of  load 
of  two  107.5-ton  engines  followed  by  4  000  lb.  per  lin.  ft.  About  this  time, 
J.  E.  Greiner,  M.  Am.  Soc.  C.  E.,  devised  the  plan  of  using  a  slide-rule  of 
special  construction  for  sliding  the  train  along  panel  pointers  to  obtain 
moments  and  shears.  Soon  after,  it  was  discovered  that  equivalent  uniform 
load  curves  or  tables  could  be  calculated  and  practical  accuracy  obtained  as 
great  as  that  by  the  laborious  use  of  wheel  loads.  The  engineers  of  the 
Youngstown  Bridge  Company  constructed  such  curves  for  the  locomotives 
of  about  thirty  of  the  railways  for  which  bridges  were  being  built  and  no 
errors  resulted.  This  method  has  largely  continued  to  the  present  time,  and 
it  is  little  trouble  to  shift  to  uniform  load  curves  of  some  type  of  composite 
loading.  What  shall  this  be?  Manifestly,  if  standard  axle  spacings  and  loads 
for  the  different  types  of  locomotives  could  be  adopted,  the  problem  would 
be  simplified  and  the  standard  adopted  would  be  more  lasting.  This  would 
cover  Class  A  for  Mallets;  Class  B  for  the  Santa  E'e  type;  Class  C  for 
Mikados;  Class  D  for  electric  locomotives;  Class  E  for  the  Cooper  loadings, 
and  Class  F  for  the  final  or  composite  loading.  Some  of  the  road  officials 
already  have  taken  action  in  this  direction  and  toward  reducing  counter- 
balancing, and  the  rapid  change  to  electric  operation  being  made  on  many 
.  roads  will  cause  still  further  consideration.  The  slow  speed  of  freight  engines 
makes  the  effect  of  load  plus  impact  no  greater,  perhaps,  than  that  of  high- 
speed passenger  locomotives  of  lesser  total  weight.  The  heaviest  locomotives 
are  only  used  on  a  limited  mileage,  whereas,  on  branch  lines,  much  lighter  loco- 
motives are,  used  than  on  the  main  lines.  The  new  Michigan  Central  Loco- 
motive No.  8  000  will  haul  a  train  of  120  cars,  but  the  car  weights  o/  train 
load  per  linear  foot  are  no  heavier,  and  doubtless  seldom  reach  more  than 
4  000  lb.  per  lin.  ft.  This  is  one  example  of  the  fact  that  the  train  loads 
should  be  from  500  to  1  000  lb.  per  lin.  ft.  lighter  for  each  Cooper  loading 
after  E-50  is  passed.     This   and  various  other  matters  of  loading  are  dis- 
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cussed  in  the  speaker's  paper  on  the  Niagara  Railway  Arch  Bridge*  Thus, 
the  problem  of  devising  a  final  composite  loading  is  somewhat  complex,  and 
must  only  be  done  by  all  those  interested. 

Charles  F.  LowETH,f  President,  Am.  Soc.  C.  E. — The  speaker  is  in  sym- 
pathy with  the  quite  general  desire  to  simplify  and,  at  the  same  time,  to 
make  more  practical  the  typical  engine  and  train  loadings  used  for  x^ropor- 
tioniug  railroad  bridges. 

When  he  first  began  his  experience  in  designing  railroad  bridges,  it  was 
the  custom  to  ascertain  the  heaviest  locomotive  and  train  loading  in  use  any- 
where and  utilize  them  in  proportioning  the  design  of  the  proposed  structure. 
Now  and  then,  something  was  added  for  possible  increase  in  weight  of  loco- 
motives and  train  loadings.  This  method  involved  a  great  deal  of  painstak- 
ing work  and  resulted  not  infrequently  in  the  boast  that  the  structure  was 
designed  for  the  heaviest  locomotive  known;  but  often  before  the  bridge  was 
completed,  a  heavier  locomotive  was  built,  with  altogether  different  axle 
spacings,  and  all  the  painstaking  efforts  for  perfection  of  design  to  meet 
actual  conditions  were  defeated.  The  author's  suggestion  that  railroad 
bridges  shoiild  be  proportioned  for  a  typical  uniform  loading  would  be  ideal, 
if  one  could  be  determined  that  would  approximately  fit  actual  conditions 
and  would  be  generally  accepted  and  used.  Such  a  practice  would  be  along 
the  lines  of  that  of  the  noted  bridge  designer,  the  late  George  S.  Morison, 
Past-President,  Am.  Soc.  C.  E.  His  method  was  to  take  a  imiform  train  load, 
headed  by  a  largely  increased  loading  for  a  length  of  one  or,  perhaps,  two 
panels,  in  order  to  allow  for  the  additional  weight  of  the  locomotive  over 
that  of  the  train.  The  application  of  this  loading  was  simple  and  had  many 
advantages,  but  it  fell  into  disuse,  because  it  did  not  approximate  closely 
enough  actual  conditions,  and,  perhaps,  equally  on  account  of  the  fact,  that 
the  loadings  then  generally  used  did  not  provide  sufficiently  for  the  increas- 
ing weight  of  locomotives  and  cars. 

The  speaker  remembers  the  frequent  arguments  in  those  early  years  as 
to  whether  locomotives  would  continue  to  be  built  materially  heavier  than  the 
largest  in  use  at  the  time.  Each  new  locomotive  seemed  to  be  about  the  maxi- 
mum that  could  be  designed  and  would  be  practicable;  yet,  as  the  years 
passed,  there  was  a  continuing  succession  of  heavier  locomotives,  and  the 
end  is  not  yet  in  sight.  With  heavier  rails  and  better  track  construction 
throughout,  stronger  e.quipment,  mechanical  stokers,  and  other  locomotive 
improvements,  the  increasing  cost  of  transportation,  and  the  necessity  for 
the  utmost  economy  in  railroad  operation,  it  is  quite  possible  that  locomotive 
and  train  loadings  may  continue  to  increase  in  weight. 

However,  railroad  transportation  is  undergoing  an  evolution  and  the  trend 
in  the  future  may  not  be  in  the  same  directions  as  that  in  the  past.  The 
speaker  thinks  that  it  may  be  within  the  bounds  of  possibility  that  future 
transportation  requirements  may  change,  in  some  localities  at  least,  to  a 
demand  for  smaller  train  units,  more  quickly  moved.     This  suggestion  may 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXIII   (1919-20),  pp.  1925  to  1930,  and  p.  2020 
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smack  of  heresy,  because  until  the  present  time,  it  seems  to  have  been  a  gen- 
erally accepted  rule  that  economical  railroad  transportation  requires  train  units 
as  large  as  can  possibly  be  handled. 

Another  possibility  to  be  taken  into  consideration  is  that  of  the  electrifica- 
tion of  steam  railroads.  As  the  financial  problem  involved  in  electrification 
is  so  great,  the  speaker  does  not  expect  to  see  the  change  from  steam  to  elec- 
tric power,  for  general  railroad  purposes,  come  about  rapidly.  There  will  be, 
however,  a  tendency  in  that  direction.  The  electric  locomotives  are  generally 
lighter  in  weight,  at  least  when  measured  by  units  of  length,  and,  what  is 
perhaps  even  more  important,  they  produce  less  impact  effect  on  track  and 
structures.  They  undoubtedly  will  be  less  frequently  double-headed  for  heavy 
trains  than  steam  locomotives.  These  considerations  tend  to  reduce  the 
justifiable  weight  of  train  loadings. 

It  would  be  desirable  if  locomotive  loadings  could  be  safely  standardized 
without  getting  too  far  afield  from  the  actual  conditions  to  which  the  structure 
would  be  subjected.  A  steel  bridge  superstructure,  for  the  most  part,  is  per- 
manently located.  There  are  parts  of  railroads  where  the  traffic  requirements 
will  never  call  for  locomotives  and  train  loadings  as  heavy  as  those  now  in 
general  use.  There  are  other  parts  where  the  traffic  requirements  will  call 
for  increasingly  heavier  train  loadings.  The  speaker  thinks  that  advantage  of 
this  difference  in  conditions  is  not  as  generally  taken  as  it  should  be.  He 
also  questions  whether  sufficient  consideration  has  been  given  the  fact 
that  the  heaviest  locomotives  are  those  used  in  freight  service  which,  from 
their  design,  as  well  as  from  their  use,  are  limited  to  speeds  much  less  than 
those  of  the  lighter  passenger  locomotives.  There  are  also  other  conditions 
which  affect  the  speed  of  trains  over  any  structure.  Speed  is  a  factor  in  the 
impact  effect  of  the  load,  and  to  apply  the  impact  for  maximum  speeds,  irre- 
spective of  the  stracture  and  type  of  locomotive  used,  is  not  a  rational  method 
of  design. 

Relative  to  the  effect  of  the  electric  locomotive  on  bridges  on  the  Pacific 
Coast  Extension  of  the  Chicago,  Milwaukee,  and  St.  Paul  Railroad,  the 
speaker  would  explain  that  those  bridges  were  designed  before  the  decision 
as  to  electrification  had  been  fully  made.  The  bridges  were  proportioned  for 
what  is  known  as  the  Cooper  E-55  loading.  The  electric  locomotives  in  use, 
although  among  the  heaviest,  if  not  the  heaviest,  which  have  been  built  for 
afiy  service,  are  well  within  the  limits  of  the  E-55  loading  for  which  the 
bridges  were  designed.  The  electric  locomotives  have  practically  no  unbal- 
anced and  reciprocating  parts  so  that  their  impact  effect  on  track  and  struc- 
tures, as  compared  with  steam  locomotives,  is  small. 

Ralph  Modjeski,*  M.  Am.  Soc.  C.  E.  (by  letter). — There  is  no  doubt,  and 
it  has  been  well  brought  out  by  the  author,  that  the  Cooper  standard  loading 
does  not  properly  represent  modern  loading  conditions.  It  would  be  impossible 
to  construct  a  rating  diagram  which  would  correspond  to  the  power  as  well  as 
to  the  equipment  of  every  railroad  in  the  United  States.  It  has  long  been 
recognized  that  the  Cooper  diagram  cannot  be  strictly  applied  to  all  loadings, 
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principally  because,  in  individual  cases,  the  maximum  wheel  concentrations 
have  no  fixed  relation  to  the  train  loads.  Therefore,  instead  of  calculating  a 
bridge  for  the  Cooper  standard  loading,  some  combined  loading  would  be 
taken,  as,  for  instance,  the  Cooper  E-60  locomotive  followed  by  a  train  load 
of  5  000  lb.  per  ft.  of  track.  A  combined  loading  of  this  kind  may  be  fitted 
quite  closely  to  the  motive  power  and  to  the  train  loads  of  any  railway  system. 
It  has  the  advantage  of  allowing  comparison  between  bridges  constructed  at 
different  periods;  their  relative  rating  may  then  be  determined  without  extra 
calculations  and  may  be  easily  understood  by  the  railroad  executives. 

If  a  new  loading  is  adopted  at  this  time,  the  comparison  of  the  rating  of 
existing  bridges  that  were  calculated  on  the  basis  of  the  Cooper  loading,  with 
the  new  bridges  calculated  by  such  loading,  would  be  obliterated  and  could 
only  be  made  by  the  use  of  tables  or  calculations,  or  both. 

Eeferring  to  Table  2,  it  may  be  noted  that  the  ratings  for  the  center 
moments  and  end  shears  are  quite  consistent  for  spans  up  to  about  the  length 
of  two  Cooper  locomotives.  Beyond  that  length  the  rating  decreases,  owing 
to  the  increasing  influence  of  the  uniform  train  load.  For  a  1  000-ft.  span, 
the  ratings  are  practically  equal  to  the  uniform  train  load  of  the  Cooper  E-60 
loading  as  well  as  to  that  of  the  proposed  M-60  loading,  because  the  influence 
of  the  locomotive  load  becomes  small.  If,  therefore,  all  spans  from  10  ft.  to 
1  000  ft.,  were  calculated  for  a  load  consisting  of  the  Cooper  E-73  locomotives 
followed  by  6  000  lb.  per  ft.  (calling  such  a  load  E-73-6  000  for  convenience), 
the  ratings  of  Table  2  would  become  uniform  for  all  practical  purposes  and 
would  closely  correspond  to  the  author's  M-60  loading.  Some  slight  dis- 
crepancies or  even  inconsistencies  might  occur,  but  this  would  also  be  the 
case  with  any  other  system  of  wheel  loading.  Considering  that  unit  stresses  are 
based  only  on  good  judgment  and,  further,  that  allowances  must  be  made  for  im- 
pact, unbalanced  wheels,  wind,  tractive  forces,  and  secondary  stresses,  the  differ- 
ence between  some  such  loading  as  E-73-6  000  and  M-60,  will  be  small  indeed. 

If  si  revision  of  loading  is  advisable,  would  it  not  be  better  to  adopt  at 
once  different  classes  of  loading  based  on  a  uniform  load  and  one  or  more 
"floating"  concentrations,  such  as  those  projxjsed  by  the  author  as  a  second 
alternative,  rather  than  resort  to  another  system  of  wheel  loading  which  may 
again  have  to  be  revised  in  the  near  future.  The  writer  believes  that  a 
uniform  loading  with  one  floating  concentration  would  fill  all  requirements. 
Some  large  bridges  in  the  United  States  have  been  calculated  in  such  a  manner. 

C.  A.  P.  Turner,*  M.  Am.  Soc.  C.  E.  (by  letter). — As  a  railroad  train 
passes  over  a  bridge  structure,  a  certain  element  of  time  is  required  to  over- 
come the  inertia  of  the  mass  in  producing  the  greatest  deflections  of  the  parts 
and  of  the  structure  as  a  whole.  The  greatest  elongation  under  tension,  or 
deformation  under  compression,  is  a  thermo-dynamic  function  such  that  the 
mechanical  energy  represented  by  the  transfer  of  the  kinetic  heat  energy  of 
molecular  vibration  in  the  resisting  metal  to  the  potential  energy  of  deforma- 
tion of  strain  is  double  the  external  mechanical  work  of  the  load  when  the 
stress  is  tension,  and  the  reverse  when  it  is  compression.     This  excess  energy 
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is  radiated  to  the  surrounding  medium  or  the  absorption  of  heat  energy  from  it 
takes  place.  Accordingly,  there  is  an  instantaneous  or  kinetic  deforma- 
tion and  a  static  deformation  which  involves  the  thermal  effect. 

The  relative  amount  of  energy  involved,  as  shown  by  Kelvin's  thermal 
dynamic  theory,  is  approximately  double  that  of  the  work  of  the  external 
applied  forces.  The  full  development  of  the  static  deformation  requires  an 
element  of  time,  which  in  connection  with  overcoming  the  inertia  of  the 
mass,  may  be  approximately  estimated  at  1  sec. 

If  the  train  is  traveling  nearly  60  miles  per  hour,  its  speed  may  be  taken  at 
100  ft.  per  sec,  and  the  vertical  impact  on  a  member  would  approximate, 

\A  +  100/ 
in  which, 

S  =  live  load  stress;  and 

A  =  length  of  track  loaded,  for  maximum  effect,  when  the  initial  dead 
load  stress  equals  zero. 
However,  if  the  member  is  under  dead  load  stress,  the  approximate  vertical 
impact  strain  would  equal, 

r.         /      L  100 


,D  +  L       A  +  100/ 

The  rolling  load  tends  to  set  up  structural  vibration  laterally  as  well  as 
vertically,  and  the  total  impact  is  the  resultant  of  the  vertical  and  horizontal 
effects  combined.  In  the  ordinary  pin-connected  bridge,  with  a  train  speed  of 
about  60  miles  or  more  per  hour,  the  lateral  impact  may  be  assumed  to  be 
approximately  equal  to  the  vertical  impact  effect.  Therefore,  for  the  pin- 
connected  railroad  bridge,  the  formula  for  total  impact  is : 


yD   +   L  A    +    lOOy 

The  stiffness  of  the  riveted  structure  would  reduce  the  necessary  impa'ct  allow- 
ance to  about 

L  130 

I'  =  S     —— r  X 


D  +  L       A  +  100 

The  vertical  effect  of  impact  would  vary  approximately  as  the  speed  of  the 
train,  whereas,  the  lateral  effect  would  vary  roughly  as  the  square  of  that  speed. 
Accordingly,  if  the  rational  impact  allowance  of  the  high-speed  passenger  train 
is  to  be  compared  to  that  of  the  ordinary  freight  train,  which  travels  about  half 
as  fast  and  the  lateral  impact  of  which  would  be  one- fourth  as  great,  these 
formulas  would  immediately  reduce,  for  the  pin-connected  bridge,  to 

Si,^  X 


,D  +  i        A  +  60/ 

and  corresponding  values  for  the  riveted  bridge. 

It  accordingly  appears  that  the  value  of  the  passenger  train  impact  for  a 
Cooper  E-60  loading  would  be  nearly  equal  to  an  E-75  loading  for  freight  train 
speeds.    As  the  excessive  Mallet  engines  are  not  used  for  fast  passenger  traffic, 
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there  is  little  call  for  a  radical  change  in  the  present  typical  engine  loading 
when  coupled  with  a  rational  impact  formula.  The  present  standard  furnishes 
a  uniform  method  of  comparing  the  capacity  of  bridges,  and  tables  for  its 
convenient  application  are  in  general  use. 

The  fact  that  the  Cooper  loading  approaches  as  closely  to  the  wide  range 
of  engine  loading  as  any  that  can  be  devised  and,  if  used  in  conjunction  with 
a  rational  impact  formula,  meets  all  requirements,  argues  against  introducing 
other  and  different  types  of  typical  engine  loadings,  which  would  only  add 
confusion  to  present  methods  of  investigation.  If  the  impact  formulas  are 
considered  for  range  of  stress  from  tension  to  compression,  the  first  member 
in  the  foregoing  suggested  formula  would  become  unity  and  may  be  dis- 
regarded. 

Mr.  Steinman's  painstaking  investigation  is  a  distinct  addition  to  the 
literature  of  the  subject,  but  his  showing  when  considered  in  connection  with 
rational  allov/ances  for  impact,  does  not  indicate  the  need  of  any  radical 
change  in  the  well  established  Cooper  loading. 

D.  B.  Steinman,*  M.  Am.  See.  C.  E.  (by  letter). — The  writer  gave  his 
best  efforts  to  the  preparation  of  this  paper  and  was  agreeably  surprised  by 
its  generous  reception.  The  interest  shown  and  the  many  expressions  of 
appreciation  have  more  than  rewarded  him  for  his  work. 

The  paper  was  intended  to  be  suggestive  rather  than  final,  to  evoke  dis- 
cussion, to  outline  the  questions  at  issue,  and  to  indicate  methods  of  analysis, 
solution,  and  application.  The  proposed  loading  specification,  in  its  three 
different  forms,  was  merely  tentative,  and  was  submitted  to  the  members  of 
the  Society  as  a  basis  for  discussion  or  modification.  It  is,  therefore,  most 
gratifying  to  the  writer  to  see  his  labors  rewarded  by  the  endorsement  of 
the  Special  Committee  on  Specifications  for  Bridge  Design  and  Construction, 
of  the  Society,  in  its  recommended  specifications  for  steel  railway  bridges. f 

The  three  forms  of  loading  specification  proposed  in  the  paper  may  be 
designated  as  follows: 

M-Loading  No.  1 — Typical  engine  diagram. 
M-Loading  No.  2 — Simplified  loading  diagram. 
M-Loading  No.  3 — Equivalent  uniform  loading  formula. 

The  discussions  disclosed  varying  preferences  between  these  alternative 
loading  specifications.  The  preponderance  of  choice  appears  to  have  been 
for  M-Loading  No.  1,  the  typical  engine  diagram.  This  also  proved  to  be 
the  choice  of  the  Special  Committee  on  Specifications  for  Bridge  Design  and 
Construction,  which  adopted  M-Loading  No.  1  (with  a  slight  modification) 
for  inclusion  in  the  recommended  specifications.:}: 

The  modification  referred  to  was  the  change  of  the  spacing  of  the  heavy 
driver  axles  from  5^  ft.  to  5  ft.,  so  that  all  wheel  spacings  are  multiples  of  5 
ft.,  which  makes  a  more  convenient  and  simpler  loading  diagram.  Although 
not  as  correct  theoretically  as  the  original  5J-ft.  spacing,  it  is  practically 
justified   by  various   considerations;    it   departs   somewhat    (on   the   side   of 
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safety)  from  the  composite  loading  at  the  shorter  spans,  yielding  a  margin 
of  stress-producing  effect  where  it  is  most  likely  to  be  needed  under  future 
intensification  of  axle  loads.  The  Cooper  loading  and  the  modified  M-10  loading 
are  shown  on  Figs.  18  and  19,  respectively.  The  greater  simplicity  and  con- 
venience of  the  M-loading,  as  thus  graphically  presented,  should  require  no 
further  discussion. 

Class  E-10  Engine  Loading  je 


1.0  k.per  lln.ft. 
form  lomd 


Fig.   18. 
Class  M-10  Engine  Loading 


N     oi     CI     CM*     c>i  I-O  k.per  llD.ft, 
V     "T     "X     ^     rr     uniform  load 


m^. 


FIG.   19. 

A  wheel-load  moment  table  for  this  M-loading  is  presented  in  Table  18,* 
of  the  Final  Eeport  on  Specifications  for  Steel  Eailway  Bridge  Superstruc- 
ture of  the  Special  Committee  on  Specifications  for  Bridge  Design  and  Con- 
struction. The  corresponding  table  for  the  Cooper  loading  (Table  ll-j-  of  the 
same  report),  does  not  compare  with  Table  18  in  brevity  and  simplicity. 

A  diagram  of  equivalent  uniform  loads  for  the  M-loading  is  presented  in 
Fig.  20.  A  comparison  of  this  diagram  with  Fig.  2  (which  it  supersedes) 
shows  that  the  change  from  a  5i-ft.  to  a  5-ft.  spacing  has  increased  the 
stresses  at  the  shorter  spans  about  5  per  cent.  A  reference  to  Fig.  4,  or  Fig. 
6,  will  show  that  this  change  is  desirable,  inasmuch  as  the  previous  M-loading 
was  slightly  deficient  at  those  span  lengths. 

A  chart  of  equivalent  uniform  loads  for  this  M-loading  is  presented  in 
Plate  XIII  (superseding  Plate  X).  Plate  XIII  is  extremely  accurate  and  key 
diagrams  have  been  added  to  facilitate  its  application.  A  table  of  wheel 
placements  for  maximum  stress  is  also  included.  Plate  XIII  constitutes  a 
complete  and  self-contained  stress  manual,  and  the  writer  recommends  it  as 
preferable  to  other  tables  or  diagrams  for  obtaining  stresses. 

A  graphic  comparison  of  the  approved  M-loading  with  the  Cooper  loading 
and  the  composite  loading  is  presented  in  Fig.  21.  This  diagram  is  similar 
to  Fig.  6,  which  it  supersedes.  A  comparison  of  Figs.  6  and  21  shows  that 
the  adopted  modification  of  wheel  spacing  yields  a  desirable  improvement  of 
stress  margin  at  short  spans,  at  a  slight  sacrifice  of  scientific  accuracy. 

Fig.  22  presents  a  graphic  comparison  of  the  adopted  M-loading  with  a 

modified  loading  formula  which  may  be  used  as  a  "short-cut"  for  approximate 

results.     This  equation,  for  the  M-10  loading,  takes  the  simple  form: 

11000 

g  =  700  +      ^  (12) 

V2Zi  +  ?2 

•  Seep.  517. 
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in  which, 

q    =  the  equivalent  uniform  load,  in  ]X)unds  per  foot. 
l^  =  the  shorter  loaded  segment,  in  feet. 
L  =  the  longer  loaded  segment,  in  feet. 
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The  previous  loading  formula  (Fig.  13)  was  developed  independently 
of  the  typical  engine  diagram  to  approximate  the  composite  loading;  conse- 
quently, at  some  points,  the  respective  variations  of  the  two  loadings  (No.  1 
and  No.  3)  from  the  composite  loading  were  additive.  In  this  discussion, 
the  formula  has  been  developed  with  the  object  of  fitting  the  adopted  M-engine 
diagram.  Fig.  22  shows  how  closely  this  has  been  accomplished  without 
sacrificing  simplicity  of  coefficients.  The  coincidence  could  have  been  made 
closer  by  abandoning  the  use  of  round  numbers  in  the  formula.  The  introduc- 
tion of  the  coefficient  in  the  denominator  permitted  the  independent  adjustment 
of  the  moment  and  shear  curves. 
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Fig.   22. 


A  table  (Table  20*)  of  maximum  moments,  shears,  and  floor-beam  reac- 
tions for  the  adopted  M-loading  has  been  presented  by  the  Special  Committee 
on  Specifications  for  Bridge  Design  and  Construction.  Several  of  the  discus- 
sers suggested  the  desirability  of  such  a  table  to  match  the  corresponding  table 
which  has  been  in  use  for  the  Cooper  loading. 


*  See  p.  519. 
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Other  tables  suggested  in  the  discussions  have  been  prepared  for  the 
adopted  M-loading  and  also  presented  by  the  Committee.  Table  21*  gives  the 
maximum  bending  moments  at  the  various  panel  points  of  truss  bridges  for 
spans  up  to  450  ft.,  and  Table  22f  gives  the  shears  in  the  various  panels  of 
truss  bridges  of  spans  up  to  450  ft. 

The  argument  that  tables  and  diagrams  are  available  for  the  application 
of  the  Cooper  loading  is  nullified  by  the  publication  of  the  tables  and  diagrams 
for  the  M-loading  just  described.  All  tables  and  diagrams  for  the  Cooper 
loading  known  to  the  writer  are  matched  in  form  and  scope  by  tables  and 
diagrams  for  the  M-loading.  In  addition,  tables  and  diagrams  which  permit 
quick  conversion  of  stresses  or  ratings  between  the  two  loading  systems  have 
also  been  prepared. 

Table  17:}:  as  presented,  in  the  report  of  the  Special  Committee  on  Specifica- 
tions for  Bridge  Design  and  Construction,  gives  conversion  coefficients  between 
E  and  M  values  for  each  type  of  stress  (moment,  shear,  or  floor-beam  reaction) 
for  span  lengths  up  to  250  ft.  By  doubling  the  span  lengths,  the  coefficients 
in  the  last  column  may  be  used  for  center  moments  for  spans  up  to  500  ft. 

Tables  11  and  12  (superseding  Tables  3  and  4)  give  a  summary  of  the 
conversion  values  of  the  E  and  M-loadings  for  various  spans  up  to  1  000  ft. 


TABLE  11. — Equivalent  Cooper  Eatings  of  the  M-50  Engine  Loading. 


Span. 

E-rating  for  maximum  moment. 

E-rating  for  end  shear. 

10 

E-62.5 

E-62.5 

20 

E-62.5 

E-62.5 

30 

E-68.5 

E-66.8 

40 

E-67.8 

E-65.9 

50 

E-65.4 

E-64.5 

60 

E-64.2 

E-66.1 

70 

E-63.6 

E-65.0 

80 

E-64.4 

E-62.4 

90 

E-64.6 

E-59.7 

100 

E-64.4 

E-58.3 

120 

E-61.5 

E-67.5 

140 

E-59.2 

E-56.9 

160 

E-o7.3 

E-56.4 

180 

E-56.1 

E-56.0 

200 

E-55.2 

E-55.4 

250 

E-53.3 

E-54.7 

300 

E-52.5 

E-54.2 

400 

E-51.4 

E-53.3 

500 

E-51.0 

E-52.7 

600 

E-50.6 

E-52.4 

700 

E-50.5 

E-52.0 

800 

E-50.4 

E-51.8 

900 

E-50.3 

E-51.6 

1000 

E-50.2 

E-51.5 

A  conversion  chart  for  changing  E-ratings  into  equivalent  M-ratings,  for 
any  point  in  any  span  up  to  1  000  ft.,  is  presented  in  Fig.  23.  This  diagram 
shows  that  E-60  is  equivalent  to  M-45  at  short  spans  and  to  M-60  at  long  spans. 

The  inverse  chart  for  changing  M-ratings  into  E-ratings  is  presented  in 
Fig.  24.  This  diagram  shows  that  M-60  is  equivalent  to  E-81  at  short  spans, 
and  to  E-60  at  long  spans.    For  smaller  indices,  reduce  the  values  in  propor- 

*  See  p.  520. 
t  See  p.  526. 
t  See  p.  516. 
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tion;  thus,  the  equivalent  of  M-50  ranges  from  E-68  to  E-50.  With  these  tables 
and  diagrams,  the  use  of  the  M-loading  is  greatly  facilitated. 

Because  of  the  great  number  of  discussions  received,  it  is  practically  impos- 
sible to  answer  them  in  detail,  and  it  becomes  necessary  to  confine  this  discus- 
sion to  a  review  of  the  salient  points  that  have  been  raised. 

Although  nearly  all  the  discussions  express  a  total  or  partial  endorsement  of 
the  writer's  conclusions,  a  number  of  dissenting  views  have  been  advanced. 

TABLE  12. — Equivalent  M-Ratings  of  the  Cooper  E-60  Loading. 


Span. 

M- rating  for  maximum  moment. 

M  -rating  for  end  shear. 

10 

M-48.0 

M-48.0 

•zo 

M-48.0 

M-48.0 

30 

M-48.8 

M-44.4 

40 

M-44.2 

M-45.5 

50 

M-45.9 

M-46.5 

60 

M-46.7 

M-45.4 

70 

M-47.1 

M-46.2 

80 

M-46.6 

M-48.1 

90 

M-46.4 

M-50. 2 

100 

M-46.6 

M-51 .5 

120 

M-48.8 

M-52.2 

140 

M-50. 6 

M-52.7 

:60 

M-.51.5 

M-53.2 

180 

M-53.5 

M-53.6 

200 

M-54.3 

M-54.1 

250 

M-56.3 

M-54.8 

300 

M-57.1 

M-55.3 

400 

M-58.4 

M-56.3 

500 

M-58.8 

M-56.9 

600 

M-59.4 

M-57.2 

700 

M-59.5 

M-.57.7 

800 

M-59.6 

M-57.9 

900 

M-59.7 

M-58.1 

1  000 

M-59.8 

M-58.3 

The  discussions  of  this  group  make  frequent  reference,  as  authority  for 
their  position,  to  the  decision  of  the  American  Railway  Engineering  Associa- 
tion in  1920  to  retain  the  Cooper  loading,  based  on  studies  presented  in  a 
Sub-Committee  report  by  Messrs.  Welty  and  Bouton.*  Those  studies  were 
based  on  comparisons  of  modern  locomotives  and  train  loads  with  the  Cooper 
standard,  from  which  the  authors  arrived  at  the  conclusion  that  the  Cooper 
loading  adequately  covered  the  locomotives  assumed. 

The  writer,  assuming  substantially  the  same  locomotives  and  train  loads, 
and  following  the  reasoning  outlined  in  his  paper,  arrives  at  the  conclusion 
that  the  Cooper  loading  is  unsatisfactory  as  a  present-day  specification  and 
that  a  better  loading  can  be  devised. 

In  attacking  this  conclusion,  the  principal  amument  of  the  dissenting  group 
is  that  the  writer's  study  is  based  on  extra  heavy  locomotives,  not  in  common 
use.  In  reply,  it  may  be  pointed  out  that,  with  one  exception,  the  locomotives 
considered  by  the  writer  are  identical  with  the  heavy  locomotives  considered 
in  the  report  of  the  Sub-Committee  of  the  American  Railway  Engineering  Asso- 
ciation, referred  to  previously.  The  assumptions  are  the  same,  but  the  con- 
clusions are  different.  Those  who  endorse  the  report  mentioned  cannot  con- 
sistently attack  the  writer's  loading  assumptions. 

*  Proceedings,  Am.   Ry.  Eng.  Assoc,  January,  1920,  pp.  511-520. 
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The  writer  would  defend  his  loading  assumptions,  even  if  there  had  been 
no  precedent  to  guide  or  justify  him.  He  hoped  he  had  made  the  logic  of  his 
argument  clear.  He  based  his  studies  on  the  heaviest  existing  locomotives, 
because  they  are  the  best  index  available  of  probable  future  development. 
History,  in  this  respect,  has  repeated  itself  so  often  that  it  seems  a  lack  of  fore- 
sight to  regard  the  present  locomotive  development  as  the  limit  of  growth. 
Mr.  Loweth,  in  his  discussion,  recalls  the  frequent  arguments  in  the  past  that 
the  limit  of  locomotive   development  had  been  reached,   and  writes:   "Each 
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new  locomotive  seemed  to  be  about  the  maximum  that  could  be  designed  and 
would  be  practicable;  yet,  as  the  years  passed,  there  was  a  continuing  succes- 
sion of  heavier  locomotives,  and  the  end  is  not  yet  in  sight."  The  'extra  heavy 
locomotives  of  yesterday  have  become  the  average  locomotives  of  to-day;  and 
the  extra  heavy  locomotives  of  to-day  will  be  the  average  locomotives  of  to-mor- 
row. In  the  past,  the  life  of  bridges  has  been  curtailed  by  loading  augmenta- 
tion; engineers  should  not  be  guilty  of  repeating  that  mistake.    Bridges  should 
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be  proportioned  to  the  loads  of  25  or  30  years  hence,  not  to  the  loads  prevailing 
to-day.  Loading  diagrams  should  conform,  as  far  as  possible,  to  the  expected 
future  loads.  Specifications  should  be  progressive,  not  short-sighted.  Good 
engineering  in  this  field  demands  vision,  based  on  recognition  of  the  lessons 
of  the  past. 
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Fig.  24. 


The  next  criticism  by  the  dissenting  group  is  on  the  assumption  of  train 
loading  behind  the  locomotives  entering  into  the  composite  loading.  Influ- 
enced by  their  use  of  the  Cooper  loading,  they  contend  that  6  000  lb.  per  lin.  ft. 
is  too  light  a  uniform  load  to  follow  these  locomotives.  The  answer  is  simple : 
The  actual  train  loads  following  these  locomotives  scarcely  equal  and  certainly 
do  not  exceed  6  000  lb.  per  lin.  ft.  In  the  report  of  the  Sub-Committee  of  the 
American  Railway  Engineering  Association,  previously  referred  to,  the  train 
load  assumed  behind  the  same  locomotives  consisted  of  210  000-lb.  cars, 
amounting  to  only  4  770  lb.  per  lin.  ft.  The  ^vriter  has  been  more  generous 
in  this  regard  than  the  authors  of  the  report  which   is  being   cited   as   an 
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authority.  On  consulting  the  railroads  in  question,  it  will  be  found  that 
the  heaviest  locomotives  are  used  for  hauling  trains  of  cars  weighing  less 
than  G  000  lb.  per  lin.  ft.  Trains  weighing  4  770  lb.  per  lin.  ft.  are  assumed 
by  the  Pennsylvania  Eailroad  Company  behind  its  heaviest  locomotives. 
The  trains  behind  the  heaviest  locomotives  of  the  Michigan  Central  Eail- 
road weigh  only  4  000  lb.  per  lin.  ft.  The  locomotives  are  made  heavy  in 
order  to  haul  longer  trains,  not  heavier  cars.  The  increase  in  car  weights 
has  not  kept  pace  with  the  increase  in  locomotive  weights.  This  point  has 
received  repeated  endorsement  in  the  discussions.  As  6  000  lb.  per  lin.  ft. 
generously  represents  the  actual  loading  behind  the  heaviest  existing  locomo- 
tives, there  appears  to  be  no  reason  to  assume  a  heavier  loading  behind  those 
locomotives  in  the  present  investigation. 

Others  of  the  dissenting  group,  admitting  the  correctness  of  the  writer's 
ratio  of  train  load  to  locomotive  loads,  propose  to  solve  the  problem  by  adopting 
a  modification  of  the  Cooper  loading  instead  of  the  proposed  M-loading.  They 
suggest  a  one-sixth  reduction  of  the  uniform  train  load  behind  the  Cooper 
locomotive  diagram,  in  order  to  change  E-60  (with  a  uniform  load  of  6  000  lb.) 
into  E-60  +  5  000,  and  E-72  into  E-72  +  6  000. 

Careful  consideration  shows,  however,  that  this  proposal  would  be  an  incom- 
plete and  unsatisfactory  solution  of  the  problem.  Although  correcting  the 
disproportion  in  ratings  between  short  spans  and  long  spans,  it  will  not  correct 
the  disparity  in  ratings  between  different  members  of  the  same  span.  Apply- 
ing this  proposed  solution  to  the  truss  analyzed  for  purposes  of  illustration  in 
Eig.  1,  this  modification  of  the  Cooper  system  changes  the  disparity  of  ratings 
from  37%  to  36% — an  insignificant  improvement.  This  is  shown  on  Plate 
XIV  for  different  loadings  on  the  same  span.  For  the  Pennsylvania  N-l-S 
locomotives,  the  variations  in  rating  within  this  truss  are: 

Cooper  system E  -54.7  to  E  -75.0  =  37% 

Modified  Cooper  system E'-55.0  to  E'-75.0  =  36% 

M-system  M-46.2  to  M-55.6  =  20% 

For  the  Erie  2-10-2  locomotives,  the  variations  in  rating  for  this  truss 
are: 

Cooper  system E  -53.9  to  E  -68.4  =  27% 

Modified  Cooper  system E'-54.2  to  E'-68.4  =  26% 

M-system  M-45.6  to  M-50.6  =  11% 

For  the  Pennsylvania  I-l-S  locomotives,  the  variations  in  rating  within 
the  140-ft.  span  are: 

Cooper  system  E  -53.5  to  E  -67.6  =  26% 

Modified  Cooper  system E'-53.9  to  E'-67.6  =  25% 

M-system M-45.4  to  M-50.4  =  11%      • 

Averaging  the  results  for  the  three  locomotives,  the  following  values  are 
obtained : 

Cooper  system Average  discrepancy  =  30% 

Modified  Cooper  system Average  discrepancy  =  29% 

M-system Average  discrepancy  =  14% 
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In  other  words,  the  proposed  modification  of  the  Cooper  loading  reduces 
the  disparity  of  ratings  within  a  given  span  by  only  1%,  whereas  the  adoption 
of  the  M-loading  would  reduce  the  error  to  less  than  one-half.  These  com- 
parisons (Plate  XIV)  show  that  the  suggested  modification  of  the  E-systera 
does  not  solve  the  problem  of  disparity  of  ratings  within  a  span.  Neither  will 
it  correct  the  disparity  of  rating  between  two  short  spans,  for  example,  between 
40  ft.  and  140  ft.  In  addition  to  this  defect,  the  proposed  modification  of  the 
Cooper  loading  would  not  avoid  a  revision  of  existing  stress  tables  and  rat- 
ings; and  this  revision  would  be  more  likely  to  cause  error  and  confusion  than 
a  clean-cut  change  to  a  new  system. 

Once  the  disproportion  of  the  standard  Cooper  system  is  recognized,  the 
remedy  is  not  to  "patch  up"  that  system  with  inadequate  modifications,  but 
to  make  a  fresh  start  with  a  simpler  one  founded  on  modern  heavy  loadings 
and,  therefore,  better  designed  to  cover  future  developments.  If  the  M-system 
is  admitted  to  be  simpler  and  better  than  the  E-system,  engineers  should  not 
stop  half  way  in  correcting  their  standards,  but  should  make  a  clean-cut 
change  and  thereby  secure  all  the  advantages  of  the  new  standard. 

Another  argument  advanced  against  the  proposed  loading  is  that  the 
majority  of  existing  bridges  are  of  spans  of  less  than  100  or  120  ft.,  and  that 
for  these  short  spans  the  Cooper  system  yields  a  sufficiently  close  approxima- 
tion to  the  stress  ratios  of  modern  loadings.  This  argument  might  have  weight 
if  the  specifications  were  limited  to  spans  of  this  length.  It  is  true  that  if  all 
spans  were  less  than  80  or  100  ft.,  it  would  make  comparatively  little  differ- 
ence what  system  of  loading  specifications  was  used;  but  specifications  are  not 
limited  to  plate-girder  spans.  The  A.  E.  E.  A.  Specifications  include  300-ft. 
spans;  the  new  specifications  of  the  Special  Committee  on  Specifications  for 
Bridge  Design  and  Construction,  of  the  Society,  are  intended  to  apply  to 
bridges  of  any  span.  If  the  Cooper  system  is  satisfactory  for  plate-girder  spans, 
but  gives  rise  to  serious  discrepancies  in  longer  spans,  it  should  certainly  be 
superseded  by  a  loading  system  that  gives  consistent  and  harmonious  results 
at  all  spans. 

With  the  exception  of  the  dissenting  group,  the  arguments  of  which  have 
just  been  reviewed,  the  general  reaction  to  the  writer's  investigation  and  con- 
clusions has  been  that  of  confirmation  and  endorsement.  It  is  well  expressed 
by  the  following  quotation  from  the  discussion  by  Mr.  Strachan : 

"*  *  *  the  author's  determination  of  M-60  after  careful  study  of  the 
stress-producing  effects  of  the  heaviest  existing  locomotives,  and  his  subse- 
quent building  up  of  a  series  of  M-diagrams  bearing  simple  ratios  to  M-60,  in 
the  manner  of  the  Cooper  loading,  is  an  important  step  in  the  direction  of 
introducing  a  scientific  and  modern  standard  load  system  for  the  economical 
design  of  railroad  bridges  and  for  the  rating  or  comparison  of  their  carrying 
capacities;  a  system  of  which  the  need  is  admittedly  great  in  consequence  of 
the  changes  in  locomotive  construction  which  have  taken  place  since  the 
Cooper  system  of  loading  was  devised." 

The  individual  discussions  will  now  be  reviewed  in  the  order  of  their 
publication. 
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The  criticism  of  Mr.  Purdon,  that  the  engines  considered  in  the  investiga- 
tion are  "enormous"  or  "exceptional"  has  already  been  answered.  Even  if  all 
existing  locomotives  had  been  included  in  the  analysis,  the  results  would  have 
been  the  same,  as  the  object  of  the  analysis  was  to  determine  the  enveloping  or 
maximum  stress  effects.  No  specification  can  be  regarded  as  scientific  or 
adequate  unless  it  takes  into  account  maximum  stress-producing  effects.  Mr. 
Purdon's  suggestion  that  bridges  should  provide  for  possible  small  engines  "as 
a  minimum"  does  not  appear  to  be  logical. 

Mr.  Purdon  makes  the  point  that  the  proposed  typical  engine  (M-Loading 
ISTo.  1)  "does  not  resemble  an  engine".  That,  of  course,  is  a  matter  of  per- 
sonal opinion.  If  the  M-diagram  does  not  resemble  any  particular  engine, 
that  is  because  it  is  a  composite  of  different  types,  conventionalized  and 
simplified.  It  combines  the  governing  features  of  the  Santa  Fe  or  Decapod 
with  those  of  the  Mallet  locomotive.    As  stated  by  Mr.  Cochrane : 

"Modern  locomotives  differ  so  greatly  in  the  arrangement  and  spacing  of 
axle  loads  that  no  single  type  can  be  found  to  represent  all  of  them,  unless  it 
is  a  more  or  less  conventional  system,  such  as  the  author's  first  alternative 
loading.  A  composite  loading  derived  from  a  number  of  different  types  of 
heavy  locomotives  will  undoubtedly  be  more  nearly  representative  of  future 
Ion  dings  than  any  single  loading  series,  and,  consequently,  will  make  more 
adequate  provisions  for  future  developments  in  locomotive  design." 

The  point  is  also  clearly  covered  by  Professor  Bird. 

The  proposed  M-loading  diagram  may  be  regarded  as  an  outline  of  a 
Mallet  engine  with  different  weights  on  the  two  sets  of  axles  (for  which  there 
are  precedents) ;  or,  it  may  be  regarded  as  a  Santa  Fe  or  Decapod  locomotive 
with  the  engine  placed  next  to  the  train  (for  maximum  stress).  Resemblance 
to  any  particular  type  could  easily  be  secured  by  minor  modifications;  but  it 
would  be  at  the  expense  of  simplicity  and  symmetry, 

Mr.  Purdon  attempts  to  demonstrate  the  adequacy  of  the  E-loading  by 
showing  that  a  certain  span  designed  for  the  Cooper  loading  gives  satisfac- 
tory uniformity  of  stress  under  an  E-42  double-headed  Consolidation  engine. 
This  was  naturally  to  be  expected,  as  the  Cooper  loading  diagram  is  a  double- 
headed  Consolidation  engine.  It  is  for  types  other  than  Consolidation  engines, 
and  for  loads  exceeding  E-50,  that  the  Cooper  loading  reveals  its  inadequacy. 

Mr.  Purdon  gives  figures  showing  the  rapidly  growing  use  of  the  Santa 
Fe  type  of  locomotive,  although  its  efficiency  only  slightly  exceeds  that  of  the 
Consolidation  engine.  He  also  shows  the  much  greater  efficiency  of  the 
Decapod  or  "ten-wheeler".  In  these  conclusions,  he  is  confirmed  by  Mr. 
Bland;  but  they  serve  only  to  strengthen  the  writer's  position.  Whether  the 
Santa  Fe  or  the  Decapod  locomotive  represents  the  governing  type  in  the 
future  is  immaterial  in  this  discussion,  as  their  stress-producing  effects  are 
practically  identical;  the  proposed  M-loading  will  provide  for  them,  whereas 
the  E-loading  does  not  fit  either.  Plate  XIV  shows  how  the  M-loading  gives 
much  better  results  for  Santa  Fe  and  Decapod  locomotives  than  the  Cooper 
loading.  For  the  Decapod  locomotive,  the  E-rating  variation  in  a  given 
span  is  26%,  whereas  the  M-rating  variation  is  only  11  per  cent. 
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Mr.  Strachan  points  out  the  inconsistent  accuracy  of  extreme  precision 
in  bridge  designing  when  the  fundamental  loading  assumptions  are  wrong. 
He  characterizes  the  Cooper  system  as  "an  ancient  generalization,  which, 
although  excellent  in  its  day,  has  outlived  its  usefulness."  He  endorses  the 
proposed  M-loading,  and  states  that  "its  adoption  would  tend  toward  aug- 
mented economy  and  the  elimination  of  many  unprofitable  complications 
inseparable  from  the  use  of  an  obsolete  load  specification."  Although  pre- 
ferring the  typical  engine  diagram  (M-Loading  No.  1)  as  a  load  specification, 
Mr.  Strachan  suggests  the  use  of  the  alternative  loadings  as  "short-cuts" 
under  suitable  circumstances.  This  idea  has  been  applied  in  Fig.  22  in 
which  is  presented  a  simple  loading  formula  that  may  be  used  as  an  approxi- 
mate substitute  for  the  M-engine  loading  specification. 

Mr.  Cochrane  supports  the  writer  in  his  claim  that  the  Cooper  loading 
suffers  from  lack  of  balance  between  the  locomotive  axle  concentrations  and 
the  uniform  train  load.  He  points  out  that,  in  the  Cooper  series,  the  maximum 
axle  load  is  ten  times  as  great  as  the  train  load  per  linear  foot,  whereas,  in 
the  case  of  the  heaviest  loadings  now  in  use,  this  ratio  is  about  13.  (This  ratio 
for  the  Pennsylvania  Railroad  H-C-l-S  locomotive,  attains  14  or  15).  Mr. 
Cochrane,  therefore,  agrees  with  the  writer  in  the  desirability  of  making  the 
axle  loads  heavier  than  those  of  the  Cooper  series  in  proportion  to  the  uniform 
train  load. 

For  specification  purposes,  Mr.  Cochrane  expresses  a  preference  for  the 
loading  formula  (M-Loading  No.  3)  as  being  the  simplest  and  most  direct. 
He  suggests,  however,  the  use  of  an  engine  diagram  (M-Loading  No.  1)  in 
conjunction  with  the  formula  as  an  approximate  depicture  of  the  loading.  To 
reduce  the  discrepancy  between  the  two  alternative  loadings,  he  proposes  some 
modifications  of  the  formula;  but  the  writer  submits  Fig.  22  as  a  simpler 
solution  of  the  problem. 

Mr.  Lucius  predicts  that  the  tendency  in  future  bridge  loadings  will  not 
be  toward  increased  driver  axle  loads,  but  rather  toward  an  increase  in  the 
number  of  drivers.  This  is  an  argument  for  the  adoption  of  the  M-system 
in  preference  to  the  E-system,  as  the  increase  in  the  number  of  drivers  means 
the  abandonment  of  the  Consolidation  type  of  locomotive  for  the  more  modern 
types  on  which  the  M-loading  is  based. 

Mr.  Lucius  also  raises  the  question  of  electrification  and  the  new  motor 
diagrams  which  it  may  develop.  This  is  a  question  in  regard  to  which  it  is 
difficult  to  come  to  any  conclusion  or  to  make  any  predictions  at  this  time, 
as  the  standardization  and  development  of  electric  motor  diagrams  is  still 
in  its  infancy.  Nevertheless,  a  study  of  the  tendency  in  recent  heavy  electric 
locomotive  diagrams  indicates  that  the  M-system  will  be  better  fitted  than  the 
E-system  to  the  electric  locomotives  of  the  future. 

Mr.  Worthington  emphasizes  the  fact  that  the  present  locomotive  types 
have  outgrown  the  Cooper  loading  diagram,  and  endorses  the  writer's  con- 
clusion that  a  material  revision  of  this  loading  diagram  is  necessary  in 
order  to  secure  uniformity  of  stress  and  economy  of  metal.     After  a  care- 


706      -  Discussiox :  locomotive  loadings  for  railway  bridges 

ful  study  in  conjunction  with  H.  F.  Passel,  M.  Am.  Soc.  C.  E.,  he  expresses 
a  preference  for  the  typical  engine  diagram   (M-Loading  No.  1). 

Mr.  Gilbert  also  confirms  the  writer  in  his  claim  that  the  Cooper  loading 
does  not  suitably  provide  for  modern  types  of  engines.  From  his  own  in- 
vestigations, Mr.  Gilbert  believes  that  a  diagram  of  the  Santa  Fe  type  would 
properly  represent  modern  locomotive  loadings.  He  points  out  the  increas- 
ing use  of  the  Santa  Fe  type,  and  states,  as  his  conclusion,  that  the  Santa 
Fe  is  a  permanent  type  which  should  be  given  full  consideration  in  selecting 
a  proper  bridge  loading.  This  conclusion  appears  to  be  incontrovertible.  The 
writer  would  point  out  that  the  M-loading  diagram  contains  the  essential 
elements  of  the  Santa  Fe  axle  diagram,  conventionalized  and  simplified;  and 
he  would  call  attention  to  the  comparison  previously  mentioned,  which  shows 
how  the  M-loading  is  superior  to  the  Cooper  loading  in  representing  the 
stress-producing  effects  of  Santa  Fe  locomotives. 

Mr.  Gilbert  characterizes  the  proposed  M-60  loading  as  "equal  to  or 
g-reater  than  that  of  any  locomotive  now  in  service",  and  questions  whether 
railroad  executives  will  approve  of  such  a  heavy  loading.  The  writer  is 
convinced  that  the  adoption  of  the  present  maximum  (M-60)  for  the  design 
of  new  bridges  on  main  lines  will  be  amply  justified  by  the  inevitable  in- 
crease in  loading  during  the  life  of  those  structures.  However,  if  any 
railroad  officials  regard  this  loading  as  excessive,  there  is  nothing  to  prevent 
them  from  using  M-50  or  M-55  instead;  or,  preferably,  the  unit  stresses 
may  be  augmented  so  as  to  give  the  same  weight  of  structure  with  M-60 
loading. 

In  the  proposed  M-60  loading,  each  of  the  five  heavy  axle  loads  are 
75  000  lb.  Mr.  Gilbert  shows  by  tabulated  data  that  average  axle  loads 
exceeding  60  000  lb.  are  common,  and  that  axle  loads  of  78  000  lb.  are 
in  use.  To  this  may  be  added  the  Pennsylvania  H-C-l-S  engine,  which 
has  axle  loads  of  86  400  lb.  Mr.  Gilbert  admits  that  the  tendency  of  driver 
axle  loads  is  to  increase  (on  account  of  the  increasing  demand  for  tractive 
power).  In  view  of  these  facts,  a  loading  specification  (M-60)  with  75  000 
lb.  on  the  driver  axles,  does  not  seem  to  be  excessive  if  bridges  are  to  be 
designed  with  any  regard  to  future  requirements. 

Mr.  Gilbert  shows  by  diagrams  (Fig.  15)  the  inadequacy  of  E-6^0 
loading  to  provide  for  actual  engines;  he  finds  the  resulting  over-stress  pro- 
duced by  Santa  Fe  locomotives  in  the  shorter  spans  to  be  approximately  25 
per  cent.  This  would  correspond  to  E-75  which  is  equivalent,  at  these  spans, 
to  M-60.  Accordingly,  Mr.  Gilbert's  diagrams  demonstrate  that  M-60  is  not 
too  high  a  loading  to  protect  new  designs  against  present-day  locomotives. 

Mr.  Gilbert  emphasizes  the  importance  of  a  loading  specification  which 
will  give  ample  section  to  short  spans,  so  as  to  provide  the  needed  protection 
against  corrosion  to  floor  systems,  hangers,  etc.  This  requirement  is  ful- 
filled by  the  M-system  as  it  corrects  a  relative  deficiency  of  25%  in  the 
Cooper  loading  for  short  spans. 

Mr.  Waddell  generously  endorses  the  writer's  thesis.  He  discounts  the 
argument  for  retaining  the  Cooper  loading  as  a  rating  standard,  declaring 
that  the  M-loading  system  provides  just  as  convenient  a  rating  standard. 
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Mr,  Waddell  expresses  a  preference  for  M-Loading  No.  3  (the  loading 
formula)  as  the  most  scientific  and  convenient;  and  he  endorses  the  sug- 
gestion made  by  Mr.  Cochrane  that  M-Loading  No.  1  (the  typical  engine 
diagram)  be  used  in  conjunction  with  the  formula  as  an  approximate  repre- 
sentation. 

Mr.  Lindenthal  properly  characterizes  the  subject  as  one  in  which 
meticulous  accuracy  is  out  of  place.  He  expresses  his  preference  for  M-Load- 
ing No.  1  (the  typical  engine  diagram),  as  it  would  represent  the  smallest 
departure  from  present  methods,  merely  substituting  a  new  and  simpler  wheel- 
load  diagram  for  the  Cooper  diagram,  and  as  it  is  sufficiently  inclusive 
of  the  maximum  effects  of  loads  from  any  of  the  seven  locomotive-wheel 
diagrams  illustrated  in  the  paper. 

Mr.  Lindenthal  points  out  that  the  floor  construction,  consisting  of  short 
spans,  suffers  more  than  the  trusses  from  an  increase  of  locomotive  weights. 
That  is  one  of  the  writer's  reasons  for  advocating  a  loading  specification 
which  will  be  relatively  more  generous  to  short  spans  than  the  Cooper  specifica- 
tion. Mr.  Lindenthal  mentions  the  greater  allowance  for  impact  in  floor 
members,  but  he  confuses  the  issue  by  suggesting  that  this  impact  allowance 
covers  to  a  certain  extent  unforeseen  increases  in  wheel  loads.  The  writer  is 
of  the  opinion  that  the  impact  provision  for  short  spans  in  present  specifica- 
tions is  inadequate  and  cannot  be  considered  as  including  a  margin  for  load 
increase. 

Mr.  Lindenthal  raises  the  question  of  relative  impact  (due  to  difference 
in  speed)  of  freight  and  passenger  locomotives.  This  point  must  await  further 
experiment  and,  when  determined,  should  be  covered  in  the  specification  for 
impact.  The  writer  does  not  believe,  however,  that  light  passenger  locomotives 
at  full  speed  will  produce  greater  total  stresses  than  the  heavy  axle  loads  at 
freight-train  speed;  in  addition,  the  possibility  of  the  heavy  locomotives 
running  over  a  bridge  at  full  speed  when  relieved  of  train  load,  must  be  con- 
sidered as  well  as  the  possibility  of  passenger  trains  being  limited  in  speed 
in  going  over  the  structure.  The  subject  of  impact  provision  is  a  large 
problem  in  itself,  and  should  not  be  permitted  to  obscure  the  issue  in  the 
present  investigation.  Moreover,  even  if  Mr.  Lindenthal  is  correct  in  his 
contention  that  passenger  locomotives  should  govern  in  design,  it  does  not 
affect  the  choice  between  the  M-loading  and  the  Cooper  loading,  as  the  trains 
behind  passenger  locomotives  are  much  lighter  than  those  behind  freight 
locomotives,  and  the  ratio  of  train  weight  to  locomotive  weight  in  passenger 
engines  conforms  to  the  M-loading  and  not  to  the  E-loading.  For  example, 
the  K-4-S  passenger  locomotive  of  the  Pennsylvania  Lines,  with  its  following 
train  load,  is  found  to  be  closely  and  consistently  represented  by  M-49. 

Professor  Caughey  endorses  the  writer's  thesis  that  the  Cooper  loading 
should  be  replaced  by  a  loading  more  in  agreement  with  the  weights  and  axle 
groupings  of  modem  railway  rolling  stock.  He  records  his  preference  for 
M-Loading  No.  1  (the  typical  engine  diagram)  and  gives  some  cogent  reasons 
for  this  choice. 

Professor  Caughey  raises  the  question  of  train  loads  in  exceptional  cases 
being  heavier  than  the  engine,  when  light  locomotives  are  used  with  short 
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trains  of  heavy  cars.  Any  such  exceptional  case  should  receive  special  study  in 
adopting  a  design  load;  if  a  suitable  index  is  used,  either  the  M-loading  or 
the  E-loading  will  give  safe  stresses  for  this  case. 

The  writer  is  grateful  to  Mr.  Ralston  for  his  expressive  review  of  the 
questions  under  consideration,  and  for  his  encouraging  words  of  appreciation. 
Mr.  Ralston  endorses  the  writer's  conclusions  as  to  the  erratics  of  the  Cooper 
loading  system,  and  advocates  the  adoption  of  the  M-system  as  consistent  and 
logical.  He  gives  a  striking  review  of  the  history  of  locomotive  development, 
and  records  his  conviction  that  the  M-loading  system  will  remain  applicable 
for  a  long  time  to  come. 

Mr.  Bland,  in  his  discussion  previously  mentioned,  contributes  an  inter- 
esting account  of  the  introduction  of  the  E-loading  system.  He  recalls  that 
the  late  Theodore  Cooper,  M.  Am.  Soc.  C.  E.,  gave  the  E-25  loading  as  a 
minimum,  and  the  E-40  as  a  maximum,  which  latter  he  regarded  as  the 
heaviest  loading  possible.  Among  the  disadvantages  of  the  Cooper  loading, 
Mr.  Bland  cites  the  incorrect  axle-load  ratios  and  distances,  the  fixing  of  a 
ratio  between  train  load  and  axle  load  which  was  not  applicable  to  loads  above 
E-40  or  E-50,  and  the  inapplicability  of  the  E-standard  to  engines  other  than 
those  of  the  Consolidation  type. 

Erom  considerations  of  locomotive  development,  Mr.  Bland  concludes  that 
the  E-loading  is  not  applicable  beyond  Cooi>er's  upper  limit  of  E-40,  and  that, 
for  many  years,  the  Cooper  loading  has  ceased  to  be  a  proper  standard. 

After  condemning  the  inconsistencies  resulting  from  the  use  of  the  Cooper 
loading  (such  as  the  necessity  for  different  E-ratings  for  different  parts  of 
the  same  bridge),  and  recording  his  hope  that  the  M-loading  in  one  of  its  three 
forms  will  soon  be  adopted  by  the  Profession,  Mr.  Bland  expresses  his  own 
preference  for  M-Loading  No.  3  (the  loading  formula)  for  bridge  design.  The 
writer  is  in  sympathy  with  this  preference  for  the  loading  formula,  but  regrets 
that  conditions  do  not  appear  ripe  for  this  innovation  in  loading  specifications. 
If  M-Loading  No.  1  (the  typical  engine  diagram)  is  adopted  as  a  general 
specification,  the  individual  designer  may  use  a  loading  formula  (either  that 
of  Fig.  13  or  Eig.  22)  as  a  sufficiently  close  equivalent. 

Mr.  Bland  endorses  the  writer's  underlying  principle  of  a  composite 
loading,  and  recommends  that  each  railroad  "consider  the  group  of  its  engines 
for  which  it  wishes  to  provide,  form  a  'composite'  of  such  engines,  and  then 
choose  the  M-loading  (taking  into  account  future  development)  that  best  fits 
its  case,  and  use  such  loading  in  its  specifications."  According  to  his  corre- 
spondence with  the  writer,  Mr.  Bland  has  done  this  for  the  engines  of  the 
Pennsylvania  System,  and  has  established  a  series  of  M-loadings  which  give 
consistent  protection  to  the  various  types  of  locomotives  in  use. 

Based  on  considerations  of  comparative  efficiency,  Mr.  Bland  makes  a 
prognosis  of  future  engine  development.  He  shows  that  the  development  of 
the  Mikado  type  (2-8-2)  is  a  step  in  the  wrong  direction,  but  that  the  Decapod 
type  (2-10-0)  offers  the  greatest  advantages.  The  I-l-S  engine  (Decapod) 
yields  69%  more  tractive  power  than  the  H-IO-S  (Consolidation),  with  an 
increase  of  only  45%  in  the  weight  of  the  engine.  Accordingly,  he  concludes 
that  the  Decapod  type  is  more  likely  to  be  increased  in  the  future  than  other 
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types.  As  the  stress  effects  of  the  Decapod  and  Sante  Fe  types  are  practically 
the  same,  either  may  be  considered  as  a  governing  type  to  which  a  correct 
loading  specification  should  conform  in  order  to  provide  for  the  most  probable 
future  development. 

Mr.  Johnson  admits  the  defects  of  the  Cooper  loading  as  applied  to  roads 
using  the  heavy  locomotives  of  the  present  day.  He  points  out,  however,  the 
great  mileage  of  roads  on  which  lighter  locomotives  prevail,  and  he  con- 
siders the  Cooper  loading  satisfactory  for  such  lines.  In  reply,  the  writer 
would  state  that  the  M-loading  (with  the  index  reduced  from  M-60)  would 
be  just  as  satisfactory  as  the  E-loading  for  these  lines,  and  a  loading  standard 
(like  the  M-series)  which  can  be  used  on  all  lines,  both  heavy  and  light,  is 
obviously  preferable  to  one  which  is  limited  in  application  to  second-class 
roads. 

Furthermore,  Mr.  Johnson  admits  that  Santa  Fe  locomotives  are  a  gov- 
erning type  on  these  lighter  roads,  and  the  writer  has  previously  shown  that 
the  M-loading  gives  more  consistent  protection  than  the  E-loading  to  engines 
of  the  Santa  Fe  type.  It  may  also  be  noted  that  the  secondary  lines  referred 
to  generally  have  steeper  grades  and  sharper  curves,  requiring  heavier  loco- 
motives in  proportion  to  the  weight  of  the  train;  and  the  M-system,  with  its 
correction  of  ratio  of  engine  weight  to  train  weight,  will  fit  this  loading 
better  than  the  E-system. 

Mr.  Johnson  admits  that  the-  proposed  M-loading  is  in  the  right  direc- 
tion, but  thinks  its  application  to  the  lighter  lines  of  the  country  should  be 
deferred.  As  opposing  this  view  may  be  urged  the  desirability  of  a  uniform 
standard  for  all  lines.  If  the  advantages  of  the  M-system  for  the  main  lines 
are  admitted,  considerations  of  uniformity  would  argue  for  the  adoption  of 
that  loading  system  for  all  lines.  M-50  or  M-60  can  be  used  on  the  main 
lines  and  M-40  or  M-50  on  the  lighter  lines,  depending  on  the  governing 
types  and  weights  of  locomotives. 

Mr.  Sogers  admits  that  the  M-60  loading  covers  all  stresses  in  all  spans 
from  the  five  heaviest  present-day  types  of  engines.  He  adds  that  the  pro- 
posed conventional  loading  would  conform  admirably  to  the  requirements  if 
all  these  five  types  of  locomotives  were  in  use  on  any  one  railroad;  otherwise, 
he  argues,  there  will  be  a  waste  of  material  put  into  bridge  structures  to  suit 
the  requirements  of  engines  of  foreign  roads.  In  this  argument,  Mr.  Rogers 
misses  the  underlying  principle  of  the  writer's  paper,  namely,  that  a  com- 
posite loading  is  the  most  scientific  solution  of  the  problem  of  devising  a  single 
standard  to  fit  all  engine  types  with  a  view  to  future  development.  Such 
comparisons  as  those  illustrated  previously  show  that  the  M-loading  (based 
on  the  composite)  yields  sufficiently  close  agreement  with  individual  engines 
entering  into  the  composite;  certainly  a  much  closer  agreement  than  that  pro- 
vided by  the  Cooper  loading.  Inasmuch  as  disproportion  of  stress  means  waste 
of  material,  the  comparisons  given  demonstrate  that  designs  made  with  the 
M-loading  will  involve  less  waste  than  if  the  E-loading  is  used. 

Mr.  Rogers  also  raises  the  point  that  lighter  engines  are  not  reduced  models 
of   the  heavy-  locomotives   which   entered   into  the   composite.     The  fact   is. 
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however,  that  although  the  M-loading  may  not  be  a  correct  pictorial  repre- 
sentation of  these  lighter  locomotives,  it  will  be  found  to  yield  correctly  pro- 
portioned designs.  Mr.  Bland,  who  has  made  special  studies  along  this  line, 
has  found  the  M-loadings  to  give  uniform  and  consistent  results  for  the 
lighter  engines  on  the  Pennsylvania  Lines;  for  instance,  he  found  that  the 
Mikado  and  Consolidation  locomotives  are  correctly  and  consistently  repre- 
sented by  M-50  as  a  design  load.  (According  to  Mr.  Bland's  graphs  and  con- 
clusions, the  L-l-S  Mikado  is  economically  protected  by  M-50;  the  K-4-S  pas- 
senger locomotive  by  M-49;  the  H-IO-S  Consolidation  by  M-47;  the  H-8a-S 
by  M-45 ;  and  the  H-6b-S  by  M-42.) 

Mr.  Rogers  adds  the  argument  that  if  the  locomotives  on  any  line  rea- 
sonably conform  to  the  Cooper  loading,  the  use  of  the  M-loading  would  involve 
a  waste  of  metal  at  short  spans.  The  answer  to  this  is  the  fact  that  the 
disproportion  between  long  and  short  spans  arises  mainly  from  the  incorrect 
ratio  of  train  load  to  locomotive  loads  in  the  Cooper  system.  A  change  in 
type  of  locomotive  does  not  alter  this  condition.  With  proper  reduction  of  the 
index,  the  M-loading  will  give  consistent  results  for  the  conditions  assumed 
by  Mr.  Rogers.  However,  if  there  is  any  excess  of  metal  in  short  spans 
resulting  from  the  use  of  the  M-loading,  that  extra  metal  is  in  a  good  place. 
A  loading  that  adds  extra  metal  to  floor  systems  and  short  spans  is  unques- 
tionably preferable  to  one  which  skimps  the  short  spans  and  wastes  metal  on 
the  long  spans. 

Mr.  Rogers  recommends  that  instead  of  adopting  the  M-loading  with  vary- 
ing index,  each  railroad  should  devise  its  own  special  loading  for  design. 
The  writer  submits  that  this  would  result  in  confusion  of  ratings  and  compari- 
sons, and  would  be  far  from  a  solution  of  the  problem. 

Mr.  Stone  recommends  the  new  loading  system  as  a  step  in  the  direction 
of  filling  a  recognized  need.  He  expresses  a  preference  for  M-loading  No.  1 
(the  typical  engine  diagram),  because,  with  suitable  tables,  it  would  be  as 
simple  to  apply  as  any  other  method.  He  suggests  the  appointment  of  a  com- 
mittee to  consider  the  question  of  endorsing  the  proposed  M-loading.  This 
has  already  been  done  by  the  Special  Committee  on  Specifications  for  Bridge 
Design  and  Construction.* 

Professor  Bird,  in  his  discussion  previously  mentioned,  endorses  the  writer's 
conclusions  and  reports  that  he  has  calculated  a  number  of  designs  using  the 
M-loading,  and  has  been  pleased  to  note  how  well  the  values  fitted  the  maximum 
moments  and  shears  producible  by  actual  locomotives. 

He  refers  to  the  charts  of  equivalent  uniform  loads  devised  by  the  writer 
(Plates  IV,  YI,  XI,  and  XIII)  and  suggests  that  it  would  be  well  to  explain 
and  illustrate  the  use  of  these  charts  with  typical  problems.  Instead  of  taking 
space  in  this  discussion,  the  writer  would  refer  the  readers  to  the  explanation 
and  illustration  of  these  charts  published  elsewhere.f 

Professor  Bird  also  suggests  that  tables  of  moments  and  shears  for  the 
M-loading  would  be  a  helpful  addition  to  the  paper.     Such  tables  were  also 

»  See  pp.  472,  477. 

t  Engineering  News,  April  22,  1915  :  "American  Civil  Engineer's  Handbook,"  1920,  pp. 
849,  853,  854,  884,  904,  906  and  908  ;  and  Lefax.  September,   1920,  No.  10-348. 
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prepared  by  the  writer  at  the  request  of  the  Special  Committee  on  Specifica- 
tions for  Bridg:e  Design  and  Construction  and  are  incorporated  in  the  report 
of  that  Committee.* 

Professor  Bird  endorses  the  idea  suggested  by  Mr.  Seaman,  to  include  both 
the  E-loading  and  the  M-loading  in  the  specifications,  in  order  to  make  the 
change  optional  during  the  transition  period. 

Professor  Fuller,  in  his  discussion,  endorses  the  writer's  conclusions.  "The 
Cooper  loading",  he  states,  "no  longer  represents  even  to  an  approximate 
degree  the  modern  locomotives  and  trains." 

Professor  Puller  declares  his  preference  for  M-Loading  No.  1  (the  typical 
engine  diagram),  and  raises  the  interesting  question  of  the  flexibility  of  the 
loading  formula  (M-Loading  No.  3),  suggesting  that  re-adjustment  may  be 
found  necessary  after  the  M-loading  has  been  in  use  half  a  century  or  more. 
In  reply,  the  writer  would  point  out  that  the  loading  formula  (Equation  (4)) 
contains  two  numerical  coefficients;  by  modifying  one  or  both  of  these  coeffi- 
cients, the  curves  of  equivalent  uniform  loads  in  Pig.  13  may  be  raised  or 
changed  in  slope  to  conform  to  any  requirements.  In  the  modified  form  of 
the  loading  formula  (Equation  (12)),  there  are  three  numerical  coefficients, 
giving  still  greater  flexibility.  By  modifying  the  coefficient  of  Z^  in  the  denom- 
inator, the  curve  for  center  moments  may  be  adjusted  independently  of  the 
curve  for  shears.  Pig.  22  is  a  graphic  demonstration  of  the  flexibility  of  this 
loading  formula,  as  curves  have  been  obtained  to  coincide  so  closely  with  the 
arbitrary  curves  of  a  typical  engine  diagram.  The  coincidence  could  have 
been  made  still  closer  by  deviating  from  the  round  numbers  chosen  for  the 
three  coefficients  in  the  formula. 

Professor  Bishop  emphasizes  the  conclusion  that  the  Cooper  loading  has 
outlived  its  usefulness  and  should  be  replaced.  After  calling  attention  to  the 
disproportion  and  lack  of  simplicity  of  the  Cooper  loading.  Professor  Bishop 
expresses  a  fundamental  principle  when  he  states:  "Any  new  loading  should 
give  approximately  the  same  results  as  the  actual  loads  which  are  likely 
to  be  used  in  the  near  or  distant  future."  In  this  connection,  he  strongly 
recommends  the  writer's  loading  formula  (M-Loading  No.  3),  as  overcoming 
the  objections  heretofore  advanced  against  equivalent  uniform  loads,  and  as 
yielding  stresses  which  "provide  for  any  of  the  critical  engines  of  to-day,  and, 
probably,  by  proportion,  for  those  of  years  to  come." 

Mr.  MacCornack  also  endorses  the  writer's  paper,  and  recommends  the 
proposed  wheel-load  diagram  (M-Loading  No.  1)  as  fairly  representative 
of  the  actual  loads  in  use.  He  would  adopt  such  a  system  of  wheel  concen- 
trations for  examining  existing  structures  and  for  designing  bridge  floors 
and  short  spans,  and  would  use  a  loading  formula  equivalent  to  M-Loading 
No.  3  for  designing  all  other  bridge  members.  If  preferred,  he  suggests,  the 
load  formula  (M-Loading  No.  3)  might  be  modified  to  coincide  more  closely 
with  the  engine  loading,  and  such  a  modification  is  submitted  by  the  writer 
in  Pig.  22.  Mr.  MacCornack  rightly  emphasizes  the  point  that  the  important 
consideration  is  not  the  form  of  the  loading  specification,  whether  it  is  an 
engine  diagram  or  an  equivalent  uniform  load  formula,  or  any  modification 

*  See  pp.  495-531. 
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of  them,  but  that  the  loading  adopted  should  represent  correctly  conditions  in 
all  parts  of  the  bridge  structure. 

Mr.  -Disney  endorses  the  writer's  thesis.  He  regards  all  three  of  the 
alternative  proposals  as  having  distinctive  advantages  over  the  present  methods, 
but  considers  M-Loading  No.  3  as  ideal,  as  "it  is  a  formula  which  can  be 
memorized  and  used,  without  tables  or  charts,  to  find  the  moments  and  shears 
at  any  jKjint  of  a  span  by  a  simple  slide-rule  operation." 

Mr.  Disney,  however,  questions  the  applicability  of  the  M-loading  to  Cana- 
dian railways  on  which,  he  states,  the  Santa  Fe  type  is  the  present  limit 
of  locomotive  development.  In  reply,  the  writer  would  direct  attention  to 
Plate  XIV,  which  shows  that  the  M-loading  is  better  adapted  than  the  Cooper 
loading  to  give  economical  protection  to  Santa  Fe  locomotives. 

Mr.  Ammann  admits  that  unquestionably  the  proposed  M-loadings  have 
the  advantage  over  the  Cooper  loading  of  greater  simplicity.  He  points  out, 
however,  that  the  Cooper  loading  has  been  widely  adopted  as  a  standard,  and 
that  tables  and  diagrams  are  available  to  simplify  the  calculation  of  stresses 
for  that  loading.  In  reply,  the  writer  submits  that  the  mere  fact  of  any 
standard  being  already  in  use  is  insufficient  justification  for  retaining  it  when 
it  is  found  to  yield  disproportionate  and  uneconomical  results,  and  that  the 
argument  of  tables  and  diagrams  being  available  for  applying  the  Cooper 
loading  is  cancelled  by  the  publication  of  a  complete  set  of  similar  tables 
and  charts  for  the  M-loading. 

Mr.  Ammann  makes  the  statement  that  the  proposed  M-engine  bears  no 
greater  similarity  than  the  Cooper  engine  to  any  of  the  seven  heaviest  exist- 
ing engines  and  those  likely  to  be  evolved  in  the  future.  The  vrriter  submits 
that  this  statement  is  refuted  by  a  glance  at  the  diagrams  of  the  engines 
under  consideration.  The  5-axle  grouping,  which  is  the  essential  feature  of 
the  Santa  Fe  and  Decapod  engines,  and  the  double  set  of  drivers,  which  is  the 
essential  feature  of  the  Mallet  engines,  are  both  included  in  the  M-engine  dia- 
gram, and  neither  of  these  features  is  represented  in  the  Cooper  engine  dia- 
gram. What  is  more  important,  the  M-loading  is  a  more  correct  representa- 
tion than  the  Cooper  loading  of  the  stress-producing  effects  of  Santa  Fe  and 
Decapod  engines,  which  represent  the  leading  and  most  significant  types  of 
modern  and  prospective  future  engine  development. 

Mr.  Ammann  claims  that  the  Cooper  loading  agrees  as  closely  as  the 
M-loading  with  the  composite  of  the  heaviest  existing  loadings;  but,  in  his 
attempt  to  prove  this,  he  does  not  take  the  Cooper  loading  as  ordinarily  speci- 
fied and  understood,  but  devises  instead  an  arbitrary  modification  of  the  form 
E-72  -|-  6  000.  This  does  not  meet  the  issue,  as  this  is  not  the  Cooper  standard 
under  consideration,  but  a  new  loading  devised  to  overcome  one  of  the  defi- 
ciencies of  the  Cooper  standard.  Fig.  6  shows  the  correct  comparison,  which 
clearly  refutes  Mr.  Ammann's  contention. 

Mr.  Ammann  also  claims  that  there  are  large  discrepancies  between  the 
M-60  loading  and  individual  heaviest  existing  engines.  If  such  discrepancies 
exist,  they  are  merely  the  inevitable  variations  between  a  maximum  composite 
and  its  lesser  components,  variations  which  are  on  the  safe  side  and  which 
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provide  a  desired  margin  for  future  increase  of  stress  at  temporary  low  spots 
in  stress-producing  effects  or  in  locomotive  development;  they  are  variations 
which  will  be  reduced  by  future  development  toward  the  maximum  composite 
instead  of  being  (as  in  the  case  of  the  Cooper  loading)  variations  which  will 
become  worse  with  the  progressive  departure  of  locomotive  design  from  an  out- 
grown standard. 

Moreover,  as  shown  by  Plate  XIV,  for  individual  engines  of  the  dominant 
types,  the  discrepancies  of  the  M-loading  are  much  smaller  than  those  of  the 
Cooper  loading. 

The  suggestion  of  correcting  the  disproportion  in  the  Cooper  loading  by 
changing  the  ratio  of  train  weight  to  locomotive  weight,  made  by  Mr.  Ammann, 
has  already  been  answered.  The  proposed  modification  will  upset  existing 
ratings  and  lead  to  errors,  and  will  only  partly  solve  the  problems  under  con- 
sideration. It  will  not  correct  the  disproportion  of  stress  within  a  given  span, 
nor  the  disparity  of  ratings  between  different  short  spans,  and  it  will  not 
obviate  the  need  of  revising  existing  stress  tables  and  ratings.  If  any  change 
is  to  be  made,  no  half-way  measure  should  be  used  in  correcting  the  standards ; 
a  fresh  start,  based  on  the  latest  developments,  will  prove  more  satisfactory 
in  the  long  run  than  attempts  to  tinker  with  an  outgrown  standard. 

Mr.  Ammann  suggests  the  possibility  that  the  weights  of  locomotives  and 
cars  may  continue  to  increase  at  different  rates.  As  it  is  impossible  to  fore- 
tell future  relative  development,  the  writer  submits  that  the  present-day  ratio 
of  driver  weights  to  car  weights  constitutes  the  best  basis  available  for  estab- 
lishing a  new  loading  specification.  It  is  unquestionably  a  more  logical  basis 
than  the  outgrown  ratio  which  obtained  a  generation  or  more  ago.  Mr. 
Ammann's  suggestion  of  a  flexible  specification  in  which  the  individual  engi- 
neer may  arbitrarily  vary  the  ratio  of  the  uniform  train  load  to  the  engine 
concentrations  would  only  lead  to  chaos  in  standards,  ratings,  and  stress 
tables. 

Mr.  Seaman  endorses  the  writer's  paper  and  conclusions  and  predicts  that 
in  the  future  bridges  will  be  designed  for  the  M-loading.  He  mentions  the 
conversion  tables  which  will  facilitate  the  altering  of  recorded  ratings  of 
the  railroads;  with  this  object  in  view,  the  writer  has  added  the  conversion 
tables  (Tables  11  and  12),  and  the  conversion  charts  (Figs.  23  and  24)  to  this 
discussion,  and  has  prepared  the  conversion  table  (Table  17)  published  in 
the  report  of  the  Special  Committee  on  Specifications  for  Bridge  Design 
and  Construction.* 

Mr.  Mead  also  endorses  the  writer's  paper.  He  declares  that  the  neces- 
sity for  revision  is  apparent,  and  points  out  that  the  present  loading  system 
gives  unbalanced  designs. 

Mr.  Mead  strongly  endorses  the' writer's  conclusion  that  train  loads  and 
locomotive  loads  have  not  increased  in  the  same  ratio.  The  contention  that 
the  writer  assumed  an  insufficient  train  load  behind  the  modern  locomotives 
considered  in  this  paper,  is  answered  by  the  following  quotation  from  Mr. 
Mead's  discussion : 

*  See  p.  516. 
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"At  present,  train  loads  do  not  exceed  6  000  lb.  per  lin.  ft.  of  single  track, 
except  in  a  few  instances  which  will  not  affect  the  conclusions  reached.  I'ur- 
thermore,  the  present  design  of  cars  must  be  changed  so  radically,  in  order 
to  increase  this  train  loading,  that  it  seems  as  if  this  uniform  load  would 
represent  a  maximum  train  loading  for  an  indefinite  period." 

Mr.  Mead  expresses  a  preference  for  M-Loading  No.  2  (the  uniform  load 
plus  spot  loads)  for  its  simplicity,  flexibility,  and  ease  of  application. 

Mr.  Keith  endorses  the  writer's  paper  and  adds  an  interesting  review  of 
some  early  loading  specifications.  A  useful  lesson  may  be  derived  from  Mr. 
Keith's  account  of  a  specification  adopted  by  the  New  England  Railroad 
Company  in  1882,  consisting  of  a  live  load  headed  by  a  Consolidation  loco- 
motive— a  new  type  at  that  time — with  four  driving  axles  of  24  000  lb.  per 
axle.  This  specification  was  criticized  and  ridiculed,  many  railroad  men 
declaring  that  such  a  heavy  engine  would  never  be  built.  "Within  three  years 
that  road  had  engines  in  use  heavier  than  those  that  had  been  considered  as 
excessive."  History  repeats  itself;  and  engineers  continue  to  make  the  mis- 
take of  under-rating  future  development. 

Mr,  Lang  disagrees  with  the  writer's  conclusions  with  an  animus  which, 
under  the  circumstances,  it  is  difficult  to  understand.  The  writer  has  sim- 
ply given  his  best  efforts  to  the  analysis  and  study  of  a  problem  which  appears 
lo  be  of  importance  and  of  general  interest,  and  it  would  be  regrettable  if 
such  investigations  are  to  be  taken  out  of  the  field  of  sincere  professional 
discussion  into  the  domain  of  factional  controversy. 

If,  as  Mr.  Lang  states,  the  paper  gives  the  impression  of  being  "primarily 
an  attack  on  the  Cooper  system  of  loading",  that  was  far  from  being  the 
•writer's  intention.  The  writer  joins  with  Mr.  Lang  and  others  in  a  sincere 
admiration  of  Mr.  Cooper's  contribution  and  in  a  full  appreciation  of  its  past 
value  in  bridge  design ;  but,  as  has  been  pointed  out  by  others  as  well  as  the 
writer,  the  Cooper  loading  diagram  has  outlived  its  usefulness.  It  has  served 
its  purpose  well,  but  new  conditions  have  arisen  as  a  result  of  locomotive  de- 
velopments far  exceeding  Mr.  Cooper's  anticipations,  and  surely  engineers  may 
make  revisions  to  suit  these  new  conditions  without  detracting  credit  from  the 
pioneer  who  blazed  the  trail.  The  writer's  position  in  this  matter  is  that 
expressed  by  the  dean  of  railroad  bridge  engineers,  Mr.  Bland,  who  has  stated 
that,  "if  Mr.  Cooper  was  still  alive,  he  would  share  this  view  and  be  among 
the  first  .to  devise  a  new  method  and  one  which  not  only  conformed  to  exist- 
ing engines  and  train  loads,  but  looked  forward  and  beyond." 

The  principal  criticisms  made  by  Mr.  Lang  have  been  answered  at  length. 
The  selections  of  engines  and  following  train  loads  in  the  writer's  inves- 
tigation have  been  fully  explained  and  defended;  they  have  received  the  con- 
firmation and  endorsement  of  many  eminent  bridge  engineers  as  the  correct 
and  proper  basis  for  a  modem  loading  specification. 

Mr.  Lang's  question  why  the  special  engines  used  by  the  writer  should  be 
followed  by  a  train  load  of  only  6  000  lb.  per  lin.  ft.,  is  answered  by  the  simple 
fact  that  that  is  the  maximum  weight  of  train  load  actually  used  behind  the 
engines  under  discussion.    In  fact,  the  heaviest  cars  to  be  found  behind  these 
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locomotives  are  generally  210  000-lb.  coal  cars,  which  give  a  maximum  train 
weight  (with  all  cars  carrying  full  overload)  of  only  4  770  lb.  per  lin.  ft. 

If  these  modern  engines  and  their  actual  following  train  loads  are  com- 
pared with  the  E-40  loading,  confirmation  will  be  found  of  the  statement 
challenged  by  Mr.  Lang,  that  "the  axle  concentrations  have  increased  100%, 
whereas  the  weight  of  train  per  linear  foot  has  increased  barely  50  per 
cent."  This  disproportion  is  still  further  accentuated  when  the  Pennsylvania 
H-C-l-S  engine  with  axle  loads  of  86  400  lb.  is  considered. 

Mr.  Lang  contends  that  the  Cooper  E«73  with  a  train  load  of  7  300  lb.  per 
lin.  ft.  "more  nearly  approximates  present-day  equipment  and  rolling  stock." 
With  the  exception  of  some  special  ore  cars,  trains  will  not  be  found  exceed- 
ing 6  000  lb.  per  lin,  ft.  As  a  rule,  the  maximum  train  weight  is  consid- 
erably less  than  this  figure,  even  behind  the  engines  which  Mr.  Lang  char- 
acterizes as  "extreme". 

Mr.  Lang  criticizes  the  M-loading  as  perpetuating  a  material  difference 
in  the  effect  of  the  engine  and  train  load  on  bridge  structures.  The  same 
criticism  also  applies  to  the  E-loading;  the  essential  distinction  is  that  the 
Cooper  loading  would  perpetuate  the  ratio  that  obtained  more  than  thirty 
years  ago,  whereas  the  M-loading  makes  a  fresh  start  with  the  ratio  that 
obtains  to-day.  If  there  was  any  practical  way,  without  compensating  dis- 
advantage, to  make  the  specification  flexible  in  this  respect,  the  writer  would 
welcome  it;  in  the  absence  of  such  expedient,  it  is  surely  preferable  to  base 
a  specification  on  the  present  ratio  than  to  perpetuate  a  ratio  that  has  long 
been  outgrown. 

Mr.  Lang  questions  the  writer's  suggestion  that  design  loads  should  be 
25  to  50%  heavier  than  the  average  present  loading.  The  writer  merely 
made  this  suggestion  in  the  light  of  repeated  past  experience  with  the  obso- 
lescence of  bridge  structures  under  unanticipated  load  increase.  This  subject 
is  involved  with  the  question  of  proper  unit  stresses.  Where  a  unit  stress  of 
20  000  or  24  000  lb.  per  sq.  in.  would  be  justified,  the  current  practice  is  to  use 
only  16  000  lb.  per  sq.  in.,  in  order  to  provide  for  a  possible  load  increase  of 
25  or  50  per  cent.  The  writer  maintains  that  it  would  be  more  rational  and 
would  give  better  designs  to  increase  the  assumed  live  loads  instead  of  reducing 
the  unit  stresses.  Designing  with  ultimate  unit  stresses  for  ultimate  antic- 
ipated loads  will  give  the  best  proportioned  structures,  with  the  metal  dis- 
tributed where  it  will  do  the  most  good  in  insuring  their  longevity.  When  this 
fundamental  principle  receives  recognition  in  specifications  in  the  form  of 
increased  unit  stresses,  the  design  load  can  properly  be  augmented  from  M-50 
to  M-60  or  M-75, 

Mr.  Lang  submits  a  table  of  E-ratings  for  M-60  (Table  10),  in  which 
he  shows  apparent  errors  in  the  writer's  figures  by  comparison  with  his  own. 
The  values  which  he  gives  are  taken  from  Table  2,  which  refers  to  the  com- 
posite loading;  whereas,  he  should  have  calculated  his  values  from  Table  3, 
which  refers  to  the  proposed  typical  engine  loading  (M-Loading  No.  1).  In 
addition,  Mr,  Lang  has  included  in  his  figures  the  alternative  loading  of  two 
axle  concentrations  which  are  not  a  part  of  the  Cooper  loading,  but  have 
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been  added  to  it  (with  variations)  to  correct  some  of  the  deficiencies  of  that 
loading  at  short  spans.  (In  the  proposed  M-loading,  the  necessity  for  such 
alternative  concentrations  is  obviated.)  With  these  corrections,  the  apparent 
errors  in  the  writer's  values  will  be  found  to  vanish. 

Mr.  Lang  attempts  to  show  that  the  proposed  M-loading  does  not  vary 
appreciably  from  the  Cooper  system  of  loading,  but  his  own  values  in  Table 
10  are  a  sufficient  refutation,  as  they  show  a  variation  of  27%  in  the  E-rating 
for  M-60,  from  a  maximum  of  E-77.3  at  a  40-ft.  span  to  a  minimum  of  E-61.0 
at  a  300-ft.  span.  A  variation  of  27%  is  not  one  to  be  ignored.  With  the 
modified  M-engine  diagram  adopted  by  the  Special  Committee  on  Specifica- 
tions for  Bridge  Design  and  Construction,  the  variation  from  the  Cooper 
loading  is  still  greater,  amounting  to  38  per  cent.    (See  Table  17*.) 

Mr.  Lang  also  attempts  to  prove  that  the  Cooper  loading  fits  the  composite 
of  the  heaviest  locomotives  better  than  the  proposed  M-loading.  Inspection  of 
Fig.  4  and  Fig.  6  will  prove  the  contrary.  Fig.  4  shows  that  with  the  excep- 
tion of  a  few  isolated  points,  the  M-loading  agrees  with  the  composite  within 
1%,  for  all  points  of  all  spans  up  to  1  000  ft.;  the  few  larger  variations  found 
are  confined  to  very  short  spans,  with  extreme  values  of  —  4  and  -j-  6  per  cent. 
Fig.  6,  as  well  as  Plate  IX,  shows  that  the  Cooper  loading  varies  from  the 
composite  by  about  25  per  cent.  If  E-60  is  used,  this  variation  from  the  com- 
posite is  found  at  short  spans;  if  E-73  or  E-75  is  used,  the  25%  variation  is 
found  at  long  spans.  Mr.  Lang  uses  E-73,  but  omits  the  long  spans  from  his 
diagram  (Fig.  17),  so  that  the  25%  variation  from  the  composite  is  not 
revealed. 

With  the  modification  of  the  M-loading  shown  in  Fig.  19,  the  variation 
of  M-60  from  the  composite  has  been  augmented  at  short  spans,  on  the  side 
of  safety;  but  even  with  this  increase,  M-60  shows  less  variation  from  the 
composite  than  E-73.  The  maximum  variation  of  center  moments  from  the 
composite  is  21.3%  for  E-73  and  only  11.9%  for  M-60,  and  the  maximum  vari- 
ation of  end  shears  from  the  composite  is  18.3%  for  E-73  and  only  9.3% 
for  M-60.  Even  this  comparison  is  not  fair  to  the  M-loading,  as  these  varia- 
tions of  M-60  from  the  composite  are  confined  to  the  shortest  spans  and  rep- 
resent an  excess  intentionally  introduced  for  the  better  protection  of  these 
short  spans  in  which  stress  effects  are  most  likely  to  be  increased  by  future 
developments. 

Mr.  Lang  emphasizes  the  point  that  it  would  involve  too  much  work  to 
re-classify  the  250  000  railroad  bridges  in  the  United  States.  This  would  not 
be  necessary.  Moreover,  it  will  be  found  that  very  few  railroads  have  made 
much  headway  in  "Cooperizing"  their  lines;  the  bridges  for  which  E-ratings 
have  been  calculated  and  recorded  constitute  a  small  proportion  of  the  total. 
For  the  bridges  as  yet  unclassified,  it  will  be  as  easy  to  fix  the  M-ratings  as 
the  E-ratings;  and  for  the  others,  even  if  deemed  necessary,  it  requires  very 
little  work  per  structure  to  translate  E-rating  to  M-rating  by  means  of  a 
conversion  table  or  chart  (Table  17,*  as  presented  by  the  Special  Committee 
on  Specifications  for  Bridge  Design  and  Construction,  mentioned  previously, 

*  See  p.  516. 
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Tables  11  and  12,  and  Figs.  22  and  23).  This  conversion  to  M-rating  will 
soon  be  justified  in  the  time  saved  in  judging  the  capacity  of  the  structure 
for  heavy  loadings. 

Mr.  Lang  makes  a  special  point  of  showing  that  about  96%  of  the  rail- 
road bridges  are  less  than  120-ft.  span,  and  that  at  less  than  that  span  the 
differences  between  the  E-loading  and  the  M-loading  are  unimportant.  The 
spans  exceeding  120  ft.  may  be  only  4%  of  the  total  number,  but  they  are 
considerably  more  important  than  that  small  percentage  would  indicate.  A 
single  long  span  may  outweigh,  in  importance  and  in  cost,  a  hundred  small 
viaduct  spans  in  its  approaches.  One  would  not  think  of  limiting  the  speci- 
fications to  120  ft.,  and  letting  all  longer  spans  take  care  of  themselves.  Engi- 
neers are  not  writing  specifications  limited  to  plate-girder  spans.  Moreover, 
a  glance  at  Plate  XIV,  or  Table  17*  of  the  report  of  the  Special  Committee 
on  Specifications  for  Bridge  Design  and  Construction,  reveals  a  considerable 
difference  between  the  M-loading  and  the  E-loading  even  in  short  spans; 
Table  17*  shows  that  M-60  is  equivalent  to  E-83  at  a  35-ft.  span  and  to  E-69.8 
at  a  98-ft.  span,  or  a  variation  of  19%  below  a  100-ft.  span. 

Mr.  Welty  is  one  of  the  authors  of  the  Sub-Committee  reportf  which 
influenced  the  American  Railway  Engineering  Association  to  retain  the 
Cooper  loading  in  1920;  and,  in  his  discussion  of  the  writer's  paper,  he 
maintains  his  preference  for  the  Cooper  loading  "with  possibly  a  modification 
in  the  uniform  load  following  the  series  of  wheel  loads." 

Mr.  Welty's  argument  that  most  railroad  bridges  have  span  lengths  of  less 
than  100  ft.  and  that,  for  such  spans,  it  makes  little  difference  what  loading 
is  used,  has  already  been  answered. 

For  longer  spans,  Mr.  Welty  points  out  that  the  difference  between  the 
loadings  can  be  corrected  by  changing  the  Cooper  loading,  using  E-73  -f-  6  000 
instead  of  the  Cooper  standard,  E-73  +  7  300.  This  suggestion  has  already 
been  discussed  at  length,  and  it  has  been  shown  that  this  would  not  be  a  sat- 
isfactory solution  of  the  problem.  Plate  XIV  shows  one  of  the  reasons.  It 
would  not  be  as  good  a  solution  as  a  change  to  M-60. 

Professor  Williams  endorses  the  writer's  investigation  as  promoting  econ- 
omy, adequacy,  and  consistency  in  bridge  design.  He  declares  that,  in  a  sense, 
the  Cooper  loadings  have  been  a  deteriment  to  structural  engineering,  and  that 
lack  of  balance  in  most  designs  resulting  from  the  application  of  the  E- 
rating  to  express  modern  loadings  even  exceeds  the  37%  given  by  the  writer. 

Of  the  three  forms  of  loading  specification  proposed,  Professor  Williams 
expresses  a  preference  for  the  typical  engine  diagram  (M-Loading  No.  1),  as 
he  considers  equivalent  uniform  loads  insufficiently  accurate  to  represent  the 
actual  effects  of  wheel  concentrations.  This  point,  however,  is  open  to  consid- 
erable difference  of  opinion. 

Professor  Williams  emphasizes  a  point  which  the  writer  has  made  elsewhere, 
namely,  that  the  problems  of  loads  and  stresses  are  interrelated.  The  present 
working  stress  of  16  000  lb.  per  sq.  in.  is  too  low.     To  provide  properly  for 
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future  increase,  the  factor  of  safety  should  be  inserted  in  the  loadings  rather 
than  in  the  unit  stresses.  The  correctness  of  the  principle  of  "ultimate  loads 
with  ultimate  unit  stresses"  cannot  be  denied,  and  the  Profession  will  have 
to  come  to  its  acceptance.  This  thought  has  been  the  basis  of  all  the  writer's 
studies  for  his  paper,  and  may  help  to  explain  why  his  recommendations  of 
design  loadings  are  higher  than  those  customarily  regarded  as  adequate. 

Mr.  Jones  weighs  the  difficulties  involved  in  arriving  at  a  uniform  load- 
ing specification  of  enduring  application.  He  endorses  the  indictment  of  the 
Cooper  system  because  of  the  discrepancies  between  it  and  present-day  devel- 
opments, and  indicates  the  reasons  for  the  use  by  so  many  railroad  compa- 
nies of  loadings  other  than  the  Coox)er  loadings.  Although  a  new  specification 
derived  on  essentially  the  same  assumptions  as  those  of  Cooper  may  prove  to 
be  subject  to  the  same  local  limitations  in  the  light  of  future  developments, 
Mr.  Jones  agrees  in  the  desirability  of  making  a  fresh  start  and  of  having 
a  uniform  loading  specification  throughout  the  United  States.  He  expresses 
the  hope  that,  "even  though  the  permanency  of  a  new  standard  adopted  to-day 
may  be  voted  dubious,  one  may  be  adopted,  if  only  as  a  second  step  toward 
the  ultimate." 

Mr.  Jones  prefers  the  typical  engine  diagram  (M-Loading  No.  1)  as  an 
outline  which  can  be  easily  reviewed  as  mechanical  developments  are  made. 
He,  therefore,  chooses  it  for  publication  in  the  specifications;  he  points  out, 
however,  that  the  designer  wall  probably  forget  the  wheel-load  diagram,  paste 
the  table  (Fig.  20),  or  chart  of  equivalent  uniform  loads  (Plate  XITI),  in  his 
handbook,  and,  perhaps,  memorize  the  equivalent  loading  formula  (Equation 
(4)  or  Equation  (12)  for  emergencies,  and  thereby  save  precious  hours  of 
computation. 

Mr.  Woodruff  endorses  the  writer's  argument  that  the  Cooper  loading  does 
not  fit  present  conditions,  and  emphasizes  the  fact  that  the  divergence  is  likely 
to  be  increased  by  future  developments. 

Commenting  on  the  proposed  M-loading,  Mr.  Woodruff  raises  some  ques- 
tions which  have  already  been  discussed.  His  objection  on  the  ground  that 
some  of  the  locomotives  considered  by  the  writer  are  in  limited  use,  is 
answered  by  the  argument  that  these  locomotives  represent  the  maximum 
of  each  of  the  modern  types  and  were  considered  merely  as  the  best  indication 
of  the  trend  of  future  development.  He  suggests  that  the  M-loading  does  not 
provide  adequately  for  short  spans  (although  it  does  so  more  generously  than 
the  Cooper  loading).  The  writer  has  anticipated  this  suggestion  by  changing 
the  spacing  of  the  heavy  drivers  in  the  M-engine  diagram  from  5J  ft.  to  5  ft. 

Mr.  Woodruff  suggests  an  increase  of  10%  in  the  uniform  load  of  the 
proposed  M-loading  on  the  ground  that  in  the  future  the  train  load  may 
increase  more  rapidly  than  the  engine  load;  but  the  writer,  guided  by  past 
experience  and  supported  by  others  in  these  discussions,  does  not  agree  with 
this  prediction.  The  economics  of  railroad  operation  demand  continued 
development  and  augmentation  of  locomotive  weights,  but  not  of  car  weights. 
The  question  of  relative  train  load  affects  only  the  long  spans;  and  for  those 
spans  the  lower  average  weight  (per  linear  foot)  of  long  trains  should  be 
taken  into  account. 
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Mr.  Woodruff  declares  his  preference  for  M-Loading  No.  1,  as  it  facilitates 
judgment  of  heavy  shipments. 

He  suggests  designing  directly  for  M-75,  both  for  simplicity  and  economy ; 
but  this  is  exactly  what  the  writer  meant  when  he  recommended  designing 
for  the  M-60  loading  with  a  provision  for  25%  overload;  he  expressed  it  in 
that  form  in  order  to  keep  before  the  designing  engineer  the  intent  of  the 
25%  margin,  and  the  thought  that  the  unit  stress  may  then  be  justifiably 
increased  from  16  000  to  20  000  lb.  per  sq.  in. 

Mr.  Thomson  endorses  the  writer's  paper.  He  points  out  that  there  is 
more  uniformity  now  than  in  the  past  in  the  loadings  used  by  different 
railways,  and  emphasizes  the  importance  and  value  of  proper  standardization 
in  this  field. 

Professor  Young  characterizes  the  data  presented  by  the  writer  as  "so 
convincing  as  to  leave  no  other  course  open  than  to  revise  the  present  obsolete 
locomotive  loadings."  He  adds :  "The  author  has  established  that,  for  heavy 
loadings  on  first-class  railway  systems,  the  Cooper  system  is  inadequate  and 
that  the  new  proposed  system  would  give  safe  and  logical  results."  Professor 
Young  expresses  the  hope  that  the  American  Railway  Engineering  Association 
will  reconsider  its  decision  to  abide  by  the  Cooper  system. 

Although  Professor  Young  endorses  the  M-loadings  as  "admirably  suited  to 
the  heavier  lines  operating  with  steam  locomotives,"  he  questions  whether  they 
are  as  closely  applicable  to  average  or  second-class  lines.  Plate  XIV  shows  that 
any  line  on  which  Santa  Fe  engines  are  operated  will  be  better  protected  by 
the  M-loading  than  by  the  E-loading.  Mr.  Bland,  of  the  Pennsylvania  Sys- 
tem, has  found,  from  independent  studies,  that  the  M-loading  is  also  admirably 
adapted  to  protect  Consolidation  and  Mikado  locomotives.  The  M-equivaleuts 
found  by  him  are  given  on  page  710.  Accordingly,  for  average  or  second-class 
lines,  even  those  on  which  a  Mallet  locomotive  will  never  be  used,  it  will  be 
found  to  be  safe  and  economical  to  adopt  the  M-loadings. 

Professor  Young  also  mentions  the  increasing  importance  of  the  electric 
locomotive.  Although  this  type  of  traction  has  not  developed  sufficiently  to 
permit  judgment  as  to  future  standards,  the  writer  is  prepared  to  state  that  the 
more  advanced  designs  of  the  electric  locomotive  show  features  which  fully 
justify  the  adoption  of  the  M-loading.  The  new  Norfolk  and  Western  type  of 
electric  locomotive  has  eight  axle  loads  of  70  250  lb.  each,  in  two  closely  spaced 
groups,  and,  therefore,  resembles  a  Mallet  wheel  diagi'am.  The  writer  has 
calculated  its  stresses  and  finds  that  it  is  safely  and  economically  represented 
by  M-52. 

Of  the  alternative  forms  of  the  proposed  loading.  Professor  Young  favors 
the  loading  formula  (M-Loading  No.  3)  as  most  direct  and  scientific,  and 
therein  agrees  with  the  preference  of  the  writer.  It  does  not  seem  expedient 
at  this  time,  however,  to  introduce  such  an  innovation  into  general  specifi- 
cations. 

Mr.  Godfrey  endorses  the  writer's  conclusion  that,  for  the  heaviest  loco- 
motives and  train  loads,  the  Cooper  loading  does  not  give  consistent  stresses 
nor  economic  designs.     This,  however,  Mr.   Godfrey  does   not  regard  as  a 
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sufficient  reason  for  making  a  change.  In  the  writer's  opinion,  Mr.  Godfrey's 
arguments  involve  the  fallacy  of  giving  undue  prominence  to  the  existing 
ratings  of  old  bridges,  and  of  under-rating  the  importance  of  the  proper  design 
of  new  bridges.  Sooner  or  later,  all  capacity  ratings  will  have  to  be  reviewed 
or  revised  for  loading  development,  and,  eventually,  all  bridges  will  have  to 
be  rebuilt.  It  appears,  therefore,  to  be  a  short-sighted  policy  to  perpetuate 
an  old  loading  system  which,  it  is  admitted,  does  not  correspond  with  the 
latest  in  modern  engine  construction,  in  order  to  save  the  temporary  (and 
over-estimated)  trouble  of  making  a  change.  Moreover,  even  for  the  rating  of 
bridges,  the  M-system  will  be  found  to  be  a  time  saver,  for  it  will  facilitate 
comparison  of  rated  capacities  with  actual  modern  loadings. 

'  Apparently  forgetting  his  own  arguments  against  a  change  of  loading 
standard,  Mr.  Godfrey  proposes  to  modify  the  Cooper  loading  in  order  to 
correct  its  shortcomings.  This  proposal  would  not  obviate  the  need  of  revising 
existing  bridge  ratings,  the  difficulty  of  which  Mr.  Godfrey  has  cited  as  his 
principal  objection  to  a  change  of  specification. 

The  two  modifications  of  the  Cooper  loading  proposed  by  Mr.  Godfrey 
are  a  reduction  of  the  uniform  train  load  behind  the  locomotive,  and  an 
increase  in  weight  of  the  alternative  axle  concentrations;  the  proposed 
M-loading  combines  these  features  in  a  much  simpler  diagram,  and  gives  the 
desired  results  without  the  use  of  any  alternative  loads. 

Mr.  Robinson  expresses  a  strong  preference  for  the  Cooper  loading.  He 
cites,  as  his  authority,  the  report  of  the  Sub-Committee  of  the  American 
Railway  Engineering  Association  in  preparing  the  Specifications  of  1920.* 
The  writer,  in  his  investigation,  used  the  same  locomotives  that  were  con- 
sidered in  that  report,  and  from  them  derived  the  proposed  M-loadings.  It 
appears  inconsistent  to  cite  that  report  as  an  authority  and,  at  the  same  time, 
to  criticize  the  writer's  loading  assumptions. 

Mr.  Robinson  contends  that  not  many  Mallet  locomotives  will  be  built  in 
the  future,  because  the  Santa  Fe  and  Mikado  types  are  more  efficient.  Accord- 
ing to  Mr.  Bland's  findings,  the  M-loading  fits  the  Mikado  stresses  consistently, 
and,  as  shown  by  Plate  XIV,  the  M-loading  fits  the  stress-producing  effects  of 
locomotives  of  the  Santa  Fe  type  much  better  than  the  Cooper  loading.  Mr. 
Robinson  admits  that  it  may  prove  necessary  later  to  revise  the  Cooper  loading ; 
but,  if  a  change  is  anticipated,  there  is  no  time  like  the  present  for  making  it. 

Mr,  Robinson  also  argues  that  M-60  is  too  heavy  for  locomotives  in 
general  use.  If  that  is  true,  the  railway  engineer  can  specify  M-50  instead. 
The  essential  point  is  not  the  index  number,  but  the  adoption  of  a  correct 
type  of  loading  to  produce  properly  balanced  designs  for  anticipated 
development. 

Mr.  Moore  endorses  the  writer's  investigations  and  conclusions.  He  makes 
the  important  point  that  any  change  which  better  meets  the  tendencies  of 
locomotive  design  is  an  advance. 

He   declares  his   preference  for   M-Loading   No.    1    (the   typical   engine 
diagram),  as  it  permits  stresses  to  be  checked  by  judgment.    The  requirements 
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of  the  lighter  lines,  he  points  out,  can  be  met  by  reducing  M-60  to  a  lo\^r 
index. 

Mr.  Moore  also  raises  the  interesting  question  of  electric  locomotives.  He 
mentions  the  Norfolk  and  Western  freight  locomotive  that  has  four  axles  of 
70  250  lb.  each,  concentrated  in  a  distance  of  16  ft.  6  in.,  with  another 
similar  series  of  loads  22  ft.  away.*  The  writer  agrees  with  Mr.  Moore  that 
the  stress-producing  effects  of  this  locomotive  are  nearly  as  great  as  those  of 
the  series  of  steam  locomotives  used  in  deriving  the  composite.  Calculations 
show  that  this  locomotive,  followed  by  210  000-lb.  cars,  is  closely  and  con- 
sistently represented  by  the  M-52  loading.  (In  the  Cooper  system,  the  equiv- 
alent is  E-67  at  short  spans  and  E-50  at  long  spans,  a  variation  of  34  per  cent.) 

Mr.  Moore  believes  that  increase  in  length  of  locomotive  with  new  wheel 
arrangements  is  more  probable  in  future  developments  than  further  intensifi- 
cation of  axle  concentrations.  That  would  be  another  argument  for  the 
M-loading,  as  it  provides  for  more  axle  loads  per  locomotive  than  the  Cooper 
loading. 

Mr.  Moore  makes  one  suggestion  open  to  question,  namely,  that  the 
ri'  uniform  train  load  behind  the  locomotive  should  be  kept  constant.  There 
are  practical  obstacles  to  such  a  specification.  The  writer  has  chosen  a  middle 
;'}  ground  between  this  suggestion  to  keep  the  train  load  constant  and  the 
contentions  of  those  who  believe  that  future  train  loads  will  increase  more 
rapidly  than  locomotive  loads.  Economic  considerations  would  indicate  that 
Mr.  Moore's  prediction  is  the  more  likely.  The  middle  course  adopted  by  the 
writer  follows  the  line  indicated  by  past  experience,  and  is  dictated  by 
practical  expediency. 

Mr.  Moore  concludes  that  the  proposed  loadings  are  progressive  and  will 
be  justified  by  future  locomotive  developments;  and  he  expresses  his  con- 
viction that  the  M-loading  will  soon  be  generally  adopted. 

Professor  Wing  devotes  his  discussion  principally  to  a  consideration  of 
the  choice  of  form  of  loading  specification.  He  prefers  the  actual  heavy 
engine  diagrams  for  rating  the  capacity  of  existing  bridges,  and  the  typical 
engine  diagram  (M-Loading  'No.  1)  for  the  design  of  new  bridges.  For  the 
rating  of  existing  bridges,  he  will  find  that  it  will  save  time  to  determine 
and  use  the  M-equivalent  of  the  governing  locomotives  on  any  line,  similar  to 
the  series  of  M-equivalents  established  by  Mr.  Bland  for  the  different  governing 
locomotives  on  the  Pennsylvania  Lines. 

Mr.  Stewart  regards  the  writer's  proposals  as  extreme,  because  they  are 
based  on  maximum  instead  of  average  locomotives.  This  point  has  already 
been  discussed  at  length,  and  the  writer's  position  that  a  progressive  loading 
system  should  anticipate  future  development  really  agrees  with  Mr.  Stewart's 
admission  that: 

"As  the  tendency  has  been  *  *  *  for  the  weight  of  rolling  stock  to 
increase  slowly,  the  standard  loading  should  tend  to  be  more  nearly  normal 
to  the  heavier  rather  than  to  the  lighter  existing  or  probable  locomotives." 

The  writer  does  not  agree  with  Mr.  Stewart's  statement  that  the  M-loading 
cannot  be  reduced  to  fit   the  lighter  classes  of  locomotives.     Independent 
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calculations  made  by  the  writer  and  by  Mr.  Bland,  of  the  Pennsylvania 
System,  show  that  the  M-system  furnishes  consistent  ratings  even  for  Con- 
solidation locomotives.  The  M-loading  is  as  good  as  the  Cooper  system 
(and  simpler)  for  the  lighter  locomotive  types,  and  it  is  better  than  the  Cooper 
system  for  the  heavier  types. 

Professor  Jacoby  endorses  the  writer's  comparisons  between  the  com- 
posite of  the  heavy  modern  loadings  and  the  Cooper  standard  now  in  use. 
He  points  out  that  it  is  an  easy  matter  for  any  railroad  to  make  its  own 
comparison  of  its  governing  locomotives  with  the  M-standard,  and  to  deter- 
mine how  closely  a  reduction  of  index  from  M-60  would  fit  the  results.  He 
recommends  the  M-Loading  No.  1  (the  typical  engine  diagram)  as  the  most 
expedient  and  practical. 

llr.  Fowler  endorses  the  writer's  position  that  the  Cooper  system  is  badly 
out  of  date  and  out  of  time  with  modem  bridge  engineering,  and  that  a 
composite  loading  is  the  correct  solution  of  the  problem.  He  also  agrees 
with  the  writer  that  the  Cooper  standard  perpetuates  the  incorrect  ratio  of 
train  load  to  locomotive  load,  and  cites,  as  an  instance,  the  fact  that  the  weight 
of  the  train  behind  the  heaviest  locomotive  on  the  Michigan  Central  Railroad 
is  only  4  000  lb.  per  lin.  ft. 

Mr.  Loweth  declares  himself  in  sympathy  with  the  movement  to  simplify 
and  make  more  practical  the  typical  engine  and  train  loadings  used  for  pro- 
portioning railroad  bridges.  He  cites  the  repeated  past  experience  of  designing 
bridges  for  the  heaviest  locomotives  known  with  a  margin  for  possible 
increase,  only  to  find  the  assumed  loading  exceeded  by  heavier  locomotives 
before  the  bridge  was  completed.  Surely,  this  is  a  sufficient  answer  to  those 
who  criticize  the  proposed  M-loading  as  being  based  on  locomotives  heavier 
than  the  average. 

Mr.  Loweth's  statement  that  electric  locomotives  produce  less  impact  is  a 
consideration  which,  in  the  vsrriter's  opinion,  should  be  covered  in  the  impact 
formula  and  not  in  the  loading  specification.  He  suggests  further  that  electric 
locomotives  will  be  less  frequently  double-headed  than  steam  locomotives, 
which  is  an  argument  in  favor  of  the  M-engine  diagram,  as  that  diagram 
consists  of  a  single-headed  locomotive. 

Mr.  Modjeski  endorses  the  writer's  conclusion  that  the  Cooper  standard 
loading  does  not  properly  represent  modern  loading  conditions.  He  also 
suggests  modifying  the  Cooper  loading  and  using  E-73 -|- 6  000  instead  of 
M-60,  which  suggestion  has  already  been  discussed. 

Mr.  Modjeski  indicates  a  perference  for  the  second  alternative,  namely,  a 
uniform  load  with  floating  concentrations  (M-Loading  N'o.  2). 

Mr.  Turner  presents  a  theoretical  analysis  of  impact,  particularly  as 
affected  by  speed.  From  this,  he  concludes  that  the  impact  for  E-60  loading 
at  passenger  train  speed  would  be  nearly  equal  to  that  of  an  E-75  loading 
at  freight  train  speed.  Similar  relations  can  be  established,  of  course,  between 
different  indices  of  the  M-system  of  loads,  but  the  writer  does  not  see  how  they 
affect  the  choice  as  between  the  Class-E  and  the  Class-M  loadings.  The 
proper  place  to  cover  considerations  of  impact  is  in  the  specification  for 
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impact,  not  in  the  specification  for  loads.  If  it  is  Mr.  Turner's  idea  that 
a  loading  specification  should  be  based  on  passenger  locomotives  and  not  on 
freight  locomotives,  the  writer  does  not  believe  that  the  Profession  would 
share  such  a  view. 

In  closing,  the  writer  wishes  to  state  that,  after  reviewing  the  discussions, 
he  is  confirmed  in  his  conclusions  that  the  Cooper  engine  diagram  does  not 
properly  represent  modern  loading  conditions;  and  he  submits  the  M- 
loading  (Fig.  19)  as  the  final  result  of  his  studies  to  determine  the  best 
possible  loading  specification  to  meet  present-day  and  future  loading  conditions. 

The  writer  wishes  to  take  this  opportunity  of  recording  his  gratitude  to 
all  those  who  have  helped  in  connection  with  this  paper:  to  O.  E.  Hovey, 
H.  B.  Seaman,  J.  C.  Bland,  Members,  Am.  Soc.  C.  E.,  and  Mr.  E.  A.  Howard, 
for  their  helpful  encouragement;  to  H.  T.  Welty,  F.  E.  Schmitt,  C.  E.  Fowler, 
and  W.  G.  Grove,  Members,  Am.  Soc.  C.  E.,  for  valuable  suggestions  received; 
to  Messrs.  G.  Johnson  and  J.  London  for  loyal  and  generous  assistance  in 
preparing  the  tables  and  diagrams;  to  the  Secretary  of  the  Society  and  his 
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THE  COLORADO  RIVER  DEVELOPMENT 
By  Arthur  P.  Davis,*  Past-President,  Am.  See.  C.  E. 


The  Colorado  River  and  its  tributaries  constitute  one  of  the  greatest  poten- 
tial assets  of  the  United  States.  Already  serving  more  than  2  000  000  acres 
of  farm  land  with  irrigation  water,  it  will  eventually  serve  treble  that  area.  It 
drains  parts  of  seven  States,  and  flows  for  more  than  100  miles  on  Mexican 
soil.  Before  the  building  of  railroads,  it  was  navigated  for  more  than  400 
miles,  and  although  now  mainly  abandoned  by  navigators,  it  is  still  navigable. 
This,  and  its  interstate  and  international  character,  makes  its  problems  pecu- 
liarly national. 

Its  great  power  possibilities  are  one  of  its  most  remarkable  characteristics. 
Rising  on  the  summit  of  the  Rocky  Mountains,  at  altitudes  exceeding  14  000 
ft.,  it  flows  rapidly  through  canyons  abounding  with  rapids,  to  nearly  sea  level. 
It  drains  an  area  of  about  244  000  sq.  miles,  including  large  areas  of  heavy 
snow  fall,  and  its  annual  average  discharge  is  about  18  000  000  acre-ft.  This 
large  volume  of  water,  with  its  immense  fall,  indicates  a  total  of  8  000  000 
h.  p.,  of  which  three-fourths  is  susceptible  of  development  whenever  reason- 
able markets  will  justify  it.  In  addition,  its  tributaries,  widely  distributed 
and  already  partly  developed,  have  vast  possibilities  of  power.  Fig.  1  is  a  map 
of  the  Colorado  River  Basin  showing  Government  irrigation  projects,  con- 
structed and  proposed,  power  plants  in  operation,  possible  power  sites,  etc. 

Its  upper  courses  are  mostly  mountainous,  and  traverse  a  few  valleys  of 
moderate  area.  Its  middle  reaches  are  through  plateaus  scored  by  profound 
canyons,  constituting,  topographically,  one  of  the  roughest  regions  of  the  world, 
the  lower  stretches  pass  through  hot,  dry  valleys  of  alluvial  silt,  which  are  rich 
in  all  kinds  of  plant  food  and  which  have  a  growing  season  of  twelve  months. 
If  properly  regulated,  the  Colorado  is  ample  to  supply  the  much  needed 
water  for  the  irrigation  of  these  semi-tropical  valleys  and  to  make  them  produce 
a  wonderful  abundance  and  sustain  a  dense  and  prosperous  population.  The 
discharge  of  the  river  is  sometimes  less  than  5  000  cu.  ft.  per  sec.  and  the  mean 
flow  is  about  24  000  sec-ft.  The  peaks  of  its  floods  at  Laguna  Dam  are  at  times 
more  than  200  000  cu.  ft.  per  sec.  The  low-water  flow  of  the  river  is  already 
appropriated  for  irrigation  and  cannot  be  greatly  extended  without  storage. 

The  complete  and  efficient  use  of  the  river  for  power  also  requires  its  regula- 
tion by  large  storage  works.  The  most  important  and  the  most  urgent  need  of 
storage,  however,  is  in  the  control  of  the  destructive  floods  which  annually 
pour  over  the  lower  valleys.  Every  large  alluvial  valley  has  its  problems  of 
river  control,  but  those  of  the  Colorado  are  unique,  on  account  of  the  peculiar 
topographic  conditions  on  the  lower  river. 

The  Gulf  of  California  formerly  extended  nearly  150  miles  farther  north 
thail  its  present  head,  and  the  Colorado  River  emptied  into  its  eastern  margin 
about  100  miles  south  of  the  head,  carrying  annually  into  it  more  than  80  000 
acre-ft.  of  silt.      This  deposition  built  a  great  alluvial  delta  which  finally 

*  Washington,  D.  C. 
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extended  across  the  Gulf  and  cut  off  the  connection  of  the  northern  end  from 
the  sea,  converting  it  into  an  inland  basin  from  which  the  water  has  been 
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mostly  evaporated,  leaving  in  its  bottom  the  Salton  Sea  covering  300  sq.  miles, 
with  a  surface  nearly  250  ft.  below  sea  level. 
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Like  other  similar  streams,  the  river,  laden  with  sediment,  continually 
builds  up  its  channel  and  immediate  banks,  and  forms  a  ridge  growing  steadily 
higher,  until  the  stream  becomes  so  unstable  that,  in  some  great  freshet,  it 
abandons  this  high  channel  and  follows  some  course  on  lower  ground.  In  this 
manner,  the  stream  swings  back  and  forth  over  its  delta  which  has  been  built 
to  a  height  of  30  ft.  above  sea  level,  where  it  forms  a  barrier  between  the 
Salton  Sea  and  the  Gulf  of  California.  The  direct  distance  from  this  ridge 
to  the  Gulf  is  about  70  miles,  and  to  the  margin  of  the  Salton  Sea,  the  distance 
is  a  little  more.  As  the  inland  sea  is  about  250  ft.  below  the  Gulf,  there  is  a 
constant  tendency  to  flow  northward,  and  if  the  river  should  break  into  this 
basin  in  flood  time,  it  would  rapidly  erode  a  deep  channel  and  would  be  ex- 
ceedingly difficult  to  stop.  Unless  diverted,  the  river  would  fill  the  Salton 
Sea  to  sea  level,  or  higher,  and  submerge  the  Imperial  Valley,  destroying  all  the 
towns,  railroads,  and  farms,  as  there  is  no  escape  for  the  waters  of  the  Salton 
Sea  except  by  evaporation.  This  menace  would  be  largely  removed  by  the 
reduction  of  the  floods  of  the  Colorado  River,  and  the  control  of  its  waters. 

Some  engineers  have  held  that  the  sediment  carried  by  the  Colorado  is  so 
voluminovis  that  the  construction  of  storage  reservoirs  in  the  lower  basin  should 
not  be  attempted,  but  that  such  reservoirs  should  be  built  only  in  the  upper 
basin,  where  the  waters  are  comparatively  clear.  In  the  upper  country,  numer- 
ous good  storage  sites  have  been  surveyed  and  found  to  be  feasible.  They 
intercept  the  major  part  of  the  water  supply,  but  their  use  for  the  purposes 
of  the  lower  basin  is  subject  to  serious  objections. 

If  all  the  reservoirs  found  to  be  feasible  above  the  canyon  regions  were 
constructed,  more  than  one-half  the  drainage  area  would  still  be  unregulated. 
Although  this  is  the  more  arid  part  of  the  basin,  it  furnishes  occasional  serious 
floods,  and  the  flood  problem  could  not  thus  be  solved.  The  Gila  River  alone, 
although  draining  only  21%  of  the  basin,  and  contributing  only  6%  of  the 
water,  occasionally  discharges  floods  the  peak  flows  of  which  are  more  than 
those  of  the  Colorado  at  Laguna  Dam.  These  floods,  although  of  short  dura- 
tion, and  of  relatively  small  total  volume,  are  a  menace  and  require  separate 
storage.  This  is  true  also  of  any  other  large  area  not  regulated  by  the  reser- 
voirs suggested.  Another  serious  objection  to  so  using  the  reservoirs  of  the 
upper  basin,  is  that  it  would  destroy  their  usefulness  for  local  purposes  in  the 
upper  States  and  thus  virtually  destroy  the  large  resources  dependent  on 
them  in  their  vicinity. 

Fortunately,  it  has  been  disclosed  that  it  is  feasible  to  construct  a  dam  in 
the  granite  gorge  of  Boulder  Canyon,  that  will  intercept  practically  all  the 
drainage  above  the  Gila  and  form  a  reservoir  of  any  desired  capacity,  sufficient 
to  regulate  the  entire  flow  of  the  river  to  any  desired  regimen  of  discharge. 
Fig.  2  is  a  view  of  the  dam  site  in  Boulder  Canyon.  Such  a  reservoir  would 
not  only  eliminate  the  flood  menace  of  the  river,  but  would  also  furnish  the 
head  necessary  to  develop  600  000  firm  h.  p.,  and  this  same  regulation  would 
meet  the  requirements  of  irrigation  in  Arizona  and  California.  The  regulated 
flow  would  also  supply  two  large  power  sites  below  it,  still  nearer  the  present 
markets.  It  is  also  fortunate  that  the  Boulder  Canyon  site  is  located  so 
as  to  be  within  transmission  distance  of  large  available  power  markets   in 
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Firj.   2. — View  of  Boulder  Canyon  Dam  Site. 
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Arizona,  California,  Nevada,  and  Utah.  It  is  within  about  30  miles  of  a 
transcontinental  railway,  an  important  consideration  as  regards  accessibility 
and  cost. 

The  sediment  delivered  by  the  Lower  Colorado  River  is  estimated  to  be 
about  90  000  acre-ft.  annually.  This  quantity  can  be  stored  by  providing 
capacity  in  addition  to  that  required  for  other  purposes ;  a  capacity  of  9  000  000 
acre-ft.  would  store  the  silt  for  a  century,  and  larger  capacity  can  be  pro- 
vided if  desired.  Eventually,  it  will  be  necessary  to  provide  regulation  above, 
but  this  is  so  far  in  the  future  that  the  upper  reservoirs  will  doubtless  be  built 
in  ample  time.  Even  if  the  Boulder  Canyon  Reservoir  should  entirely  fill  with 
sediment,  the  power  head  will  be  unimpaired.  Thus,  Nature  has  provided 
means  for  removing  any  conflict  of  interests  between  the  upper  and  lower 
basins  of  the  Colorado,  and  the  way  is  open  for  an  amicable  agreement  on  a 
division  of  its  waters,  which  are  ample  for  all  feasible  uses  in  all  the  States 
concerned. 

To  accomplish  such  an  agreement,  a  commission  has  been  appointed,  headed 
by  Herbert  Hoover,  M.  Am.  Soc.  C.  E.,  representing  the  Federal  Government. ' 
A  representative  from   each   of  the   seven   States   directly  interested  is   also 
included  on  this  commission,  which,  it  is  hoped,  will  soon  reach  an  agreement 
acceptable  to  all  the  States. 

This  will  leave  the  upper  States  free  to  develop  all  their  irrigation  and 
power  resources  without  the  menace  of  antagonistic  claims  in  the  lower  States. 
Feasible  reservoir  sites  have  been  surveyed  at  Flaming  Gorge  on  the  Green 
River,  at  Juniper  on  the  Yampa,  and  at  Dewey  and  Gore  Canyon  on  the  Grand 
River.  A  site  also  exists  at  Ouray,  on  the  Green  River,  which  is  capable  of 
development  to  a  capacity  of  more  than  10  000  000  acre-ft.,  forming  the  largest 
reservoir  in  the  upper  basin,  but  it  would  occupy  a  valley  that  is  desired  for 
use  as  a  railroad  route  between  Denver,  Colo.,  and  Salt  Lake  City,  Utah,  and 
perhaps  may  be  devoted  to  that  use.  Numerous  reservoirs  of  less  capacity  on 
the  smaller  tributaries  of  the  Colorado  are  available  for  local  use  in  irrigation, 
with  perhaps  some  power  development. 

About  1  526  000  acres  of  land  are  now  irrigated  in  the  upper  basin  and 
there  is  a  possibility  of  bringing  this  development  to  more  than  4  000  000  acres, 
or  nearly  three  times  the  present  area. 

The  lower  basin,  exclusive  of  the  Gila  Basin,  now  includes  about  510  000 
acres  of  irrigated  lands,  and  this  area  can  be  increased  to  about  1 250  000 
acres,  exclusive  of  Mexico.  Fortunately,  the  supply  of  water,  if  wisely 
regulated  and  applied,  is  ample  to  carry  out  all  these  projects  and  to  develop 
more  than  6  000  000  h.  p.,  not  only  without  injury  to  irrigation,  but  to  the 
great  benefit  thereof.  It  is  important  that  the  facts  be  fully  ascertained  and 
used  in  formulating  a  comprehensive  plan  for  the  best  use  of  the  water,  and 
that  the  development  follows  this  plan. 
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PEESENT  TENDENCIES  OF  WATER  POWER  DEVELOPMENT 
IN  NEW  YORK  STATE 

By  John  P.  Hogan,*  M.  Am.  Soc.  C.  E. 


The  State  of  New  York  has  an  area  of  about  50  000  sq.  miles,  or  approxi- 
mately 2%  of  the  area  of  Continental  United  States,  excluding  Alaska.  It 
contains,  however,  one-tenth  of  the  population  and  about  one-eighth  of  the 
industries  of  the  entire  nation.  Of  an  estimated  central-station  capacity  of 
about  23  000  000  h.  p.  in  the  United  States,  more  than  3  000  000  h.  p.,  or  about 
13%,  is  in  New  York  State,  and  the  production  there  of  about  6  000  000  000  kw- 
hr.  is  about  15%  of  the  total  for  the  entire  country.  It  is  estimated  -that  the 
installed  capacity  in  prime  movers  in  the  State  is  about  5  000  000  h.  p.,  of  which 
1  300  000  h.  p.  is  in  the  form  of  water  power  and  1  200  000  h.  p.  is  in  individual 
steam  plants,  leaving  the  steam  capacity  in  central  stations  and  electric  rail- 
ways about  2  500  000  h.  p.  The  total  undeveloped  water  power  in  the  State, 
including  one-half  of  the  potential  energy  of  Niagara  and  one-half  of  that  part 
of  the  St.  Lawrence  River  bordering  on  New  York  State,  is  about  4  000  000 
continuous  h.  p.,  divided  as  follows : 

Niagara  River 2  000  000  h.  p. 

St.  Lawrence  River. 800  000  h.  p. 

Delaware  River 150  000  h.  p. 

Interior   streams 1050  000  h.  p. 

It  is  improbable  that  public  opinion  will  permit  complete  utilization  of  the 
potential  energy  of  Niagara,  but  competent  authorities  have  estimated  that  at 
least  500  000  h.  p.  additional  could  be  developed  on  the  American  side  without 
detriment  to  the  scenic  effects  of  the  Falls.  Hugh  L.  Cooper,  M.  Am.  Soc.  C.  E., 
considers  the  power  on  the  St.  Lawrence,  either  with  or  without  a  canal,  as 
immediately  available.  Of  the  interior  possibilities  of  1 050  000  h.  p.,  the 
speaker  estimates  that  about  800  000  continuous  h.  p.  are  susceptible  of  eco- 
nomic development,  and  that  an  installation  of  about  1  600  000  h.  p.  would  be 
justified  to  permit  operation  on  the  market  load  factor.  Therefore,  sufficient 
undeveloped  water  power  is  available  to  permit  replacing  all  the  present  steam 
power  in  central  stations  and  electric  railways,  provided  the  water  power  is-  of 
STifficient  flexibility  to  meet  market  conditions.  The  present  annual  coal  con- 
sumption in  New  York  State  for  manufacturing,  lighting,  and  transportation 
purposes,  exclusive  of  heating,  is  about  3Y  000  000  tons,  of  which,  it  is  esti- 
mated, more  than  one- third  could  be  saved  by  the  development  of  water  power. 
With  the  normal  average  price  of  coal  at  about  $7  per  ton,  it  is  estimated  that 
capital  expenditures  of  about  $1 000  000  000  for  this  purpose  would  be 
justified. 

General 
Two  general  classes  of  water  powers  exist  in  New  York  State,  as  follows : 

First. — The  great  continuous  powers  on  the  Niagara  and  St.  Lawrence 
Rivers. 

*  Cons.    Engr.,    Xew   York   City. 
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"Second. — The  irregular  powers  on  the  interior  streams  which  are  sus- 
ceptible of  regulation  by  storage. 

The  general  characteristics  of  the  present  and  proposed  developments  at 
Niagara  and  on  the  St.  Lawrence  River  are  too  well  known  to  the  members  of 
the  Society  to  warrant  their  discussion  in  a  paper  of  this  character,  except  in 
as  much  as  their  operating  characteristics  effect  the  development  of  the  irregu- 
lar water  powers  and  of  steam  auxiliaries.  This  paper,  therefore,  will  be 
devoted  largely  to  a  description  of  the  present  developments  on  the  interior  or 
intermittent  streams  and  the  tendencies  in  power  developments  on  them. 

The  striking  physical  features  of  the  State  of  New  York  are  the  great 
Adirondack  Plateau  in  the  northeastern  corner,  rising  to  a  maximum  height 
of  5  300  ft.  above  sea  level,  and  the  Western  Plateau  extending  through  the 
central  part  of  the  State,  from  the  Hudson  on  the  east  to  the  western  boundary, 
at  an  average  elevation  of  about  1  000  ft.  above  sea  level.  The  Adirondack 
Plateau  drains  to  the  west,  north,  and  east,  into  the  St.  Lawrence  Basin,  and 
to  the  south  into  the  Atlantic  Ocean  through  the  Hudson  and  its  tributary, 
the  Mohawk.  The  Western  Plateau  forms  the  divide  between  the  St.  Lawrence 
Basin  on  the  north  and  the  Mississippi  (Allegheny),  Susquehanna,  and  Dela- 
ware Basins  on  the  south. 

Fig.  3  is  an  isohyetal  map  of  the  State  and  Fig.  4  is  a  map  with  lines  of 
equal  run-off.  These  maps  are  subject  to  the  errors  due  to  an  insufficient 
number  of  stations  and  lengths  of  records,  but  they  give  a  general  idea  of 
precipitation  and  run-off  conditions. 

It  will  be  noted  that  the  maximum  average  annual  precipitation  is  on  the 
Adirondack  Plateau  (particularly  in  the  southern  and  southwestern  part) 
and  along  the  valley  of  the  Hudson,  whereas,  in  general,  the  precipitation  on 
the  Western  Plateau  is  low.  Thus,  the  maximum  annual  precipitation  on  the 
Adirondacks  is  in  excess  of  60  in.,  and  the  average  is  about  44  in.,  as  compared 
with  an  average  of  39  in.  for  the  entire  State;  whereas,  on  the  Western  Plateau, 
the  average  annual  precipitation  varies  between  28  and  48  in.,  with  an  average 
for  the  entire  area  of  about  35  in.  The  disparity  between  the  run-off  of  the 
respective  regions  is  still  more  striking,  the  average  annual  run-off  for  the 
Adirondack  Plateau  being  about  26  in.,  whereas  that  for  the  Western  Plateau 
is  about  16  in.  When  distribution  throughout  the  year,  or  variations  through 
a  series  of  years,  is  considered,  the  advantage  of  the  Adirondack  Plateau  is  still 
greater.  It  has  greater  lake  area,  more  natural  storage  basins,  and  almost 
no  cultivated  ground,  whereas  the  Western  Plateau  contains  the  most  fertile 
land  of  the  State  and  is  in  a  high  state  of  cultivation.  Duration  curves  for  an 
average  year  of  the  Hudson  and  Genesee  Rivers,  typical  of  the  two  areas,  are 
compared  on  Fig.  5.  The  physical  features  of  the  Adirondack  Plateau  are  also 
more  favorable  to  water-power  development,  as  there  is  an  abrupt  drop  from  the 
high  plateau,  generally  in  a  succession  of  falls  or  steep  rapids,  whereas  the 
descent  from  the  Western  Plateau,  particularly  on  its  southern  side,  is  much 
more  gradual. 

The  majority  of  the  interior  water  powers,  both  developed  and  potential, 
are,  therefore,  on  streams  rising  in  the  Adirondack  Plateau. 
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Historical 
The  development  of  small  mill  powers  in  New  York  State  dates  back  to  the 
Eighteenth  Century.  The  first  large  development  in  the  State  was  started  at 
Cohoes,  on  the  Mohawk  River,  in  1833.  This  is  the  finest  power  site  on  the 
interior  streams  and  has  a  total  available  fall  of  about  95  ft.  and  a  drainage 
area  of  3  600  sq.  miles,  giving  an  average  annual  run-off  of  about  6  000  cu.  ft. 
per  sec.  The  development  was  accomplished  by  means  of  three  parallel  canals 
on  the  hillside,  with  differences  in  elevation  of  about  20  ft.  About  12  000  h.  p. 
was  developed  by  turbines  or  wheels  operating  mechanical  drive,  and  a  great 
textile  industry  grew  up  around  this  site.  In  1917,  a  hydro-electric  plant  was 
substituted,  which  utilizes  the  full  head  and  which  will  have  an  ultimate 
installation  of  50  000  h.  p.,  corresponding  to  the  average  annual  run-off.  The 
average  power  output  is  about  three  times  that  of  the  old  installation. 
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Other  smaller  mill  powers  were  developed  later,  but  the  majority  of  the 
installations  during  the  last  century  were  for  the  purpose  of  pulp  grinding  and 
paper-making.  The  average  installation  was  sufficient  to  use  the  water  avail- 
able for  60  to  70%  of  the  time,  and  the  intermittent  flow  was  not  of  much  con- 
sequence as  the  pulp  wood  could  be  stored,  and  the  grinding  (which  consumed 
the  larger  part  of  the  power)  could  be  done  at  periods  of  high  water.  By  the 
end  of  the  Nineteenth  Century,  the  water-power  installations  on  the  interior 
streams  were  in  excess  of  400  000  h.  p. 

The  first  large  hydro-electric  installation  was  at  Spier  Falls  on  the  Hudson 
and  was  completed  in  1903.  The  total  head  is  79  ft.,  the  drainage  area,  2  800 
sq.  miles,  and  the  average  annual  run-off,  about  5  200  cu.  ft.  per  sec.  The 
installation  of  eight  horizontal  wheels  and  generators  is  typical  of  the  period, 
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but  rather  in  excess  of  the  average  installation.  It  is  capable  of  using  the 
average  annual  run-off  of  5  200  sec-ft.  which  is  available  for  only  30%  of  the 
time  in  the  average  year  (Fig.  6).  It  is  believed  that  the  size  of  the  initial 
installation  (considered  excessive  in  those  days)  was  dictated  by  financial 
reasons  rather  than  sound  economic  policy.  Considering  the  large  pondage 
available  at  this  plant  (50  000  000  cu.  ft.  with  a  4-ft.  draft),  this  installation 
would  be  considered  normal  to-day. 
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About  1903,  the  Indian  Lake  Reservoir,  at  the  head-waters  of  the  Hudson, 
having  a  capacity  of  5  000  000  000  cu.  ft.  (115  000  acre-ft.),  was  constructed  by 
an  association  of  the  power  owners  with  the  co-operation  of  the  State.  This 
reservoir  and  one  on  Salmon  River,  with  a.  capacity  of  about  3  000  000  000  cu. 
ft.,  are  the  only  storage  reservoirs  of  any  size,  that  have  been  constructed  in 
New  York  State  for  power  purposes.  Small  reservoirs  have  been  built  from 
time  to  time  by  private  companies,  and  existing  lakes  and  ponds  have  been 
dravsm  on  during  the  dry  months.  The  State  also,  from  time  to  time,  has 
constructed  a  number  of  large  and  small  reservoirs  to  compensate  for  the 
diversion  of  waters  for  canal  purposes.  Power  owners  have  benefited  from  such 
reservoirs,  but  private  owners  have  done  little  or  nothing  to  improve  their 
powers  by  storage.  One  reason  for  this  is  the  fact  that,  until  recently, 
mechanical  installations  for  paper-making  were  in  the  majority  on  interior 
streams,  which  installations  have  no  great  need  for  firm  power  or  for  storage, 
except  in  sufficient  quantity  to  compensate  for  extreme  low  flows  that  might 
interfere  witli  operations  other  than  pulp  grinding. 

Since  the  construction  of  the  Spier  Falls  Plant,  nearly  all  new  installations 
on  interior  streams  have  been  hydro-electric,  as  well  as  certain  of  the  additions 
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to  existing  mechanical  plants.  There  has  also  been  some  substitution  of  hydro- 
electrical  installation  for  mechanical  plants  so  that,  to-day,  on  the  interior 
streams,  there  is  about  400  000  h.  p.  in  mechanical  installations  and  about 
500  000  h.  p.  in  hydro-electric  plants. 

Present  Situation  with  Regard  to  Water-Power  Development 

The  development  of  more  than  400  000  mechanical  h.  p.  on  the  interior 
streams  of  New  York  State,  prior  to  the  introduction  of  electricity,  and  the 
enforced  conformation  of  hydro-electric  developments  to  existing  developments 
have  determined  to  a  large  extent  the  location  and  character  of  future  installa- 
tions. In  the  early  installations,  only  the  immediate  use  of  the  power  was 
considered  and  advantage  was  taken  of  the  most  favorable  locations  with- 
out regard  to  ultimate  possibilities.  Even  these  sites  were  rarely  developed  to 
their  ultimate  limit.  The  average  head  utilized  in  the  larger  plants  is  less 
than  100  ft.,  and  the  maximum  head  at  present  is  270  ft.  at  Colton,  on  the 
Raquette,  where  22  000  h.  p.  is  developed.  Opportunities  existed  at  one  time 
for  heads  of  more  than  600  ft.  and  installations  of  more  than  100  000  h.  p. 
through  diversions  from  one  water-shed  to  another.  The  formation  of  the 
Adirondack  Plateau  is  peculiarly  favorable  for  diversions  on  a  large  scale.  The 
definitions  between  the  various  water-sheds  at  their  common  origin  in  the  plateau 
are  very  slight,  and  the  drainage  from  hundreds  of  square  miles  can  be  easily 
diverted  from  one  stream  to  another.  Lower  down,  the  streams  are  often  close 
together,  with  considerable  differences  of  elevation  at  corresponding  points. 
Owing  to  the  large  capital  investment  in  existing  plants  on  the  various  streams, 
most  if  not  all  of  these  opportunities  are  no  longer  economical,  and  a  develop- 
ment of  each  stream  in  a  succession  of  moderate  steps  is  necessary. 

Growth  of  the  Power  Market 

The  growth  of  the  power  market  in  New  York  State  has  been  typical  of 
that  in  the  older  industrial  communities.  First,  there  was  a  period  in  which 
small  detached  units  were  developed,  followed  by  one  in  which  gradual  com- 
bination and  expansion  into  local  systems  took  place.  The  latter  was  fol- 
lowed by  a  highly  competitive  period  resulting  in  absorption  of  some  of  the 
smaller  plants  and  in  consolidation  and  determination  of  territory.  The  com- 
bination of  local  companies  into  larger  systems,  which  has  been  characteristic 
of  some  other  regions,  has  not  yet  made  much  progress  in  this  State.  As  a 
result,  there  is  only  one  large  distributing  system  in  the  State  and  only  one 
transmission  line  of  more  than  66  000  volts,  although  a  110  000-volt  line  is 
now  in  process  of  construction  by  the  Niagara,  Lockport  and  Ontario  Company, 
the  distributing  system  previously  mentioned.  Even  in  Greater  New  York, 
three  separate  commercial  companies  and  five  different  steam  or  rapid  transit 
railways  are  producing  power  independently.  In  the  last  few  years,  a  number 
of  local  interconnections  have  been  made  for  the  interchange  of  power,  but, 
in  general,  there  are  a  large  num.ber  of  strong  local  systems  with  the  power 
generated  either  by  steam  or  water  within  the  district  served.  Therefore, 
even  in  the  same  territory,  numerous  differences  in  frequencies  and  in  gen- 
erating, transmitting,  and  distributing  voltages  have  grown  up  between  the 
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diflferent  systems  and,  even  within  systems,  all  stages  of  progress  in  the  elec- 
trical art  are  sometimes  illustrated.  One  small  system  actually  uses  all  three 
frequencies  as  well  as  direct  current. 

Present  Power  Market 

The  power  market  of  the  State  is  varied  in  different  localities,  but  may 
be  divided  into  five  groups : 

First. — The  region  inunediately  surrounding  Niagara  Falls  where  the  load 
is  heavy  industrial  and  electro-chemical,  supplied  entirely  by  water  power, 
with  an  annual  load  factor  of  between  80  and  90  per  cent. 

Second. — Buifalo,  and  that  part  of  the  State  west  of  Syracuse  served  by 
water  power  from  Niagara,  with  a  certain  amount  of  steam  auxiliary  power 
for  meeting  peaks.  The  load  is  industrial  and  commercial,  and  the  annual 
load  factor  is  between  60  and  65  per  cent. 

Third. — The  northern  slopes  of  the  Adirondacks,  served  entirely  by  water 
power,  either  from  the  interior  streams  or  from  the  St.  Lawrence.  The  load 
is  largely  industrial  and  the  annual  load  factor  is  about  60  per  cent. 

Fourth. — The  New  York  Metropolitan  District,  where  the  load  is  com- 
mercial, light  industrial,  and  railway.  All  the  electric  power  in  this  district 
is  steam  generated,  and  the  combined  load  factor  is  about  40  per  cent. 

Fifth. — The  remainder  of  the  State,  principally  the  valleys  of  the  Hudson 
and  Mohawk,  served  by  intermittent  water  powers  on  the  interior  streams  and 
a  considerable  amount  of  steam  auxiliary.  The  load  is  mixed  industrial  and 
commercial,  and  the  annual  load  factor  is  about  50  per  cent. 

To  summarize:  Outside  New  York  City,  the  main  source  of  electrical 
energy  is  water  power,  and  the  load  is  chiefly  industrial.  Only  in  New  York 
City  does  the  lighting  part  of  the  commercial  load  play  an  important  part. 

The  average  annual  load  factor  for  the  entire  State  is  42%,  and  complete 
interconnection  would  result  in  a  load  factor  of  about  50%,  indicating  a 
diversity  of  about  16%,  as  follows: 

A  =  Sum  of  non-coincident  peak 1  708  500 

B  ==  Coincident  peak   1  464  900 

C  =  Diversity 16.6% 

c  =  (±=^xioo 

The  characteristics  of  the  ideal  load  that  would  be  obtained  by  complete 
interconnection  are  shown  on  the  duration  curve.  Fig.  7  and  the  peak  day-load 
curve,  Fig.  8.  Tlie  theoretical  saving  in  capacity  that  would  result  from  inter- 
connection would  be  about  250  000  kw.,  exclusive  of  the  saving  in  reserve 
capacity  which  would  inevitably  follow.  Other  considerations,  nevertheless, 
compel  the  conclusion  that  the  economies  in  capital  expenditure  and  operating 
expenses  due  to  interconnection,  in  themselves,  would  not  warrant  the  necessary 
expenditures  for  transmission.  If,  however,  the  further  development  and 
distribution  of  water  powers  should  warrant  the  construction  of  trunk  trans- 
missions, great  additional  benefits  would  follow  through  the  interconnections 
thus  caused. 
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Frequency 

The  chief  obstacle  to  complete  interconnection  and  interchange  of  power 
is  the  difference  in  frequency.  In  1919,  the  total  generating  capacity  in  cen- 
tral stations  and  electric  railways  throughout  the  State  was  divided,  as  shown 
in  Table  1. 

TABLE  1. 


Frequency. 

Capacity,  in  kilowatts. 

Percentage  of  whole. 

1  464  600 
116  400 
516  000 
86100 

67.2 

5.3 

(iO-cvcle 

23  6 

Direct-current  and  miscellaneous  .. 

3.9 

Total 

•2  183  100 

100 

A  large  part  of  the  current  generated  as  25-cycle  is  utilized  as  direct 
current,  whereas  the  direct  current  generated  is  utilized  almost  entirely  in 
manufacturing  processes.  All  the  40-cycle  is  concentrated  in  the  Albany- 
Schenectady  District.  The  2.5-cycle  is  almost  entirely  concentrated  in  New 
York  City  and  in  the  territory  west  of  Syracuse  served  by  the  Niagara  water 
powers.  There  is  a  large  and  growing  60-cycle  capacity  in  the  New  York 
City  Metropolitan  District  and  throughout  the  remainder  of  the  State,  60-cycle 
is  in  a  rapidly  growing  ascendency. 

The  tendency  is  toward  the  gradual  elimination  of  the  40-cycle  frequency 
in  favor  of  the  60-cycle  and  the  restriction  of  the  25-cycle  to  territory  now 
served.  It  is  doubtful  whether  the  60-cycle  frequency  will  ever  gain  any  great 
foothold  in  the  Niagara  District,  but  the  next  ten  years  should  witness  a 
great  reduction  in  the  40-cycle,  the  increase  of  the  60-cycle  to  at  least  a 
parity  with  the  25-cycle  in  New  York  City,  and  the  virtual  elimination  of 
the  25-cycle  frequency  except  in  New  York  City  and  the  Niagara  District. 

Present  Tendencies 

The  present  tendencies  in  water-power  development  in  the  State  of  New 
York  are: 

First. — The  substitution  of  hydro-electric  for  mechanical  power  in  existing 
plants. 

Second. — Plans  for  the  provision  of  greatly  increased  amounts  of  storage. 

Third. — The  selective  development  and  operation  of  water-power  plants 
of  varying  characteristics. 

Fourth. — Plans  for  the  unified  development  of  individual  streams  so  as  to 
utilize  maximum  possibilities. 

Fifth. — Increased  interconnection  to  permit  of  profitable  interchange  of 
power  between  plants  of  different  characteristics. 

Sixth. — Greater  over-development  for  the  purpose  of  meeting  the  market 
load  factor  and  a  decrease  in  the  number  of  units. 


742  water  power  development  in  new  york  state 

Change  from   Mechanical  to  Hydro-Electric  Power 

The  change  from  mechanical  to  hydro-electric  power  has  been  proceeding 
gradually  and  is  almost  completed  in  all  industrial  plants  except  those  engaged 
in  wood-working  and  paper-making.  The  principal  use  of  power  in  paper- 
making  (which  utilizes  more  than  three-quarters  of  the  present  mechanical 
power)  is  for  pulp  grinding,  and  there  is  practically  no  advantage  in  electrical 
installations,  except  in  the  possible  disposal  of  surplus  power.  A  number  of 
factors  are  now  tending  against  a  continuance  of  the  paper  industry  in  New 
York  State,  among  which  may  be  mentioned  the  decreased  supply  of  available 
timber  and  the  increased  cost  of  getting  it  to  the  mill,  the  increased  value  of 
hydro-electric  power,  due  to  the  increased  cost  of  producing  power  by  steam, 
the  growth  of  the  electric  power  market  in  the  immediate  vicinity,  the  develop- 
ment of  cheaper  water  power  in  Canada  adjacent  to  plentiful  supplies  of  pulp 
wood,  and  the  operation  of  the  present  tariff.  It  may  be  safely  predicted  that 
the  rate  of  change  from  mechanical  to  hydro-electric  power  will  be  greatly 
accelerated  during  the  next  decade.  This  power  will  seek  an  outlet  in  the 
growing  public  utility  market  and  will  tend  to  diminish  the  new  hydro- 
electric construction. 

Storage 

Storage  developments  for  power  purposes  in  New  York  State,  to  date,  have 
been  insignificant.  With  about  900  000  h.  p.  installed  on  the  interior  streams, 
the  total  storage  is  only  20  400  000  000  cu.  ft.  (470  000  acre-ft.),  or  less  than 
14%  of  the  annual  run-off.  Of  this,  14  300  000  000  cu.  ft.  has  been  provided 
by  the  State  as  compensation  for  canal  diversion,  leaving  only  6  100  000  000 
cu.  ft.  which  has  been  provided  by  power  companies  for  their  own  use.  The 
Adirondack  Plateau  is  a  lake  region  with  numerous  large  bodies  of  water. 
Unfortunately,  the  use  of  most  of  these  lakes  for  regulation  is  greatly  limited 
or  prevented  by  the  settlement  along  their  shores  of  numerous  summer  colonies 
with  expensive  improvements.  However,  almost  countless  natural  basins  exist 
in  thinly  settled  or  wild  localities,  that  can  be  economically  improved.  Within 
the  Adirondack  District,  it  has  been  estimated  that  there  are  59  practicable 
reservoir  sites  with  a  total  capacity  of  about  230  000  000  000  cu.  ft.  (5  300  000 
acre-ft.),  which  is  sufficient  to  store  32%  of  the  average  annual  run-off  in  the 
District.  It  is  physically  possible,  therefore,  to  control  all  the  Adirondack 
streams  to  such  an  extent  as  to  make  them  independent  of  any  steam  auxiliary, 
if  this  should  prove  desirable  and  economical.  The  limits  of  this  paper  do  not 
permit  discussion  of  the  economic  quantity  of  storage,  but,  at  least,  a  certain 
proportion  of  these  reservoirs  are  surprisingly  cheap  in  view  of  the  benefits  that 
would  be  reaped. 

There  are  many  reasons  why  more  storage  has  not  been  developed,  but  the 
chief  reasons  are  as  follows: 

First  (and  Foremost). — The  ownership,  by  the  State,  of  2  000  000  acres  of 
land  scattered  through  the  Adirondack  District.  This  constitutes  the  Forest 
Preserve  and,  by  a  provision  of  the  Constitution,  it  can  neither  be  sold  nor 
used.  There  are  only  a  few  possible  sites  that  do  not  contain  at  least  one 
parcel  of  State  land.    It  was  not  until  1916  that  an  amendment  to  the  Con- 
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stitution,  permitting  the  use  of  not  more  than  3%  of  these  lands  for  storage 
purposes,  was  followed  by  the  necessary  legislation  authorizing  the  organization 
of  public  corporations  known  as  River  Kegulating  Districts  to  take  over  such 
lands  as  are  needed  for  the  reservoirs.  The  intervention  of  the  World  War 
and  the  necessity  of  perfecting  legislation  have  delayed  action  on  any  large 
scale,  but  one  such  district  is  now  in  successful  operation  and  legal  restrictions 
are  now  removed. 

Second. — The  co-operation  between  numerous  independent  owners  of  de- 
veloped plants  on  each  stream  in  the  administration  and  expense  of  the  storage 
reservoirs  has  been  difficult  to  obtain  in  many  instances. 

Third. — A  considerable  proportion  of  the  independent  owners  are  paper- 
makers  using  mechanical  drive.  •  Most  of  their  power  is  consumed  in  pulp 
grinding  which  need  not  be  carried  on  continuously  as  the  pulp  wood  is  floated 
down  on  the  spring  floods  and,  in  any  case,  must  be  stored.  Grinding,  there- 
fore, can  be  done  when  there  is  sufficient  water,  and  the  only  need  of  regulation 
is  to  prevent  extreme  periods  of  low  water  which  may  interfere  with  their  other 
operations.  They  require,  therefore,  only  a  low  degree  of  regulation  as  opposed 
to  the  high  degree  of  regulation  which  is  economical  for  the  hydro-electric 
plant.  However,  as  the  average  paper-making  plant  is  installed  for  the  flow 
available  for  60  to  70%  of  the  time  and,  for  hydro-electric  plants,  the  present 
economical  installation  is  for  the  average  flow  or  that  available  for  30%  of  the 
time,  it  is  possible  by  adding  an  equal  installation  of  hydro -electric  apparatus 
at  the  paper  plant  to  enable  the  combined  installation  to  reap  the  full  benefit 
of  the  high  degree  of  regulation.  The  average  small  paper-maker  is,  however, 
loath  to  enter  the  hydro-electric  field  which  he  does  not  understand  and  in 
which  he  controls  no  market.  The  influence  of  the  paper  industry,  therefore, 
has  heretofore  been  against  large  amounts  of  storage  and  the  gradual  decline 
of  this  industry  will  accelerate  the  storage  program. 

Public  and  private  investigations  of  the  storage  possibilities  of  the  State 
have  been  made  sufficient  to  establish  the  physical  and  financial  features  of  the 
storage  situations.  As  the  way  is  now  open  from  a  legal  point  of  view,  and 
both  public  opinion  and  ideas  within  the  utility  industry  have  been  crystallized, 
it  would  appear  that  a  period  of  extensive  storage  development  is  now  possible. 

Selective  Development  and  Operation  of  Water  Powers 

,  In  New  York  State,  there  are  two  main  classes  of  water  powers  to  consider, 
that  is,  the  continuous  powers  in  the  boundary  streams  and  the  intermittent 
powers  on  the  interior  streams. 

The  continuous  powers  were  developed  at  first  for  continuous  loads,  such 
as  those  of  the  metallurgical  and  electro-chemical  processes  with  which  annual 
load  factors  of  80  and  90%  are  common.  When  the  continuous  powers  were 
introduced  to  the  general  market  with  a  prevailing  load  factor  of  50  to  60%, 
it  was  found  profitable  to  use  these  as  far  as  possible  on  the  base  load  and  to 
obtain  peak  capacity  from  other  sources.  Thus,  at  Buffalo,  only  20  miles  from 
Niagara,  is  located  the  100  000-kw.,  steam  plant  of  the  Buffalo  General  Electric 
Company,  which  operates  in  conjunction  with  continuous  water  power  pur- 
chased from  Niagara.    The  technical  reasons  for  the  construction  and  opera- 
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tion  of  this  steam  plant  have  never  been  clear  in  the  public  mind,  and  the 
charge  is  frequently  made  in  the  press  that  Buffalo  has  been  deprived  of  her 
fair  share  of  Niagara  power.  Attempts  at  denial  or  explanation  are  met  by  the 
statement,  which  is  usually  conclusive  to  the  lay  mind,  that  it  has  been  neces- 
sary to  erect  a  large  steam  plant  in  Buffalo.  Nevertheless,  if  the  continuous 
powers  are  to  be  utilized  in  the  general  market  to  the  best  advantage  and  with 
the  greatest  economy,  it  is  certain  that  peak  power  must  be  supplied  either 
from  steam  or  from  the  intermittent  interior  water  powers. 

The  interior  water  powers,  owing  to  lack  of  storage,  are  at  present  de- 
pendent on  large  steam  auxiliaries.  This  steam  auxiliary  makes  possible  a 
certain  variety  of  operation,  either  carrying  all  the  load  by  water  in  periods 
of  high  flow,  or  carrying  base  or  peak  loads  by  water  or  steam.  When  ade- 
quate storage  regulation  has  been  provided,  it  will  be  theoretically  possible  to 
operate  without  steam,  although  it  is  the  speaker's  opinion  that  a  certain 
amount  of  steam  power  will  always  be  utilized  for  regulation,  flexibility,  and 
occasional  peaks.  With  complete  storage  regulation,  it  will  be  further  possible 
for  the  interior  water  powers  to  be  used  as  auxiliaries  to  the  large  continuous 
powers  or  to  some  large  steam-power  market,  such  as  New  York  City.  For 
working  within  a  system  by  themselves,  it  will  be  possible  to  adapt  the  design 
of  the  different  plants  to  the  physical  conditions.  For  example,  a  plant  with 
good  pondage,  high  head,  and  short  pipe  lines  or  penstocks  may  be  greatly 
over-installed  and  used  on  the  peak  load,  whereas  plants  of  opposite  char- 
acteristics may  be  operated  continuously  on  the  base  load.  It  may  be  that 
certain  streams  can  be  devoted  entirely  to  the  production  of  peak  power  and 
others  to  that  of  base  power. 

An  example  of  the  harmonious  development  and  operation  of  continuous 
water  power,  intermittent  water  powers  with  ample  storage,  and  steam,  is 
furnished  by  the  system  of  the  Niagara,  Lockport  and  Ontario  Company.  The 
conditions  in  1916  were,  as  follows: 

Maximum  15-min.  integrated  peak 82  400  kw. 

Total  output  for  the  year 427  045  000  kw-hr. 

Average  load  factor  for  the  year about  57%. 

Capacity : 

Continuous  hydro-electric  power  purchased 

from  Niagara 50  000  kw. 

Installed  capacity,  of  hydro-electric  power 

on  Salmon  River 32  000    " 

Installed   capacity   of   hydro-electric   power 

at  Minetto  (Oswego),  N.  Y 9  600    " 

Installed  capacity  of  steam  electric  power 

at  Lyons,  N.  Y 29  500    " 

Total  capacity 121 100  kw. 

All  these  plants  are  tied  together  by  transmission  lines  nearly  200  miles 
long  and  are  operated  as  a  unit.  If  considered  as  independent  plants  designed 
to  operate  continuously  on  a  normal  load  factor,  the  machine  installations  at 
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Salmon  River  and,  to  a  smaller  degree,  at  Minetto,  are  excessive.  A  normal 
installation  for  independent  operation  at  Salmon  River,  considering  the 
water  available,  would  be  not  greater  than  11  000  or  12  000  kw.,  as  compared 
with  the  32  000  kw.  actually  installed,  and  at  Minetto  not  greater  than  6  000 
kw.,  as*  compared  with  the  9  600  kw.  installed.  This  over-installation  is  the 
basis  of  the  methods  of  operation. 

,  Methods  of  Operation 

The  continuous  water  power,  purchased  at  a  flat  rate,  is  operated  on  the 
base  load  at  a  high  load  factor. 

The  Minetto  plant  is  operated  generally  during  the  day  on  the  base  load, 
with  a  high  load  factor  while  operating. 

The  peak  load  is  taken  by  the  Salmon  River  plant,  aided  by  steam  in 
seasons  of  low  water,  both  operating  on  a  low  load  factor. 

Results 

During  1916,  the  continuous  water  power  had  a  load  factor  for  the  year  of 
nearly  90%,  and  a  consequent  use  of  about  90%  of  the  available  water.  The 
steam  and  water  power  operating  on  the  peak  had  a  load  factor  for  the  year  of 
about  22  per  cent.  Owing  to  the  great  quantity  of  storage  at  the  Salmon  River 
plant  (2  900  000  000  cu.  ft.)  and  to  over-installation  permitting  intermittent 
operation,  almost  90%  of  the  available  water  in  this  stream  was  used. 

During  1919,  only  31  000  000  kw-hr.  of  a  total  of  435  000  000  kw-hr.,  or  7% 
of  the  total  power  was  furnished  by  steam.  The  result  is  that,  with  a  system 
load  factor  of  less  than  60%,  the  load  factor  on  water  power  while  operating  is 
nearly  90%  and,  consequently,  nearly  90%  of  the  available  water  is  used.  The 
extra  expense  chargeable  to  this  method  of  operation  is  the  cost  of  the  addi- 
tional machine  installation  at  Salmon  River  as  the  transmission  lines  are  nec- 
essary in  any  case  as  distributors.  The  fixed  charges  on  this  additional  instal- 
lation are  only  a  fraction  of  the  value  of  the  increased  output. 

The  future  of  water-power  development  in  New  York  State  lies  in  the  pro- 
vision of  adequate  storage  for  the  interior  streams  and  in  the  selective  develop- 
ment and  operation  of  the  plants  on  these  interior  streams  in  harmony  with 
the  great  continuous  powers  of  the  St.  Lawrence  and  Niagara.  Although  the 
cost  of  development  on  the  interior  streams  is  uniformly  greater,  the  ability 
to  furnish  peak  power  makes  their  output  more  valuable. 

Unified  Development  of  Individual  Streams 

These  possibilities  can  be  realized  to  their  fullest  extent  only  by  stream 
regulation  and  the  harmonious  development  and  operation  of  a  number  of 
plants  on  a  stream,  or  group  of  streams,  in  accordance  with  a  well  ordered 
plan,  and  by  providing  the  necessary  transmission  ties,  so  that  operation  can 
be  baced  on  a  community  of  interest  and  that  development  will  no  longer  be 
governed  by  local  considerations  or  the  immediate  market. 

Considering  the  age  of  the  water-power  industry  in  the  State,  and  the 
fact  that  it  was  well  established  on  a  number  of  the  interior  rivers  prior  to 
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the  introduction  of  hydro-electric  power,  it  is  not  surprising  to  find  the  greatest 
variety  of  ideas  in  the  design  of  the  different  plants  on  a  single  stream.  The 
mechanical  and  hydro-electric  plants  are  interspersed,  and  the  desirable 
methods  of  operation  of  the  two  types  are  dissimilar.  Consequently,  there  is 
considerable  interference  at  times.  The  ponding  of  water  at  night 'by  the 
hydro-electric  plants,  if  carried  too  far,  tends  to  hamper  continuity  of  oper- 
ation in  the  mechanical  plants,  and  as  the  installations  of  the  latter  are  gen- 
erally much  smaller  in  proportion,  may  even  cause  considerable  loss  of  power. 
Until  recently,  water-power  legislation  in  the  State  was  backward  and  the 
Courts  usually  relied  on  an  interpretation  of  the  common  law  by  which  every 
owner  of  riparian  rights  was  entitled  to  the  natural  uninterrupted  flow.  Any 
harmonious  scheme  of  development  and  operation,  therefore,  was  dependent 
on  unanimous  private  agreement  which  has  never  been  accomplished.  Inter- 
ference between  adjacent  plants  has  generally  been  the  subject  of  private 
agreement  and  mutual  compromise,  but- on  no  stream  of  any  size  has  a  unified 
plan  been  devised  and  adopted  for  harmonizing  the  size  of  the  installations 
and  methods  of  operation  of  the  various  plants. 

The  organization  of  the  River  Regulating  District  based  on  a  mutual 
understanding  between  all  the  power  owners  on  a  stream,  has  changed  this 
situation,  and  the  gradual  conversion  of  the  mechanical  plants  to  hydro-electric 
power  is  removing  the  chief  source  of  disagreement.  The  possibility  of  sup- 
plementing pondage  by  the  release  of  water  from  the  reservoirs  during  cer- 
tain hours  of  the  day,  thus  providing  additional  peak  capacity,  has  drawn  further 
attention  to  the  necessity  for  unified  operation.  Plans  have  been  prepared 
for  the  re-installation  of  a  series  of  plants  on  one  stream  with  a  view  to  the 
operation  of  all  of  them  for  the  maximum  total  output  and  the  best  operating 
conditions  in  the  combination  without  regard  to  the  individual  plants.  It 
may  be  stated,  therefore,  that  there  is  a  distinct  tendency  toward  more  har- 
monious development  and  operation. 

Interconnection 

For  a  long  time,  the  method  of  growth  of  the  power  industry  in  strong 
local  systems  already  described  and  the  differences  in  frequency  and  voltage 
tended  to  minimize  interconnection.  Even  between  systems  of  the  same 
nominal  frequency  there  were  often  differences  in  actual  frequency.  The 
World  War  showed  the  importance  of  interconnection  in  permitting  transfer  of 
blocks  of  power  and  tended  to  overcome  some  of  the  differences.  Intercon- 
nections and  interchanges  brought  about  by  the  war  were  often  found  to  be 
profitable,  owing  to  diversity  of  load  or  to  the  operating  conditions  surround- 
ing certain  water-power  platits.  For  example,  water-power  plants  with  large 
pondage  found  it  profitable  to  shut  down  at  night  during  periods  of  low 
water  and  take  surplus  power  from  plants  with  small  pondage,  sometimes 
returning  peak  power  to  the  latter  by  day.  Local  interconnection  for  such 
exchange  has  made  great  progress  recently.  Several  trunk  transmission  lines 
of  moderate  length  and  voltage  are  now  in  course  of  construction  or  rehabilita- 
tion.   It  would  seem  that  any  general  scheme  of  interconnection  such  as  that 
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proposed  by  the   Super-Power   Survey  is  dependent  on  the  development  of 
water  power  on  a  large  scale.  * 

Over-Development  and  Decrease  in  Number  of  Units 

On  an  unregulated  stream,  the  present  normal  installation  in  hydro-electric 
plants  is  about  sufficient  to  use  the  average  flow.  On  the  Adirondack  streams, 
this  will  permit,  during  the  average  year,  continuous  operation  for  only  30% 
of  the  time;  but  continuous  operation  during  a  10-hour  day  is  assured  for 
65%  of  the  time  for  the  average  year.  This  requires  the  pondage  to  be  suf- 
ficient to  conserve  the  night  flow.  Where  no  pondage  is  available,  the  installa- 
tion is  generally  less. 

As  the  minimum  flow  is  increased  by  regulation,  pondage  requirements  be- 
come somewhat  greater,  unless  the  reservoirs  can  be  operated  on  an  hourly 
schedule.  On  a  fully  regulated  stream,  the  installation  may  be  twice  the 
minimum  regulated  flow  available  for  95%  of  the  time,  or  even  higher  where 
ample  pondage  is  available.  This  will  permit  of  operation  on  an  annual 
market-load  factor  of  less  than  50  per  cent.  The  general  tendency  of  the  past 
few  years  has  been  toward  greater  installation,  and  this  undoubtedly  will  be 
accentuated  by  regulation. 

Number  of  Units 

A  time-honored  rule  among  steam  power  plant  designers  is  that  an  in- 
dependent power  plant  should  contain  from  five  to  eight  units.  In  the  early 
hydro-electric  plants,  of  which  Spier  Falls  is  a  type,  eight  units  were  used. 
Since  that  time,  there  has  been  an  increase  in  the  size  of  units  and  a  conse- 
quent reduction  in  number.  The  principal  limiting  conditions  in  deter- 
mining the  number  are  the  maximum  economical  size,  the  flexibility  necessary 
for  meeting  load  conditions,  and  the  necessity  for  break-down  reserve.  With 
the  growth  of  the  market,  the  increase  in  the  number  of  water-power  plants 
in  a  system,  and  growing  interconnection,  the  requirements  for  flexibility 
and  break-down  reserve  have  decreased.  Sufficient  flexibility  for  economic 
operation  can  usually  be  obtained  with  three  units.  The  maximum  number 
of  units  in  plants  of  modern  design  is  five  and  the  minimum  two.  In  general, 
it  may  be  stated  that  present  practice  calls  for  three  to  five  units,  with  a  ten- 
dency toward  the  smaller  number  wherever  the  economic  limit  of  size  of  unit 
will  permit,  and  this  will  undoubtedly  be  accentuated  by  the  tendency  toward 
unified  development  and  harmonious  operation  of  all  the  plants  on  each 
stream. 

Conclusion 

In  no  part  of  the  United  States  has  conservation  of  natural  resources 
through  the  development  of  water  power  been  given  more  thorough  and  com- 
petent public  and  private  study  than  in  the  State  of  New  York.  Nevertheless, 
during  the  past  few  years,  development  has  lagged,  and  the  additions  which 
have  been  made,  have  been  the  result  of  individual  initiative.  Legal  restric- 
tions which  have  been  largely  responsible  for  the  lack  of  accomplishment, 
have  now  been  removed,  and  the  speaker  believes  that  the  State  of  New  York 
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is  on  the  eve  of  a  comprehensive  development  of  the  natural  resources  on 
the  interior  streams.  In  order  to  obtain  the  greatest  benefit,  such  a  develop- 
ment must  be  based  on  a  community  of  interest  and  thoroughly  co-ordinated, 
in  order  that  the  maximum  economic  possibilities  of  each  stream  may  •  be 
eventually  realized.  This  means  that  there  must  be  a  general  plan  and  that 
each  individual  step  whether  dictated  by  public  or  private  initiative  must  fit 
into  the  general  plan.  Such  a  result  can  be  realized  only  by  the  development 
of  the  spirit  of  co-operation. 
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THE  OPEEATION  OF  THE  FEDERAL  WATER  POWER  ACT 

By  0.  C.  Merrill  *  M.  Am.  Soc.  C.  E. 


Probably  more  water-power  projects  are  now  under  construction  than  ever 
before  in  the  United  States,  and  the  Pacific  Coast,  as  usual,  is  leading  in  this 
work.  One  of  the  most  important  elements  in  this  renewed  activity  is  the 
Federal  Water  Power  Act  which  was  passed  by  Congress  in  1920.  Perhaps 
the  time  has  been  too  short  to  permit  of  passing  conclusive  judgment  either 
on  the  law  or  on  its  administration,  but  the  fact  that  the  applications  filed  with 
the  Commission  aggi-egate  more  than  20  000  000  h.  p.,  and  that  the  greater  part 
of  the  projects  now  under  way  are  being  built  under  the  provisions  of  the  Act, 
should  afford  at  least  a  tentative  basis  for  appraising  its  value. 

The  early  years  of  the  operation  of  any  statute  are  particularly  important, 
because  they  are  the  period  of  its  interpretation  and  of  the  establishment  of 
precedents  in  its  administration.  For  this  reason,  and  also  because  this  particu- 
lar statute  has  so  close  a  relation  to  the  work  of  the  engineer,  it  is  desirable  that 
all  engineers  should  be  familiar  with  its  essential  features  and  fundamental 
bases,  with  the  manner  in  which  it  is  operating,  and  with  the  results  that  are 
being  accomplished. 

Many  members  of  the  Society  are  familiar  with  the  water-power  situation 
as  it  existed  before  the  present  law  was  passed,  and  with  the  difficulties  and 
uncertainties  that  surrounded  any  attempt  to  make  use  of  the  resources  that 
came  within  the  jurisdiction  of  the  Government.  The  United  States  is  the 
owner  of  the  public  lands,  and  these  lands  may  be  used  only  in  such  manner 
and  for  such  purposes  as  Congress  may  direct.  Through  its  power  to  regulate 
commerce.  Congress  has  jurisdiction  over  all  the  navigable  waters  of  the 
United  States  and  may  determine  what  structures  may  be  erected  in  or  over 
them  and  under  what  conditions.  The  manner  in  which  international  waters 
may  be  diverted  and  used  is  the  subject  of  treaty  between  the  nations  con- 
cerned, and  the  sole  power,  in  this  country,  of  making  and  enforcing  treaties 
is  the  Federal  Government.  These  are  the  three  fundamental  bases  on  which 
rests  the  authority  of  Congress  over  water  powers.  Under  this  authority,  it 
has  control  over  the  disposition  of  about  85%  of  the  potential  water  powers 
of  the  United  States.  It  is  of  great  importance,  therefore,  that  the  legisla- 
tion which  Congress  enacts  shall  be  wisely  conceived  and  intelligently 
administered. 

It  was  the  early  policy  of  Congress  to  leave  the  regulation  of  navigable 
rivers,  and,  in  a  large  measure,  their  improvement,  to  the  several  States  and 
to  acquiesce  in  the  constriTCtion  in  such  streams  of  whatever  structures  the 
State  laws  might  authorize.  A  similar  policy  was  first  pursued  with  respect 
to  the  use  of  public  lands  for  power  purposes.  This  early  policy  was  gradually 
modified  through  legislation  which  sought  to  preserve  the  public  interest  in 
the  power  resources  under  public  control,  but  which  failed  to  appreciate  the 
conditions  which  were  necessary  if  these  resources  were  to  be  developed  for 
public  use.  In  fact,  the  Act  of  1901  which  applied  to  the  public  lands,  and 
•  Executive  Secy.,  Federal  Power  Comm.,  Washington,  D.  C. 
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the  Act  of  1906  as  amended  in  1910,  which  applied  to  navigable  rivers,  and 
which  together  constituted  the  legislation  in  effect  when  the  Federal  Water 
Power  Act  was  passed,  were  adopted  at  too  early  a  stage  in  the  history  of 
hydro-electric  development  to  be  suited  to  present-day  conditions. 

The  Act  of  1901  expressly  limited  the  rights  obtainable  on  the  public  lands 
to  mere  revocable  licenses;  and  even  these  rights  were  jeopardized  by  the  pos- 
sibility that  the  lands  to  which  they  applied  might  be  patented  to  others. 
Authority  was  granted  in  the  form  of  permits  issued  under  general  regula- 
tions prescribed  by  the  Executive  Departments.  The  Act  itself  contained 
no  expression  of  policy,  and  the  regulations  issued  reflected  the  views  of  ad- 
ministrative officers  and  were  subject  to  change  at  discretion.  The  Act  of 
1910  expressed  the  general  conditions  under  which  rights  on  navigable  rivers 
could  be  secured.  The  grant  itself  required  in  each  instance  a  special  Act  of 
Congress  and  was  limited  to  fifty  years.  Plans  were  subject  to  approval  by 
Federal  authority,  and  the  construction  of  locks  or  other  navigation  facilities 
might  be  required  either  at  the  time  of  original  construction  or  at  some 
indefinite  time  in  Ihe  future.  The  failure  of  both  Acts  to  make  any  provision 
for  disposition  of  the  properties  or  for  extensions  of  the  rights  on  termination, 
and  the  reserved  right  to  revoke  any  permit  or  to  alter  or  repeal  any  special 
act  at  any  time  without  recourse  in  the  grantee  or  liability  in  the  United 
States,  made  financing  almost  imiK)Ssible. 

As  a  result  of  this  unsatisfactory  legislation  only  about  800  000  h.  p., 
largely  in  extensions  of  existing  projects,  was  constructed  on  the  public  lands 
and  reservations  under  the  Act  of  1901,  and  about  500  000  h.  p.  on  navigable 
streams  under  the  provisions  of  special  and  general  legislation.  Of  the  latter 
amount,  only  63  300  h.  p.  had  been  developed  in  10  years  under  and  following 
the  Act  of  1910.  While  six-sevenths  of  the  nation's  potential  water-power  re- 
sources were  under  Federal  jurisdiction,  scarcely  more  than  one-seventh  of 
the  existing  developments  had  made  use  of  sites  under  Government  control.  It 
became  apparent,  therefore,  that  any  considerable  utilization  of  these  sites 
would  require  new  legislation,  and  that  such  le^slation  nuist  give  considera- 
tion to  the  investment  in  the  properties  as  well  as  to  the  rights  of  the  public. 
The  Federal  Water  Power  Act  is  the  result  of  the  efforts  to  strike  a  balance 
between  these  two  interests. 

In  place  of  the  uncertain  tenure  and  unknown  requirements  of  previous 
legislation,  an  applicant  for  a  power  project  under  the  Federal  Water  Power 
Act  may  secure  a  license  for  a  period  up  to  fifty  years.  The  license  is  a  con- 
tract between  the  Government  and  the  licensee.  It  expresses  all  the  condi- 
tions which  the  licensee  must  fulfill  and,  except  for  breach  of  conditions, 
cannot  be  altered  during  its  term,  either  by  the  Executive  or  by  Congress, 
without  the  consent  of  the  licensee.  If  a  licensee  fails  to  commence  construc- 
tion, the  license  may  be  canceled  by  administrative  action ;  but  after  construc- 
tion has  been  started  it  can  be  canceled  only  by  judicial  action,  and  only  then 
if  no  other  appropriate  legal  remedy  is  available.  When  the  license  period 
expires,  the  Government  may  take  over  the  properties  for  its  own  use,  may 
permit  them  to  be  taken  by  another,  or  may  issue  a  new  license  to  the  orig- 
inal licensee. 
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If  tlie  properties  are  taken  over  before  the  term  of  the  license  expires, 
"just  compensation"  must  bo  paid,  as  determined  by  the  Courts  in  condemna- 
tion proceedings.  If  taken  over  at  the  termination  of  the  license,  the  price 
is  the  ''net  investment,"  an  amount  v?hich  represents  the  original  cost  less  so 
much  of  the  then  existing  reserves  as  have  been  accumulated  out  of  earnings, 
in  addition  to  a  fair  return.  If  the  properties  are  not  taken  over  by  the 
Government  or  by  another,  the  licensee  is  entitled  to  a  new  license  on  such 
terms  as  will  be  reasonable  in  view  of  conditions  then  existing.  In  so  far, 
therefore,  as  action  of  the  Federal  Government  is  concerned,  full  recognition 
is  given  to  every  dollar  of  honest  investment,  but  to  no  more. 

A  licensee  under  the  Act,  however,  has  obligations  as  well  as  rights,  but 
these  obligations  have  for  their  purpose  the  creation  of  conditions  under  which 
electric  energy  can  be  produced  and  sold  at  the  least  amount  consistent  with 
the  protection  of  the  investment  and  a  reasonable  return.  The  Act  requires 
that  works  be  designed  with  due  regard  to  safety  and  efficiency  and  to  the 
fullest  practicable  utilization  of  the  water  power  available,  that  they  be  main- 
tained in  full  operating  efficiency,  and  that  all  necessary  renewals  and  replace- 
ments be  made.  It  requires  that  reserves  be  established  out  of  earnings,  in 
order  that  assets  or  credits  may  be  available  from  which  replacements  can  be 
made  and  by  which  the  investment  may  be  kept  intact.  The  Act  also  requires 
the  maintenance  of  such  a  system  of  accounts  as  may  be  prescribed  by  the 
Commission,  in  order  that  information  may  be  had  with  respect  to  investment 
and  earnings,  and  that  when  the  license  expires  records  may  be  available 
adequate  for  determining  the  terms  of  settlement,  should  the  properties  be 
taken  away,  or  the  terms  of  extension,  should  the  license  be  renewed. 

The  Act  provides  for  permanent  public  ownership  and  control  of  power 
sites  on  public  lands  and  of  power  privileges  in  navigable  and  international 
streams,  and  for  their  development  by  private  capital  under  full  public  super- 
vision and  regulation.  It  prohibits  capitalization  for  purposes  of  rate-making 
or  of  public  purchase  of  rights,  franchises,  lands,  or  other  properties,  in  excess 
of  their  legitimate  cost.  It  requires  that  compensation  be  made  for  rights 
granted  and  for  the  use  of  lands  or  other  properties  of  the  United  States ;  and 
it  provides  that  a  part  of  any  earnings  in  excess  of  a  specified  reasonable  rate 
of  return  shall  be  used  in  retirement  of  the  investment  in  the  properties. 

That  these  provisions  of  the  Act  are  adequate  to  protect  every  legitimate 
public  interest  is  evident  from  their  mere  recital.  That  the  Act  also  affords 
conditions  under  which  capital  may  be  secured  for  development  purposes  is 
evidenced  by  the  results  accomplished  in  the  2^  years  in  which  the  Act  has 
been  in  effect.  In  this  time,  348  applications  for  permits  or  licenses,  involving 
an  aggregate  estimated  installation  in  excess  of  20  000  000  h.  p.,  have  been 
filed  with  the  Commission.  This  amount  is  more  than  twice  the  existing 
water-power  installation  of  the  United  States.  It  exceeds  the  combined  poten- 
tial water-power  resources  of  Norway,  Sweden,  Finland,  and  the  Arctic  and 
Baltic  drainages  of  Russia — the  chief  water-power  region  of  Europe.  It  is 
nearly  twice  the  combined  resources  of  France  and  Italy.  It  is  more  than  six 
times  the  aggregate  of  all  applications  for  power  sites  under  Federal  control 
in  the  preceding  20  years.     To  October  1,  1922,  the  Commission  had  author- 
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izcd  64:  preliminary  permits  and  64  licenses,  of  which  25  were  for  transmission 
lines.  The  60  permits  now  outstanding  involve  an  estimated  installation  of 
2  540  000  h.  p.,  and  the  39  licenses  for  power  projects,  2  040  000  h.  p.,  or  a  total 
of  4  580  000  h;  p.  Of  the  projects  covered  by  the  39  licenses,  15,  involving 
an  estimated  installation  when  completed  of  1  880  000  h.  p.  and  investments 
of  not  less  than  $250  000  000,  are  either  completed  or  under  construction.  This 
is  one  and  one-half  times  as  much  as  was  constructed  under  Federal  authoriza- 
tion in  the  20  years  preceding  the  passage  of  the  Federal  Water  Power  Act. 
As  a  practical  result  of  the  present  law,  probably  more  water  power  is  now 
under  construction  than  at  any  previous  period. 

The  problems  in  the  administration  of  the  Act  are  many  and  varied. 
Duties  have  been  placed  on  the  Commission  not  hitherto  exercised  by  the 
Executive  Departments.  Policies  and  practices  must  be  developed  to  meet 
the  new  situation  created  by  the  passage  of  the  Act.  The  Act  itself  has  re- 
quired interpretation,  and  decisions  have  been  rendered  respecting  the  rela- 
tions of  the  Commission  to  other  agencies,  State  and  Federal,  and  the  bearing 
of  State  and  Federal  laws  and  international  treaties  on  the  work  of  the  Com- 
mission. No  attempt  will  be  made  in  this  paper  to  discuss  these  matters, 
nor  the  various  duties  of  the  Commission,  in  any  detail.  The  speaker 
does  wish,  however,  to  consider  two  questions  relating  to  the  Com- 
mission's jurisdiction,  which  are  of  major  importance,  for  on  its  policies  in 
this  respect  will  depend  in  no  small  degree  the  successful  administration  of  the 
Act.  Whether  any  particular  project  must  secure  a  license,  and  what  is  the 
line  of  demarcation  between  the  regulatory— or  supervisory— powers  of  the 
Commission  and  those  of  the  several  States,  are  the  two  chief  jurisdictional 
questions.  Neither  is  completely  answered  by  the  Act  itself,  and  neither  could 
be,  without  depriving  the  Commission  of  that  discretionary  power  necessary 
for  dealing  intelligently  with  the  particular  facts  of  individual  cases. 

When  power  projects  involve  lands  or  other  property  of  the  United  States, 
the  jurisdiction  of  the  Commission  admits  of  no  doubt.  Ownership  is  a 
question  of  fact,  and  when  the  fact  is  established,  the  authority  of  the  Com- 
mission is  clear  and  exclusive.  Outside  the  public  lands  and  reservations,  the 
jurisdiction  of  the  Commission  involves  two  classes  of  streams:  First,  those 
streams  which  are  defined  in  the  act  as  "navigable  waters,"  over  which  the  Com- 
mission has  direct  jurisdiction,  and  in  which  development  cannot  lawfully  be 
made  without  its  prior  approval;  and,  second,  those  non-navigable  tributaries 
of  navigable  waters  in  which  power  development,  by  altering  the  natural  flow, 
would  affect  the  navigable  capacity  of  the  navigable  waters.  The  second  class 
comes  under  the  jurisdiction  of  the  Commission  only  when  declarations  of 
intention  to  construct  dams  within  such  streams  are  filed  with  the  Commission. 

The  construction  of  power  projects  on  streams  of  the  first  class,  that  is 
"navigable  waters,"  without  first  securing  a  license  under  the  Federal  Water 
Power  Act,  would  be  subject  to  the  penalties  prescribed  by  that  Act  and  by 
the  Act  of  March  3,  1899,  which  prohibits  without  prior  approval  "the  cre- 
ation of  any  obstruction  *  *  *  to  the  navigable  capacity  of  any  of  the 
waters  of  the  United  States." 


OPEKATION    OF  FEDERAL  WATER   POWER  ACT  753 

The  Federal  Water  Power  Act  defines  navigable  waters  as: 

'(*  *  *  those  parts  of  streams  or  other  bodies  of  water  over  which  Congress  has 
jurisdiction  under  its  authority  to  regulate  commerce  with  foreign  nations  and 
among  the  several  States,  and  which  either  in  their  natural  or  improved  condi- 
tion notwithstanding  interruptions  between  tlie  navigable  parts  of  such  streams 
or  waters  by  falls,  shallows,  or  rapids  compelling  land  carriage,  are  used  or  suit- 
able for  use  for  the  transportation  of  persons  or  property  in  interstate  or  for- 
eign commerce,  including  therein  all  such  interrupting  falls,  shallows,  or 
rapids;  together  with  such  other  parts  of  streams  as  shall  have  been  authorized 
by  Congress  for  improvement  by  the  United  States  or  shall  have  been  recom- 
mended to  Congress  for  such  improvement  after  investigation  under  its 
authority."  u  » 'jn 

Whether  a  stream  has  been  recommended  for  improvement,  or  improve- 
7nent  has  been  authorized,  or  actually  made,  is  a  simple  question  of  fact. 
Whether  a  stream  is  used  in  the  transportation  of  persons  or  property  in 
interstate  or  foreign  commerce  is  also  a  question  of  fact  which  may  be  deter- 
mined on  investigation;  but  whether,  if  so,  the  amount  or  character  of  such 
commerce  is  sufficient  to  warrant  the  assertion  of  jurisdiction  by  the  Com- 
mission is  a  matter  for  decision  in  the  individual  case.  Similarly,  whether 
a  stream  which  is  not  now  used  in  interstate  or  foreign  commerce,  is  suitable 
for  such  use,  is  a  matter  of  judgment,  and  decision  must  rest  on  the  character 
of  the  stream  and  on  the  probability  of  the  future  development  of  commerce. 

The  Act  provides  a  procedure  whereby  any  one  proposing  to  build  a  dam 
in  any  stream  of  doubtful  status  may  make  declaration  of  his  intention  and 
have  the  matter  conclusively  determined  by  the  Commission.  There  has 
been  criticism,  particularly  in  the  New  England  States,  that  the  definition 
contained  in  the  Act  is  not  clear  and  that  the  Act  should  be  modified  or  the 
definition  interpreted  by  the  Commission  so  that  the  limit  of  navigability  on 
any  stream  may  be  determined  with  such  exactness  that  no  one  need  ever  be 
in  doubt  or  need  ever  apply  to  the  Commission  for  its  determination. 

The  question  of  navigability  is  not  one  of  mathematical  formulas,  and 
there  is  no  more  probability  that  it  can  be  removed  from  the  domain  of  in- 
dividual judgment  than  that  laws  in  general  can  be  drawn  with  such  pre- 
cision that  the  services  of  the  Courts  can  be  dispensed  with  in  their  interpre- 
tation. The  decisions  of  the  Commission  in  the  individual  cases  presented  to 
it  will  establish  precedents  that  will  gradually  clear  the  situation.  Three 
recent  cases,  on  interstate  streams,  the  Saco  River,  running  from  New  Hamp- 
shire into  Maine,  the  Connecticut,  a  boundary  between  New  Hampshire  and 
Vermont,  and  the  Menominee,  a  boundary  between  Wisconsin  and  Michigan, 
are  indicative  of  the  policy  the  Commission  is  pursuing.  The  first  two  are 
actually  carrying  property  in  interstate  commerce  in  considerable  quantities 
in  the  form  of  logs  and  pulpwood,  and  the  third  is  suitable  for  such  use.  All 
three  are,  therefore,  technically  navigable;  but  due  to  the  fact  that,  in  each- 
instance,  the  laws  of  the  State  afford  full  protection  to  such  commerce,  and 
that  the  proposed  dams  would  not  obstruct  it,  the  Commission  made  formal 
finding  that  the  streams  were  not  "navigable  waters"  within  the  definition  of 
the  Act,  that  the  proposed  dams  would  not  affect  the  interests  of  interstate 
commerce,  and  that,  therefore,  no  Federal  license  was  required  for  their  con- 
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struction.  The  Commission  does  not  propose  to  extend  its  jurisdiction  in  this 
respect  beyond  the  point  wliere  some  substantial  interest  of  interstate  or  for- 
eign commerce  is  involved. 

The  Commission  has  certain  purely  administrative  duties.  It  has  others 
which  are  more  or  less  regulatory  in  their  nature.  It  must  be  assured,  for 
example,  that  the  projects  which  it  licenses,  are  adequately  maintained  and 
efficiently  operated ;  that  a  system  of  accounting  is  established ;  that  periodical 
reports  are  made;  that  adequate  depreciation  reserves  are  created  and  main- 
tained ;  and  that  under  certain  circumstances  amortization  reserves  are  set  aside. 
In  the  absence  of  State  authority,  it  may  regulate  the  rates  and  services  and  the 
issuance  of  the  securities  of  its  licensees.  In  some  respects,  its  authority  is 
exclusive;  in  other  respects,  its  authority  is  concurrent  with  similar  authority 
of  the  several  States,  and  the  question  at  once  arises  where  should  the  juris- 
diction of  the  one  end  and  of  the  other  begin,  for  it  is  manifestly  desirable 
that  State  and  Federal  agencies  work  in  harmony  and  that  each  assume  respon- 
sibility for  those  duties  which,  at  any  particular  time,  it  is  in  the  best  posi- 
tion to  perform. 

The  fundamental  difference  between  the  regulatory  power  which  should 
be  exercised  by  State  agencies  and  that  which  should  be  exercised  by  the 
Federal  Commission  is  in  the  basis  on  which  each  rests.  The  former  is 
chiefly,  if  not  exclusively,  an  exercise  of  the  police  power;  the  latter  is  largely 
the  enforcement  of  a  contract  obligation.  The  primary  responsibilities  of  the 
Federal  Power  Commission,  therefore,  relate  to  the  general  plan  of  the  project 
and  its  relation  to  other  projects  and  other  uses;  to  the  design,  maintenance, 
and  replacement  of  the  works;  and  to  the  determination,  or  to  the  methods  of 
determination,  of  the  items  which  make  up  the  net  investment.  These  are 
matters  of  supervision  rather  than  regulation,  and  are  to  be  exercised  occa- 
sionally rather  than  constantly.  The  primary  responsibilities  of  the  State,  on 
the  other  hand,  are  regulatory  in  nature,  require  continuous  exercise,  and  have 
reference  chiefly  to  the  relations  between  the  licensee  and  the  general  public. 
They  are  concerned  with  the  quality  and  extent  of  service  rendered,  with  the 
rates  to  be  charged  therefor,  and,  as  incidental  thereto,  with  the  character 
and  amount  of  securities  to  be  issued,  and  with  the  system  of  accoimting  to  be 
established  and  maintained. 

In  recognition  of  this  situation,  it  has  been  the  intention  in  preparing 
regulations  and  in  adopting  procedure  for  the  administration  of  the  Act  to 
limit  Federal  supervision  and  control  to  those  matters  for  which  the  Com- 
mission must  itself  assume  responsibility  under  the  provisions  of  the  Act ;  and 
even  within  this  limit  to  leave  as  far  as  practicable  initial  responsibility  to  the 
States  in  those  matters  where  the  latter  also  have  jurisdiction  under  their 
own  statutes,  reserving  to  the  Commission  the  right  to  take  initial  action  in 
any  matters  not  covered  by  State  statutes,  and  reserving  also  the  right  to  add 
to  State  requirements  if  such  requirements  do  not  meet  those  specifically 
imposed  by  the  Federal  statute.  The  Commission  is  not  desirous  of  extending 
its  own  jurisdiction,  but  believes  that  the  best  results  can  be  secured  through 
co-operative  action  with  the  agencies  of  the  States. 
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In  addition  to  the  duties  already  mentioned,  the  Commission  is  required 
to  investigate  all  projects  applied  for,  in  order  to  determine  whether  the  struc- 
tures are  safe  and  properly  designed,  and  whether  full  utilization  will  be 
made  of  the  resources  of  the  stream;  it  must  investigate  and  pass  on  applica- 
tions for  restorations  to  entry  of  lands  in  power-site  reserves;  and  it  is  re- 
quired to  make  valuations  of  all  properties  licensed  under  the  Act  and  con- 
structed prior  to  the  issuance  of  a  license.  It  is  manifest  that  the  duties 
placed  on  the  Commission  with  respect  to  water  powers  are  many  times  great<3r 
than  have  ever  been  assumed  before  by  any  of  the  agencies  of  the  Govern- 
ment; and  yet  to  perform  these  duties,  the  Commission — so  the  Comptroller 
General  has  ruled — may  have  no  personnel  of  its  own,  other  than  its  Executive 
Secretary  and  Engineer  Officer,  but  is  obliged  to  borrow  for  its  work  such 
personnel  as  the  Departments  can  spare  and  are  willing  to  loan.  Although 
there  is  no  disposition  to-  criticize  the  Comptroller's  decision  from  a  legal 
standpoint,  it  is  not  believed  that  it  represents  what  Congress  intended.  The 
Commission,  nevertheless,  has  been  operating  two  years  under  these  unsatis- 
factory conditions  with  a  detail  of  8  engineers,  2  attorneys,  2  accountants,  and 
18  clerks — a  force  utterly  inadequate  to  perform  the  duties  placed  on  it  by 
the  Act.  The  Commission  has  no  field  force  of  its  own,  loaned  or  otherwise. 
but  must  depend  for  examinations  and  reports  and  for  the  conduct  of  field 
hearings  on  the  field  ofiicers  of  the  Departments — men  who  are  primarily 
responsible  for  their  own  departmental  duties.  It  was  given  originally  an 
appropriation  of  $100  000,  and  this  amount  was  repeated  for  1922.  For  1923, 
it  has  only  the  unexpended  balance  of  its  first  year's  appropriation;  and  yet, 
from  lack  of  personnel,  it  will  not  be  able  to  use  even  this. 

Under  the  circumstances,  the  Commission  has  been  obliged  to  delay  action 
on  many  important  projects,  and  it  has  been  forced  to  omit  altogether  the 
performance  of  important  duties  required  by  the  Act.  This  is  particularly  true 
of  valuations,  of  which  cases  involving  approximately  $100  000  000  are  now 
awaiting  action.  The  Commission  has  been  unable  to  secure  the  detail  of 
any  personnel  with  adequate  experience  in  valuation  work  and,  therefore,  has 
been  obliged  either  to  suspend  issuance  of  licenses  where  valuations  are  involved 
or  to  provide  for  valuations  in  the  future.  It  has  taken  the  latter  course, 
in  order  that  much  needed  power  development  might  proceed.  Such  a  course, 
however,  is  almost  certain  to  result  in  prolonged  litigation  and  in  expenses 
many  times  greater  than  would  have  been  required  had  the  Commission  been 
given  the  means  for  carrying  out  this  requirement  of  the  law  in  the  beginning. 
By  confining  its  activities  primarily  to  applications  for  power  projects, 
declarations  of  intention,  and  requests  for  restoration  to  entry,  the  Commis- 
sion has  been  able  to  take  final  action  on  more  than  one-half  the  applications 
for  permits  and  licenses,  or  a  total  of  197.  Of  the  remaining  151,  20  are  not 
sufficiently  complete  for  action  to  be  taken,  and  action  on  27  others  must 
await  prior  action  of  other  agencies.  The  Commission  has  also  rendered 
decisions  on  36  declarations  of  intention,  passed  on  restorations  to  entry  in 
200  cases,  and  made  withdrawals  of  1  250  000  acres  of  public  lands  in  con- 
nection with  applications  for  power  projects.  Although  the  two  years'  record 
is  reasonably  e^tipfagtory,  in  view  of  the  serious  handicap  under  which  it 
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is  working-,  the  Commission,  nevertheless,  should  promptly  be  placed  in  a  posi- 
tion where  it  would  be  possible  for  it  fully  to  carry  out  the  purposes  plainly 
expressed  in  the  law.  The  present  situation  necessarily  results  in  an  admini- 
stration of  tlie  law,  which  is  insufficiently  co-ordinated  and  only  partly  effective. 
The  chief  purpose  of  the  creation  of  the  Commission  was  to  secure  a  common 
policy  and  a  single  executive  agency  in  water-power  administration.  This 
purpose  has  not  been  accomplished.  Other  agencies  are  still  continuing  their 
independent  activities,  and  these  activities  are  not  controlled  by  a  common 
plan  and  are  not  subject  to  a  common  direction.  This  defect  will  not  be  cured, 
and  the  Commission  will  not  be  able  to  perform  in  full  the  duties  placed  on 
it,  until  the  Act  is  amended  so  that  it  may  employ  its  own  personnel.  It  is 
important  that  this  action  be  taken  at  an  early  date.  Having  waited  ten  long 
years  for  a  legislative  pronouncement  of  a  Government  policy  respecting  the 
utilization  of  the  huge  water  power  resources  of  the  United  States,  it  should 
not  be  necessary  to  wait  another  long  period  of  years  before  means  are  pro- 
vided for  the  execution  of  that  policy. 

There  is  one  other  matter  to  which  attention  should  be  directed.  There 
are  movements  on  foot  in  several  quarters  to  secure  for  certain  sites  or  streams 
special  legislation,  which,  if  approved,  would  constitute  a  partial  repeal  of 
the  Federal  Water  Power  Act,  and  eventually  would  result  in  the  progressive 
disintegration  of  the  present  National  water  power  policy.  If  these  proposals 
that  rights  or  authorities  be  granted  independently  of  the  present  law,  are 
examined,  it  will  be  found  that  some  or  all  of  the  essential  features  of  the 
Act,  particularly  those  that  protect  the  public  interest,  have  been  omitted,  even 
when  provisions  in  direct  conflict  have  not  been  substituted.  Furthermore, 
the  granting  of  special  privileges  to  favored  interests  would  clearly  dis- 
criminate against  those  who  in  the  faith  that  Congress  had  at  last  fixed  its 
policy,  are  investing  htmdreds  of  millions  of  dollars  under  the  obligations  of 
the  Act.  The  results  already  accomplished  afford  convincing  evidence  that 
grants  of  special  privileges  are  not  necessary  in  order  to  secure  the  develop- 
ment of  all  the  electric  energy  that  the  market  can  absorb. 

The  law,  of  course,  is  not  perfect.  Many  changes  could  be  suggested,  even 
if  every  one  did  not  agree  on  what  changes  would  be  desirable.  However, 
after  many  years,  a  law  has  been  enacted  under  which  development  is  rapidly 
proceeding.  It  would  be  folly  under  such  circumstances  to  permit  the  law, 
or  the  policy  which  it  expresses,  to  be  essentially  modified,  except  after  fair 
trial  and  convincing  evidence  of  the  desirability  of  change.  All  those  in- 
terested should  rather  unite  in  working  out,  within  the  broad  limits  of  dis- 
cretion which  the  Act  permits,  practices  and  policies  that  will  hasten  the 
use,  under  proper  conditions,  of  the  vast  water  power  resources  of  the  United 
States. 
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IIIGH-VOLTAGE  POWER  TRANSMISSION 
By  F.  W.  Peek,*  Jr.,  Esq. 


The  subject  of  power  transmission  will  be  discussed  for  the  purpose  of 
bringing  out  limitations  imposed  by  engineering  difficulties  resulting  from 
the  use  of  high  voltages.  This  will  involve  a  consideration  of  insulation, 
regulation,  and  reliability  of  operation. 

Assuming  equal  reliability,  the  transmission  voltage  must  be  decided  purely 
from  the  economic  standpoint.  Although  it  is  intended  to  confine  this  paper 
principally  to  the  technical  problems  involved,  it  will  be  necessary  to  con- 
sider, to  some  extent,  the  economic  side.  In  general,  the  economical  use  of 
the  higher  voltages  will  require  large  concentrated  sources  of  power  with 
a  large  demand  at  some  distant  point;  and  it  seems  that  in  the  end  this  will 
be  the  real  criterion  of  the  voltage  limit  and  not  engineering  difficulties  of 
insulation. 

During  the  last  twenty  years,  transmission  voltages  have  increased  at  the 
rate  of  8  000  volts  per  year.  Engineering  has  more  than  kept  up  with  economic 
demands,  and  it  is  not  likely  that  such  demands  will  increase  indefinitely  at 
this  rate. 

In  all  engineering  work,  it  is  necessary  to  conduct  research  well  in  advance 
of  the  art.  As  early  as  1910,  in  anticipation  of  220  000- volt  transmission, 
a  section  of  a  250  000-volt  line  was  constructed  in  Schenectady,  N.  Y.  At 
that  time,  the  laws  of  corona,  shielding  of  insulators,  etc.,  were  investigated. 

After  more  than  ten  years,  220  000-volt  transmission  is  about  to  be  realized 
in  practice  on  two  large  systems  in  California.  Transmission  voltages  of 
more  than  1  000  000  volts  were  investigated  in  Pittsfield,  Mass.,  during  Septem- 
ber, 1921,  and  the  investigation  has  since  been  carried  to  1  500  000  volts. 
Such  high  voltages  may  never  be  necessary  for  power  transmission,  but  a 
study  of  characteristics  over  a  wide  range  is  of  great  practical  importance. 

In  order  to  make  the  discussion  definite  and  practical,  the  characteristics 
of  the  highest  voltage  systems  at  present  will  be  considered  first  and,  later,  those 
of  a  1  000  000-volt  system  will  be  discussed.  It  is  hoped  that  a  perspective 
of  the  whole  field  will  be  obtained  by  considering  the  two  extremes. 

As  stated  previously,  high-voltage  lines  must  be  able  to  deliver  a  large 
amount  of  power.  It  is  well,  perhaps,  to  start  with  a  definite  idea  of  what 
this  means.  Roughly,  220  000  volts  will  be  required  when  the  power  trans- 
mitted is  50  000  to  100  000  kw.  or  more  per  circuit  and  the  distance  is  150 
to  300  miles  or  more.  At  1 000  000  volts,  economical  transmission  would 
probably  require  at  least  2  000  000  kw.  i>er  circuit  and  distances  of  1  000  miles 
or  more.  The  necessity  of  transmitting  a  large  amount  of  power  per  alter- 
nating-current circuit  at  1  000  000  volts  is  evinced,  for  example,  by  the  fact 
that  about  7  000  kv-a.  per  mile  is  required  to  charge  a  line  at  60  cycles.  These 
figures  are  given  only  as  approximations,  the  exact  figures  for  any  particular 
case  depending  on  many  conditions.     However,  they  do  make  apparent  the 
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enormous  power  and  size  of  electrical  units  that  are  necessary  for  economical 
transmission  at  very  high  voltages,  as  well  as  the  energy  that  must  be  safely 
controlled  during  a  short  circuit. 

It  is  generally  desirable  to  operate  each  line  as  a  unit  with  regard  to 
generator  and  transformers,  and  this  requires  quite  large  units  for  220  000- 
volt  transmission.  At  this  voltage,  when  the  power  requirement  is  from 
50  000  to  100  000  kw.,  the  space  limitation  on  the  railroads  has  almost  been 
reached  for  built-up  units.  At  higher  voltages,  transportation  of  built-up 
transformers  would  not  be  possible,  and  it  would  also  be  difficult,  at  present, 
to  obtain  material  sufficiently  large  for  such  transformers. 

The  apparatus  discussed  in  this  paper  is  the  transformer,  the  switch, 
the  lightning  arrester,  the  transmission-line  conductors,  the  line  insulator, 
and  the  synchronous  condenser.  This  apparatus  will  be  discussed  in  order, 
with  regard  to  a  220  000-volt  line. 

Transformers. — The  transformer  which  is  the  connecting  link  between 
the  high  and  the  low-voltage  systems,  has  undergone  some  remarkable  changes 
during  the  last  ten  years.  As  the  kilovolt-ampere  capacity  of  a  system  must 
increase  rapidly  with  the  voltage,  the  energy  expended  during  a  short  circuit 
becomes  quite  large.    For  a  220-kv.  system,  it  may  be  1  000  000  kv-a. 

The  transformer  cores  and  coils  must  be  able  to  withstand  mechanically 
the  enormous  stresses  incidental  to  short  circuits  on  such  systems.  These 
stresses  may  be  many  tons.  The  necessity  of  high  mechanical  strength  has 
forced  the  development  of  a  simple  structure  with  circular  coils,  which  has 
also  made  a  better  transformer  electrically.  The  uniform  stack  of  circular 
coils  greatly  reduces  the  abnormal  electrical  stresses  due  to  arcing  grounds. 

Transformers  are  tested  to  give  a  factor  of  safety  of  3.46.  When  the 
neutral  is  permanently  grounded  to  the  transformer  core,  the  factor  of 
safety  is  2.73. 

The  bushing  by  which  connection  is  made  between  the  under  oil-winding 
and  the  air-insulated  line  wire  is  an  important  part  of  the  transformer,  and 
is  designed  so  that  it  will  arc  over  on  the  air  end  before  it  will  puncture. 
The  arc-over  voltage  of  the  bushing  at  operating  frequency  is  three  times 
the  line  voltage  dry  and  twice  the  line  voltage  wet.  The  apparent  factor 
of  safety  is,  therefore,  5.19  dry  and  3.46  wet.  The  bushing  is  designed  so 
that  its  lightning  arc-over  voltage  is  several  times  the  factors  already  men- 
tioned. The  transformer  has  been  developed  well  in  advance  of  the  art,  and 
there  are  no  inherent  reasons  why  it  cannot  be  built  for  much  higher  trans- 
mission voltages,  as  shown  by  the  fact  that  the  transformers  used  in  the 
1  000  000-volt  test  were  of  standard  design. 

Connections. — The  method  of  connecting  transformers  is  of  the  utmost 
importance  at  these  high  voltages,  because  if  the  voltage  stresses  can  be 
reduced,  the  reliability  of  the  line  will  be  increased.  By  connecting  the 
transformers  J  Y  and  grounding  the  neutral  to  the  core  and  ground,  the 
maximum  normal  frequency  stresses  are  reduced  73  per  cent.  In  case  of 
an  arc  on  a  non-grounded  system,  there  are  very  severe  high-frequency 
oscillations  which  may  cause  high  voltages  to  ground  and,  at  the  same  time, 
turn-to-turn  voltages  many  times  more  than  normal.    These  stresses  are  prac- 
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tically  eliminated  when  the  neutral  is  grounded,  as  the  arc  is  then  non- 
oscillatory.  If  a  permanent  ground  is  used,  only  one  transformer  bushing 
is  required.  This  also  makes  possible  a  transformer  construction  which 
eliminates  most  of  the  difficult  points  to  insulate,  such  as  creepage  over  the 
ends  to  the  core. 

The  non-grounded  system  may  be  either  A  A  ov  A  Y .  If  one  line  be- 
comes grounded,  the  normal  frequency  stresses  are  increased  73  per  cent. 
The  resulting  arc  is  oscillatory  and  produces  enormous  stresses  between  turns 
in  the  transformer.  The  turn-to-turn  stresses  may  sometimes  be  equal  to 
a  line-to-line  voltage.  If  an  accidental  ground  occurs,  the  abnormal  voltages 
usually  cause  a  break-down  on  another  line  or  a  line-to-line  short  circuit. 

Telephones  are  inoperative  during  the  arcing.  With  the  A  Y  grounded 
neutral  systems,  there  is  no  dangerous  rise  in  voltage.  If  the  short-circuit 
current  greatly  exceeds  the  capacity  current,  the  arc  is  practically  non- 
oscillatory.  A  single-phase  short  circuit  results  immediately  and  is  relieved 
by  the  relays. 

Neutrals  are  sometimes  grounded  through  resistance,  in  order  to  limit 
the  short-circuit  current.  If  the  resistance  is  high,  the  characteristics  are 
similar  to  the  non-grounded  system,  and  if  it  is  low,  the  effect  is  intermediate. 

A  scheme  has  been  proposed  recently  for  grounding  the  neutral  of  the 
transformer  through  a  reactance  coil  adjusted  to  balance  or  reduce  the 
capacity  current  in  the  arc  to  zero,  the  idea  being  to  suppress  the  arc.  This 
may  be  desirable  sometimes  on  relatively  low-voltage  systems.  On  high- 
voltage  systems,  it  is  difficult  to  make  the  adjustment  within  1  or  2  amperes 
or  close  enough  to  suppress  the  arc.  In  case  of  a  ground  of  one  line,  the 
corona  loss  may  become  very  great,  and  it  is  not  possible  to  balance  this  loss 
of  current  by  a  reactor.  This  plan  produces,  in  effect,  a  non-grounded  sys- 
tem with  an  arc  suppressor  which  may  or  may  not  be  adjusted  sufficiently 
close  to  extinguish  the  arc.  Its  chief  use  will  probably  be  on  low-voltage 
systems. 

Y-Y  connections  without  delta  are  undesirable  and  dangerous  and  will 
generally  cause  telephone  trouble.  The  present  practice  is  tending  rapidly 
toward  grounded  Y.  The  direct  grounding  of  the  transformer  neutral  is 
a  necessity  for  extreme  voltages  and  is  assumed  in  the  discussion  for  voltages 
at  220  kv.  and  more. 

Switches. — The  main  purpose  of  the  switch  is  to  operate  under  the  ab- 
normal conditions  of  short  circuit.  At  the  very  high  voltages,  the  energy 
involved  in  a  short  circuit  will  be  great.  Switches  have  been  developed  to 
take  care  of  short  circuits  of  1  000  000  kv-a.  and  more.  It  is  desirable  to 
keep  below  these  values,  however,  by  sectionalizing  and  by  the  use  of 
reactance.  The  switch  problem  is  a  difficult  one,  because  of  the  energy 
involved  in  a  short  circuit. 

Line  Conductors. — If  voltage  is  applied  between  the  wires  of  a  trans- 
mission line  and  gradually  increased,  a  point  is  finally  reached  at  which  a 
hissing  noise  is  audible,  and,  in  darkness,  a  pale  glow  will  be  seen  to  sur- 
round the  wires.     A  considerable  loss  will  be  noticed,  which  will  increase 
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rapidly  with  increasing  voltage.  This  is  the  familiar  corona.  The  loss  in- 
creases as  the  square  of  the  excess  voltage  above  the  starting  voltage. 

In  high-voltage  transmission,  it  is  important  to  be  able  to  predict  the 
corona  characteristics  of  a  transmission  line.  Fortunately,  this  can  be  done 
accurately.  The  voltage  at  which  corona  starts,  the  loss  at  a  given  voltage, 
etc.,  under  any  conditions,  can  be  accurately  pre-determined.  The  chief 
factors  affecting  corona  formation  are  the  diameter  of  the  conductor,  the 
condition  of  the  conductor  surface,  the  spacing,  and  the  barometric  pressure. 
Variation  in  conductor  diameter  has  a  far  greater  influence  than  the  spacing. 
The  loss  increases  during  storms. 

In  order  to  prevent  loss  at  the  higher  voltages,  a  conductor  of  large 
diameter  is  necessary.  At  220  kv.,  at  sea  level,  a  conductor  about  0.95  in. 
in  diameter  is  required  and,  at  5  000  ft.,  the  size  would  be  about  1.20  in.  For 
equal  conductivity,  an  aluminum  conductor  has  a  diameter  about  25% 
greater  than  one  of  copper,  and,  for  this  reason,  aluminum  is  sometimes  used 
at  high  voltages. 

A  very  successful  conductor  used  in  California  consists  of  aluminum 
with  a  steel  core.  As  the  size  of  a  cable  is  increased,  the  size  of  the  strands 
relative  to  the  cable  diameter  is  reduced.  As  this  may  have  the  effect  of 
roughening  the  surface,  and  when  the  corona  voltage  will  not  increase  as 
rapidly  with  increasing  diameter  for  a  cable  as  for  a  smooth  conductor,  it  is 
highly  desirable  to  develop  a  smooth  tubular  conductor  for  the  very  high 
voltages. 

Conductors  stranded  in  various  ways  have  recently  been  studied.  For  a 
given  diameter,  the  maximum  voltage  is  obtained  from  a  smooth  tube.  For 
the  same  diameters,  a  cable  is  usually  good  for  only  85%  of  the  voltage  of  a 
tube.  This  ratio  is  called  the  irregularity  factor.  It  is  of  the  utmost  im- 
portance to  consider  this  factor  carefully  at  high  voltages. 

With  conductors  about  1  in.  in  diameter,  the  7-strand  cable  is  impracti- 
cable. The  larger  strands  become  mutilated  in  manufacture,  and  the  irregu- 
larity factor  is  lower  than  on  cables  of  a  greater  number  of  strands.  For  new 
cables,  1  in.  in  diameter,  the  irregularity  factor  was  about  the  same  for 
cables  of  19,  37,  and  61  strands  and  varied  from  0.80  to  0.85;  in  new  cables, 
it  was  generally  near  0.80.  In  some  other  types  of  conductors  and  in  muti- 
lated cables,  it  was  lower.  The  lowest  value  obtained  was  approximately  O.YO. 
The  iiTegularity  factor  probably  improves  when  the  points  gradually  oxidize 
off  with  weathering.  An  aluminum  cable  of  about  1  in.  in  diameter  and 
several  years  in  operation  had  a  factor  of  0.85  or  more.  The  7-strand  cable 
was  not  as  good,  because  of  the  non-uniformity  of  the  cable,  due  to  the  stiff 
strands,  and  because  the  stiff  strands  had  become  mutilated  in  manufacture. 
It  is  important  to  have  the  individual  strands  of  the  outer  layer  free  from 
mutilation  and  evenly  placed.  Projecting  irregularities  should  always  be 
avoided.  It  is  also  possible  to  prevent  corona  loss  by  using  for  each  con- 
ductor three  or  more  wires  of  the  same  potential  placed  closely  together.  The 
relative  diameters  of  the  two  types  of  conductors  at  220  kv.  are,  as  follows: 
Tubular  conductor,  0.77  in.;  cable,  0.95  in.  It  is  seen  that  the  line  conductor 
presents  no  special  difficulty  at  220  kv.     Quite  satisfactory  results  can  be 
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obtained  with  cables  of  about  1  in.  in  diameter  and  spaced  15  ft.  apart.  For 
higher  voltages,  it  is  simply  a  question  of  getting  sufficient  diameter  with  a 
smooth  surface. 

The  corona  loss  starts  at  a  given  point  during  each  half  cycle  as  the  voltage 
increases,  continues  over  part  of  the  half  cycle,  and,  finally,  ends  at  a  given 
point  as  the  voltage  decreases.  A  varying  amount  of  corona  and  loss  thus 
occurs  during  a  given  part  of  each  voltage  wave.  The  conducting  corona,  in 
effect,  makes  a  conductor  which  periodically  varies  in  diameter.  The  capacity 
and  loss,  therefore,  vary  during  parts  of  each  wave.  It  follows  that  if  a  sine- 
wave  voltage  high  enough  to  cause  corona  loss  is  applied  to  conductors,  the 
current  cannot  follow  a  sine  wave,  but  must  be  distorted  or  contain  harmonics. 
These  harmonics  are  highly  undesirable  from  the  standpoint  of  telephones  and 
otherwise,  which  is,  therefore,  another  good  reason  for  avoiding  corona  on 
transmission  lines. 

The  Line  Insulator. — The  principal  cause  of  the  serious  insulator  failures 
has  not  generally  been  mysterious  high  voltages,  but  poor  material  and  poor 
mechanical  designs  of  units  of  the  cemented  type.  The  Hewlett  insulator, 
which  is  free  from  cement  and  tight-fitting  metal  parts,  has  been  free  from 
these  troubles.  During  recent  years,  the  cemented-type  unit  has  been  improved, 
and  such  troubles  have  been  greatly  decreased. 

There  is  another  problem,  however,  which  becomes  of  importance  at  the 
higher  voltages.  When  insulators  are  placed  in  series  in  a  string,  the  voltage 
does  not  divide  evenly.  A  very  high  percentage  is  across  the  unit  nearest  the 
line,  whereas  even  distribution  would  put  10%  on  each  unit  of  a  10-unit 
string.  When  there  are  more  than  5  units  in  a  string,  20  to  30%  of  the 
applied  voltage  will  be  on  the  line  unit.  It  is  evident  that  this  becomes  of 
great  importance  at  the  higher  voltages;  for  instance,  at  an  operating  voltage 
of  110  kv.,  the  stress  on  the  line  unit  is  19  kv. ;  at  220  kv.,  it  is  38  kv. 

This  uneven  voltage  distribution  may  be  corrected  in  a  number  of  ways, 
one  of  which  is  by  varying  the  capacities  of  the  units  along  the  string  in  pro- 
portion to  the  currents.  The  spark-over  characteristics  of  a  string  graded  in 
this  manner  are  bad,  as  there  is  a  tendency  to  cascade. 

The  voltage  may  be  distributed  by  means  of  the  shield  which,  in  effect, 
eliminates,  the  capacity  to  ground  in  that  all  the  units  in  the  string  are  the 
same;  it  eliminates  corona  and  directs  the  arc  away  from  the  string.  By 
means  of  the  shield  and  standard,  well  tried  insulators,  unit  stresses  on 
220-kv.  lines  are  readily  reduced  below  those  at  present  existing  on  successful 
110-kv.  lines.  By  better  distribution  of  the  surface  stresses  on  the  individual 
units,  the  shield  also  tends  to  increase  the  spark-over  voltage  when  the  string 
becomes  dirty. 

Although  there  is  considerable  room  for  improvement  in  the  line  insulator, 
it  appears  that  insulator  troubles  will  be  less  than  on  the  lower  voltage  lines. 
It  seems  time  to  develop  a  large  unit  for  use  on  lines  of  more  than  220  kv. 

The  insulator  or  bushing  is  generally  selected  so  that  the  wet  and  dry 
spark-over  voltage  at  normal  frequency  is  several  times  the  operating  voltage. 
The  average  ratio  of  the  flash-over  voltage  of  a  single  string  to  the  operating 
voltage  is  3  dry  and  2  wet.    Experience  has  shown  these  values  to  be  necessary 
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in  order  to  give  good  operations.  It  is  interesting  that  a  higher  "factor  of 
safety"  is  required  at  the  lower  voltages.  This  would  be  expected,  as  all  lines 
are  subjected  to  the  same  lightning  voltages.  From  11  to  14  units  will  be 
used  on  220-kv.  lines.  The  spark-over  voltage  decreases  with  barometric 
pressure. 

It  is  important  to  discuss  the  abnormal  conditions  that  occur  on  trans- 
mission lines  before  deciding  on  lightning  protection. 

Abnormal  Conditions  on  Transmission  Lines. — The  abnormal  voltages  that 
are  likely  to  occur  on  transmission  lines  and  need  be  considered  in  connection 
with  the  in.!5ulator  and  transformers  are  as  follows: 

1. — Cloud  lightning  in  most  cases  occurs  on  the  line  as  an  induced  stroke. 
A  very  steep  wave-front  voltage  travels  over  the  line.  At  one  instant  an 
insulator  may  be  subjected  to  normal  voltage  and  less  than  a  millionth  of  a 
second  later  to  the  normal  voltage  plus  or  minus  the  lightning  voltage.  The 
lightning  characteristics  of  insulator,  bushings,  and  arrester  gaps  have  been 
thoroughly  investigated  by  a  lightning  or  impulse  generator  which  the  General 
Electric  Company  has  had  for  a  number  of  years  in  the  High  Yoltago 
Engineering  Laboratory  at  Pittsfield.  This  lightning  or  impulse  generator 
is  capable  of  producing  voltage  waves  of  a  known  shape  and  a  duration 
measured  in  micro-seconds.  The  range  of  this  lightning  generator  has  been 
extended  from  800  to  about  1  500  kv.  The  current  discharge  is  measured  in 
hundreds  or  thousands  of  amperes.  This  is  far  in  excess  of  lightning  strokes 
induced  on  transmission  lines  and  probably  approximates  voltages  on  lines 
caused  by  direct  lightning  strokes.  Fortunately,  the  lightning  spark-over 
voltage  of  an  insiilator  is  always  higher  than  the  60-cycle,  spark-over  voltage. 
The  lightning  spark-over  voltage  is  also  not  affected  by  rain  or  moisture. 
Observations  that  have  been  made  by  placing  gaps  of  various  spacings  on 
transmission  lines  show  that  the  danger  from  lightning  decreases  rapidly 
with  increasing  line  voltage.  In  general,  it  was  found  that  the  voltages  were 
of  steep  wave  front.  Many  discharges  took  place  on  the  lower  voltage  gaps. 
The  discharges  on  the  higher  voltage  gaps  were  less  and  less  until  finally 
few  were  found  at  a  needle-gap  setting  for  about  200  kv.  This,  perhaps, 
would  correspond  to  about  400  kv.  in  actual  volts.  A  direct  stroke,  of  course, 
may  be  higher.    In  general,  the  field  tests  checked  the  laboratory  tests. 

2. — Other  transients  that  are  of  importance  on  transmission  lines  are 
those  caused  by  arcing  grounds  on  systems  with  isolated  neutrals  and  those 
caused  by  switching.  Such  disturbances  as  the  General  Electric  Company 
has  been  able  to  measure  are  either  in  the  nature  of  a  surge  or  a  highly 
damped  high-frequency  oscillation.  Such  disturbances  sometimes  amount  to 
double-line  voltage,  but  often  cause  very  little  rise  in  voltage  across  the  line. 
They  may  build  up,  however,  to  high  internal  values  in  inductive  apparatus. 
Fortunately,  the  grounded  neutral  system  is  fast  replacing  the  isolated 
system.  The  power  arc  in  the  grounded  neutral  system  is  practically  non- 
oscillatory.  For  very  long  lines  at  high  voltage,  however,  where  the  capacity 
current  maj'  approach  in  value  the  short-circuit  current,  arcs  may  cause 
oscillations  even  on  the  grounded  neutral  system. 
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3.— It  can  be  safely  stated  that  undamped  high-frequency  disturbances 
practically  do  not  exist  on  transmission  lines.  The  spark-over  voltage  for  con- 
tinuous high  frequency  is  lower  than  the  60-cycle  spark-over  voltage.  The 
spark-over  voltage  of  an  insulator  for  any  transient  disturbance  that  is  likely 
to  occur  on  a  transmission  line,  is  always  higher  than  the  60-cycle  spark-over 
voltage.  Insulator  failures  or  spark-overs  may  be  caused  by  excessive  voltages, 
by  weakened  insulation,  or  by  a  combination  of  the  two.  Available  data 
indicate  that  the  greater  number  of  insulator  failures  have  not  been  due 
primarily  to  excessive  voltages  or  to  "high  frequency",  but  to  weakened 
insulation. 

In  parts  of  the  United  States  having  a  long  dry  season,  dirt  collects  on 
the  surfaces  of  the  insulators.  When  this  dirt  becomes  wet  with  the  first 
rain,  dew,  or  fog,  the  surface  becomes  conducting,  and  the  spark-over  occurs 
at  a  very  low  value.  It  is  somewhat  similar  to  placing  a  fuse  suddenly  across 
the  string.  This  trouble  may  be  accentuated  when  there  has  been  mechanical 
deterioration,  and  part  of  the  string  has  become  useless.  The  proportion  of 
failures  is  small,  because  it  requires  a  combination  of  conditions  as  to  dirt, 
moisture,  etc.,  to  establish  a  conducting  path  sufficiently  long  to  cause  complete 
spark-over  before  the  dirt  is  burned  off  or  washed  away.  Although  it  is 
difficult  to  trace  some  of  these  failures  to  dirt  and  moisture,  it  is  significant 
that  such  failures  do  not  occur  where  summer  rains  are  frequent.  Such  rains 
not  only  tend  to  prevent  dust,  but  also  wash  away  the  small  quantity  that 
collects.  The  laboratory  data  given  in  Table  2  are  of  interest  in  connection 
with  dirt  formation. 

TABLE  2. 


Number  of  units  in 

Spark-Over  Kilovolts. 

series. 

Dry  clean. 

Wet  clean. 

Dew  clean. 

Dry  dirty. 

Dew  dirty. 

9 

537 

380 

542 

537 

160 

Laboratory  tests  do  not  indicate  the  true  wet  arc-over  on  a  wet,  dirty 
insulator  unless  the  power  supply  and  testing  transformer  are  large.  The 
laboratory  results  are  generally  too  high.  Ionization  of  the  air  around  the 
line  conductor,  due  to  incipient  corona  or  other  cause,  may  be  dismissed  as  a 
probable  cause  of  mysterious  spark-over.  Tests  made  in  a  closed  box,  where 
the  ionization  was  much  stronger  than  would  be  possible  in  the  open  air,  showed 
no  reduction  in  spark-over  voltage. 

Extra  High-Voltage  Lines. — From  the  previous  discussion,  it  appears  that 
transmission  at  220  kv.,  or  somewhat  higher,  offers  no  difficxilty.  As  220  kv. 
was  about  to  be  realized,  it  seemed  desirable  that  an  investigation  be  carried 
to  the  extreme,  in  fact  beyond  any  voltage  that  economic  conditions  will 
probably  ever  demand.  At  the  High- Voltage  Engineering  Laboratory  at  Pitts- 
field  in  September,  1921,  more  than  1  000  000  volts  was  applied  to  a  short  section 
of   a   1 000  000-volt   line.     In   this   investigation,   tests   have   been   made    at 
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1  500-kv.,  single-phase,  1  000  kv.  to  ground,  and  1  000  kv.,  three-phase.  ^Briefly, 
the  investigation,  as  far  as  it  is  completed,  shows  that  the  laws  of  corona  deter- 
mined at  the  lower  voltages  are  followed  at  the  higher  voltages.  The  calculated 
sphere-gap  curve  checks  the  measured  one.  The  needle-gap  spark-over  is 
obtained  by  extending  the  lower  voltage  curve.  These  data  are  given  graph- 
ically in  Figs.  9,  10,  11,  and  12. 
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In  view  of  this  information,  it  is  interesting  to  discuss  the  characteristics 
and  practical  possibilities  of  a  1  000  000-volt,  transmission  line  regardless  of 
the  fact  that  present  economic  conditions  do  not  require  such  a  line.  By 
going  to  the  extreme,  a  perspective  of  the  whole  field  will  be  obtained.  The 
present  importance  of  the  problem  is  to  know  how  to  predetermine  the  charac- 
teristics of  the  higher  voltage  lines,  in  order  to  be  ready  when  conditions 
demand  them.  Only  the  transformer,  the  transmission  conductor,  and  the 
line  insulator  need  be  considered.    The  low-voltage  apparatus  would  not  differ 
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from  that  at  present  in  use,  except  for  the  ability  to  handle,  regulate,  and 
control  the  large  amount  of  energy  necessary  to  make  such  a  line  economical. 
This  is  the  factor  that  will  probably  determine  the  ultimate  voltage.  The  com- 
parison with  the  220-kv.  line  as  a  background  will  be  of  interest. 

TABLE  3. — Corona  on  Parallel  Brass  Tubes,  60-Cycle,  Single-Phase. 


Spacing. 

Visual  Corona 

In  inches. 

In  centimeters. 

Kilovolts,  effective, 
calculated. 

Kilovolts,  i  =  i, 
observed. 

Diameter,  3.5  in.,  8.9  cm.: 


75.5 

192 

790 

730 

111.5 

283 

876 

895 

147.5 

375 

915 

915 

183.5 

466 

990 

990 

Diameter,  1.75  in..  4.45  cm. 


73.7 

188 

490 

490 

109.7 

279 

538 

560 

145.7 

370 

568 

600 

181.7 

463 

604 

675 

Diameter,  1.0  in.,  2.54  cm.: 


73 

185 

340 

370 

109 

277 

364 

380 

181 

460 

402 

415 

The  transformer  would  not  differ  radically  from  the  present-day  trans- 
former as  standard,  circular-coil  transformers  were  used  in  the  investigation 
with  more  than  1  000  000  volts,  single-phase,  1 000  000  volts  to  ground,  and 
1  000  000  volts,  three-phase. 

The  calculation  of  the  size  of  the  conductor  necessary  for  such  a  line  is 
of  interest.  At  sea  level  and  at  30-ft.  (9.2-m.)  spacing,  three-phase,  a  conductor 
5  in.  (12.5  cm.)  in  diameter  is  necessary  at  1  000  kv. 

Therefore : 

S 
Cq  =  21.1  TOq  r  5  logg  —  kv.  to  neutral. 

Tjig  =  0.90;  r  =  radius,  in  centimeters;  s  =  spacing,  in  centimeters, 
e-  =  578  to  neutral. 


E. 


1  000  kv.  between  lines. 

—  (/  -f  25)      |Z^(e  —  e^y  10-^  kw.  per  km.  per  condition. 


p  =  0.08  (e  —  578)^  kv.  per  mile,  three-phase. 

At  1  000  kv.  between  lines,  the  loss  is,  therefore,  zero. 

If  the  voltage  is  increased  10%,  the  loss  is : 

p  =  0.08  (635  —  578)2  =  0.08  (57)^  =  260  kw.  per  mile 

This  is  quite  large.     By  examining  the  equation,  it  will  be  seen  that  a 
peculiarity  of  the  very  high-voltage  line  is  that  the  corona  loss  increases  rap- 
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idly  with  a  slight  increase  of  the  voltage  above  the  critical  point.  This  is  so 
at  the  higher  voltages,  because  the  loss  increases  as  the  square  of  the  difference 
between  two  voltages.    A  small  increase  means  a  large  actual  voltage  increase. 

This  is  well  illustrated  by  comparing  the  loss  on  a  1  000-kv.  line  and  a 
220-kv.  line  for  a  10%  increase  in  voltage  above  the  critical  value. 

For  1  000-kv. : 

p  =  0.08  (578  —  578)2  =  0 

at  10%  increase, 

p  =  0.8  (635  —  578)2  =  0.1  (578)^  =  200  kw.  per  mile 

For  a  220-kv.  line : 

2,  =  0.05   (127  —  127)2  =  0. 
at  10%  increase, 

p  =  0.05  (130  —  127)2  =  0.05  (12)2  =  7.2  kw.  per  mile 
Because  of  the  large  increase  in  loss  when  the  voltage  is  increased,  or  the 
critical  voltage  is  lowered,  it  may  be  desirable  to  operate  such  lines  with  a 
larger  margin  between  the  critical  and  operating  voltage. 

Rain  (on  the  average)  lowers  the  critical  voltage  20% ;  the  loss  during  a 
storm,  therefore,  would  be : 

p  =  0.08   (6-0.8X580)2  =  0.08   (116)2  =  860  kw.  per  mile; 
a  loss  of  almost  1  000  000  kw.  on  a  1  000-mile  line.    For  small  loss  during  a 
storm,  it  would  be  necessary  to  increase  the  diameter  of  the  conductor  to  6.5 
in.  (16.5  cm.). 

In  the  calculation  just  given,  a  fairly  smooth  tube  is  assumed.  Other  forms 
of  conductors  are  possible.  For  special  conductors  or  cables,  however,  it  is 
well  to  be  sure  that  a  decrease  in  diameter  of  component  parts  does  not  more 
than  offset  the  gain  by  the  increased  total  diameter  of  the  complete  conductor. 
The  60-cycle  capacity  current  of  such  a  line  would  be  4.15  amperes;  the  kilovolt- 
amperes  per  mile  would  be  7  200  at  60  cycles.  The  line  insulator  offers  the 
most  difficult  problem.    The  length  of  the  insulator  would  be  from  15  to  20  ft. 

A  description  of  a  1  000  000-volt  line  may 
now  be  given:  The  conductors  would  be 
6.5  in.  (16.5  cm.)  in  diameter,  suspended  by 
insulators  from  15  to  20  ft.  (4.5  to  6  m.)  in 
k'ngtli,  and  spaced  at  least  30  ft.  (9.2  m.) 
apart.  A  graphical  comparison  is  given  in 
Fig.  13. 

Assume  that  the  tubular  conductors  are 
made  up  with  a  shell  equivalent  to  1  500  000 
cir.  mils  of  copper.  At  unity  power  factor 
per  three-phase  circuit,  3  000  000  kw.  can  be 
delivered  1  000  miles  with  1  000  000  volts  at 
both  ends  of  the  line  and  at  an  efficiency  of 
88  per  cent.  The  frequency  was  taken  at 
25  cycles  in  the  problem  just  cited  (only  for 
illustrative  purposes)  to  avoid  the  complication  of  considering  wave  trans- 
mission.    The  charging   current   at   no  load   would   be   1  500   amperes,   with 
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1  000  kv.  at  the  receiver  end  and  700  kv.  at  the  generator  end.  More  complete 
data  are  given  in  Table  4  and  Figs.  14  and  15.  The  control  and  harmless  dis- 
sipation of  the  energy  due  to  an  accidental  short  circuit  on  the  buses  of  such 
a  system  is  a  problem. 


TABLE  4. — Characteristics  of  1  000  OOO-Volt  Line  on  Three-Phase  Circuit, 
25  Cycles,  1  000  Miles,  6.5-In.  Diameter  Conductor,  30-Ft.  Spacing. 


KiLOVOLTS. 

Power,  is  Kilowatts. 

Percentage. 
Power  Factor. 

o 

CD  >. 

^^ 

3u 

Amferks. 

Gener- 
ator. 

Middle. 

Re- 
ceived. 

Gener- 
ator. 

Re- 
ceived. 

Gener- 
ator. 

Re- 
ceived. 

Gener- 
ator. 

Re- 
ceived. 

653 

760 

1000 

1400 

908 

946 

1008 

1183 

C( 

1  000 
1000 
1000 
1000 

raductor  Eqi 

97  200 
1  392  000 
3  270  000 
5  890  000 

livalent  to  1 

0 

1  250  000 

2  870  000 
5  000  000 

JOOOOOCir.  Mil 

+   5.67 
+  65.6 
-f  97.8 
—  97.2 

s,  Copper 

'  Voo ' 

100 
100 

0 
90 
88 
85 

1  510 
1610 
1925 

2  490 

0 

720 
1650 
2  880 

665.0 

870.0 

1000.0 

1677.0 


904 

991 

1052 

1340 


Conductor  Equivalent  to  500  000  Cir.  Mils,  Copper. 


1  000 
1  000 
1  OdO 
1000 


280  000 

1  710  000 

2  578  000 
7  575  000 


0 
1  250  000 
1  980  000 
5  000  OUO 


16.7  lead 
68.4    •' 
83.3    " 
99.99  lag 


0 

1515 

0 

100 

73 

1  667 

722 

100 

75.1 

1  800 

1  145 

100 

65.4 

2  635 

3  885 

Line  Characteristics. — A  careful  study  of  the  line  characteristics  becomes 
of  great  importance  for  long  lines  and  high  voltages. 

To  the  present  time,  good  regulation  has  been  effected  by  the  use  of  syn- 
chronous motors  or  condensers  at  the  receiving  end  of  the  line.  These  machines 
can  be  made  to  take  leading  or  lagging  current  at  will  by  change  of  field 
excitation.  As  leading  current  has  a  boosting  effect,  the  drop  at  full  load 
may  be  eliminated  by  making  the  machine  require  leading  current  under  load. 
The  tendency  for  the  voltage  to  rise  at  no  load  is  opposed  by  supplying  lagging 
current.  By  controlling  this  current  properly,  there  is  no  difficulty  in  keeping 
the  receiver  voltage  practically  constant  at  all  loads  with  a  constant  voltage 
of  the  generator.  It  has  required  a  synchronous  condenser  capacity  of  frojii 
50  to  80%  of  the  generator  capacity  to  accomplish  this  regulation.  It  is  well 
to  point  out,  however,  that  a  considerable  part  of  this  has  been  used  to  correct 
the  low  power  factor  of  the  load.  This  excellent  method  will  be  used  on  the 
two  220-kv.  systems  already  mentioned. 

Generators  above  a  certain  critical  size  are  necessary  in  starting  very  long 
lines,  otherwise  the  voltage  at  the  sending  end  will  rise  to  a  high  value,  even 
when  the  generators  are  not  excited.  This  follows  because  the  slight  residual 
voltage  of  the  generators  will  cause  a  capacity  current  to  flow  to  the  line 
which  boosts  the  generator  voltage.  The  current  and  voltage  will  continue 
to  rise  to  a  value  depending  on  the  size  of  the  generators.  It  is  desirable  to 
have  the  generators  large  enough  so  that  one  unit  can  take  care  of  the  charging- 
current  of  the  line.  Long  lines  may  be  started  by  bringing  up  the  line  and 
synchronous  condensers  together. 
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Single,  60-cycle,  high-voltage  lines  are  approaching  at  present  a  length  of 
300  miles.  As  the  length  increases  a  new  problem  is  presented;  the  line  tends 
to  become  unstable.  The  length  at  which  instability  occurs  depends  on  the 
frequency  and  is  due  to  a  peculiar  resonant  condition  that  occurs  at  a  critical 
length.  The  critical  length  is  approximately  750  miles  at  60  cycles  and  1  800 
miles  at  25  cycles.  In  brief,  this  condition  is  due  to  the  fact  that  it  requires 
time  for  the  electric  energy  to  travel  over  a  wire.  "With  the  distances  just 
mentioned,  the  first  wave  travels  to  the  end  of  the  line  and  back  to  the  gen- 
erator in  time  to  add  to  the  second  wave,  and  so  on.  These  critical  distances 
are  called  the  quarter-wave  lengths  for  25  and  60  cycles,  respectively.  Insta- 
bility will  begin  to  be  noticed  at  distances  considerably  less  than  these.  At  no 
load  and  very  low  generator  voltage,  the  voltage  at  the  far  end  of  such  a  line 
would  reach  high  values,  being  limited,  in  fact,  only  by  the  losses. 
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CHAra'ct'eRISTICS  of  a  1000  MILE, 
MILLION  VOLT  TRANSMISSION  LINE 


1000  Kv.  AT  RECEIVER  — lOOJf  POWER  FACTOR  LOAD.— 26  CYCLES  | 
1  600,000  CIR.  MILS.  COPPER  TUBE  CONDUCTOR  6>^IN.  DIAMETER; 
30  FT.    SPACING 


12  3  4 

Total  Load  iu  Millions  of  KiloTvatts 

Fig.    14. 


It  is  possible  to  make  use  of  the  peculiar  characteristics  of  such  lines.  For 
instance,  if  approximately  constant  current  is  held  at  the  generator,  prac- 
tically constant  voltage  results  at  the  receiver.  Under  load,  however,  the  vol- 
tage at  the  middle  of  the  line  may  be  quite  high.  The  characteristics  are 
shown  in  Fig.  16.    At  double  the  distance  the  half -wave  line  results.    Its  char- 
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acteristics  are  better  than  the  quarter-wave  line.  In  both,  however,  there  are 
practical  difficulties.  The  voltage  may  be  high  at  intermediate  points  under 
load  and  go  to  very  high  values  at  no  load.  Intermediate  taps  are  also  difficult 
or  impossible  to  make. 
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The  simplicity  and  flexibility  of  the  synchronous  condenser  regulated  line 
are  lost  in  quarter  and  half -wave  transmission.  This  has  suggested  the  exten- 
sion of  the  present  system  by  distributing  synchronous  condensers  along  the 
line  at  intervals  considerably  less  than  the  quarter-wave  length,  and  controlling 
the  phase  relation  between  voltage  and  current  at  these  points.  Each  section 
is,  in  effect,  an  independent  short  line. 

There  is  no  untried  principle  in  this,  as  synchronous  machines  have  been 
used  and  distributed  over  power  systems  for  years.  The  plan  has  been  ad- 
mirably discussed  in  a  pai^er  by  F.  G.  Baum,  M.  Am.  Soc.  C.  E.*  This  method 
holds  more  promise  than  any  of  the  other  schemes  considered. 

Direct  current  oifers  some  admirable  characteristics  for  transmission  to 
great  distances,  which  are  worthy  of  mention.    The  present  difficulties  come  in 

*  "Regulation  and  Insulation  for  Large  Power  Long-Distance  Transmission",  Journal, 
A.   I.   E.  E.,  June,  1921. 


770 


HIOH-VOLTAGE    POWER    TRANSMISSION 


obtaining  high  direct-current  voltages  and,  later,  in  stepping  down  for  distribu- 
tion. For  a  given  distance  in  air  or  oil,  the  direct-current  voltage  required  to 
cause  break-down  is  about  41%  higher  than  the  alternating-current  voltage. 
The  advantage  of  direct  current  is  about  2  to  1  for  solid  insulations. 
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CHARACTERISTICS  OF  A  QUARTER  WAVE 
LENGTH   LINE 
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It  may  be  of  interest  to  mention  that,  for  every  alternating-current  line, 
there  is  a  certain  critical  current  at  unity  power  factor  load  where  the  char- 
acteristics of  the  line  are  the  same  as  for  a  direct-current  line. 

Conclusions. — 

1. — The  maximum  voltage  used  in  transmission  will  not  be  imposed  by 
engineering  difficulties  of  insulation,  but  by  available  supplies  of  energy. 
Although  it  is  not  probable  that  economic  conditions  will  require  1  000  kv. 
for  power  transmission,  the  characteristics  of  such  a  system  have  been  dis- 
cussed in  order  to  get  a  perspective  of  the  whole  field.  Very  high  voltages  are 
not  economical  unless  the  power  is  enormous. 

2. — Transmission  at  220  kv.  will  generally  not  be  economical  unless  the 
power  transmitted  is  of  50  000  to  100  000  kw.  per  circuit  and  the  distances  from 
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150  to  300  miles  or  more;  at  1000  kv.,  economical  transmission  would  prob- 
ably require  more  than.  2  000  000  kw.  per  circuit  and  distances  of  1  000  miles, 
or  more.  The  limitations  imposed  by  the  large  size  of  the  apparatus  units  are 
probably  more  difficult  than  those  imposed  by  insulation.  A  great  problem 
is  safe  control  of  enormous  amounts  of  energy  during  a  short  circuit. 

3. — Considerably  higher  voltages  could  be  used  at  present  if  economic  con- 
ditions required  it.  The  transformer  has  been  developed  far  in  advance  of 
the  art;  the  line  conductor  would  offer  no  difficulty;  although  considerable 
development  is  desirable  in  the  line  insulator,  it  does  not  appear  to  have  serious 
limitations. 

4. — For  very  long-distance  transmission,  it  appears  that  stability  and  good 
regulation  will  be  secured  by  distributing  synchronous  condensers  at  inter- 
vals along  the  line. 
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SOCIAL  AND  ECONOMIC  ASPECTS  OF  HYDRO-ELECTRIC  POWER 
By  Ciiarlks  D.  Marx,*  Past-President,  Am.  Soc.  C.  E. 


All  engineers  are  so  firmly  convinced  of  the  important  role  which  hydro- 
electric power  is  playing  and  will  continue  to  play  as  a  factor  in  human  devel- 
opment, that  they  do  not  take  time  to  marshal  the  facts  in  support  of  this 
statement.    An  effort  to  do  this,  if  only  in  part,  will  be  attempted. 

A  California  writer  has  said: 

"What  is  civilization  ?  It's  where  you  stand  on  a  street  corner  and  wait  for 
ten  street  cars,  four  hundred  automobiles,  fifty  motoi'-cyeles,  twenty-five  bikes, 
a  dozen  motor  trucks,  a  few  fire  engines,  the  police  patrol,  a  hurry-up  am- 
bulance, and  a  funeral,  to  pass  before  you  dare  make  a  try  for  the  opposite 
corner." 

If  that  is  a  correct  definition  of  modern  civilization,  and  indicative  of 
its  benefits  to  mankind,  the  speaker  would  not  blame  Mahatma  Ghandi  for  the 
strenuous  efforts  he  is  making,  not  only  to  prevent  the  spread  of  Western 
civilization  in  India,  but  also  to  destroy  it,  through  his  policy  of  non-co- 
operation. 

Modern  civilization  depends  on  the  economic  development,  transmission 
and  distribution,  and  the  intelligent  utilization  of  the  sources  of  energy  for 
the  creation  of  wealth.  Civilizations  have  existed  in  the  past,  and  the  monu- 
ments remaining  in  India,  Egypt,  Mexico,  Peru,  and,  later,  in  Greece  and 
Rome,  bear  testimony  to  the  ability  of  our  predecessors  to  utilize  some  of  the 
sources  of  energy  for  the  creation  of  wealth,  but  also  that  this  energy,  largely 
man  power,  was  not  economically  employed  and  the  wealth  created  was  not 
intelligently  utilized,  owing  to  its  unequal  distribution. 

Consider,  briefly,  the  different  kinds  of  energy  available  for  the  creation  of 
wealth.  There  is  first  the  energy  exerted  directly  by  man,  which  was  the  kind 
in  most  general  use  for  the  development  of  ancient  civilizations.  The  amount 
developed,  as  shown  by  the  accumulated  wealth,  depended  on  conditions  of 
food,  climate,  and  soil,  and  the  ability  to  overcome  physical  obstacles.  It  was 
large  in  Asia,  Africa,  and  America,  the  seats  of  the  most  ancient  civilizations. 
The  wealth  so  created,  however,  was  distributed  very  unevenly,  and  human 
energy  was  often  misdirected. 

We  are  told  that,  "*  *  *  two  thousand  men  were  occupied  for  three 
years  in  carrying  a  single  stone  from  Elephantine  to  Sais",  and  that,  "to  build 
one  of  the  Pyramids  required  the  labor  of  360  000  men  for  twenty  years." 
Surely  this  does  not  represent  the  economic  development  of  one  of  the  sources 
of  energy. 

Modern  civilization  will  continue  to  depend,  at  least  in  part,  on  the  direct 
utilization  of  human  energy,  /and  the  amount  available  will  depend  on  the 
population  and  its  physical  condition,  the  latter,  in  turn,  being  determined 
largely  by  the  conditions  of  living.  As  bearing  on  this  question  of  future 
available  man  power  in  the  United  States,  one  cannot  do  better  than  read 

*  Prof.,  Civ.  Eng.,  Leland  Stanford,  Jr.,  Univ. :  Cons.  Engr.,  Stanford  University,  Calif. 
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the  article*  by  Frederic  C.  Howe,  entitled,  "Has  the  Westward  Tide  of  Peoples 

Come  to  an  End  ?"    He  believes  that : 

"The  result  of  those  conditions  [from  the  restrictions  on  immigration  now 
in  force]  may  be  a  reduction  in  the  productive  capacity  of  the  nation.  It  will 
certainly  reduce  the  number  of  persons  occupied  in  manual  xjursuits,  and 
especially  in  the  elementary  pursuits  that  are  now  manned  by  the  raw  material 
from  Europe,  which,  for  a  generation,  has  been  cheaper  than  the  building  of 
machines  to  do  man's  work." 

If  this  forecast  is  correct — and  Mr.  Howe  marshals  the  facts  in  support  of 
his  conclusion — the  importance  of  conserving  all  other  sources  of  energy  for 
the  creation  of  wealth  will  be  recognized. 

The  speaker  stresses  here,  and  in  his  original  definition,  the  creation  of 
wealth  as  the  essential  factor  in  the  development  of  civilization,  because  the 
creation  of  wealth  implies  a  surplus,  and  it  is  only  when  there  is  a  surplus  of 
wealth — a  quantity  greater  than  is  needed  to  meet  the  physical  needs  of  peoples 
from  day  to  day — that  there  can  be  had  that  leisure  for  the  development  of 
the  thinking  power  of  man  on  which  depends  both  his  -material  well-being  and 
spiritual  growth. 

The  development  of  the  other  sources  of  energy  call,  in  an  increasing 
measure,  for  the  application  of  human  knowledge,  in  order  that  a  maximum  of 
economic  development  of  these  sources  of  energy  may  be  obtained.  "We 
simply  must  have  cheaper  fuel — cheaper  energy  of  all  sorts — or  every  one  of 
us  is  going  to  have  a  harder  time  making  a  decent  Kving",  says  President 
Little,  of  the  Institute  of  Chemical  Engineers.    He  claims  we  must : 

"(1)  Mine  and  burn  coal  more' economically ;  (2)  use  artificial  anthracite 
in  our  homes;  (3)  get  more  heat  out  of  gas;  (4)  find  a  new  and  better  motor 
fuel;  (5)  develop  more  water  power." 

He  shows  also  that  there  are  other  untapped  sources  of  heat  and  power 
among  which  are : 

"(1)  The  immense  energy  of  the  sun's  rays;  (2)  the  energy  of  the  earth's 
rotation;  (3)  the  power  of  the  rising  and  falling  ocean  tides;  (4)  the  steam  of 
volcanoes;  (5)  the  vast  forces  stored  in  the  atom." 

Among  the  sources  of  energy  one  must  distinguish  between  those  the 
utilization  of  which  spells  a  destruction  of  the  capital  of  energy,  and  those 
which  may  be  said  to  be  seK-renewing.  The  continuity  of  civilization  depends 
on  the  economic  utilization  and  development  of  the  latter  classes.  Of  these, 
the  one  most  developed  at  present  is  the  energy  obtained  from  falling  water. 
The  others  depend  on  the  growing  knowledge  and  skill  in  making  available  the 
other  potential  sources  of  energy.  Progress  in  the  arts  and  sciences  requires 
time,  and  should  this  progress  be  slower  than  the  consumption  of  energy  from 
sources  which  connote  a  destruction  of  the  sources  of  energy,  civilization  would 
not  only  come  to  a  standstill,  but  would  also  face  destruction.  It  is  because  of 
the  self-renewing  energy  of  water  that  hydro-electric  development  becomes  a 
factor  of  such  supreme  importance  for  the  civilization,  not  only  of  this  country, 
but  also  of  other  countries  where  only  a  beginning  of  its  use  is  taking  place. 
*  Scribner's  Magazine,  September,   1922,   p.   362. 
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Tlie  speaker  has  briefly  referred  to  India  and  the  efforts  being  made  there 
to  arrest  the  progress  of  modern  civilization  and  to  turn  back  to  a  type  for 
which  the  claims  are  made  that  it  is  better  and  more  conducive  to  the  happi- 
ness of  the  human  race  than  that  now  being  developed.  White  Khaddar  hand- 
woven  cloth,  made  of  hand-spun  yarn,  is  to  take  the  place  of  modern  cloth ;  rail- 
roads, telegraphs,  modern  methods  of  transportation,  disseminating  knowledge, 
increasing  the  productivity  of  the  soil,  sanitation,  increasing  the  length  of  life, 
and  bettering  the  living  conditions  of  the  people,  are  to  be  scrapped,  for  the 
purpose  of  holding  a  civilization  that  has  been  static  for  thousands  of  years— 
a  civilization  of  a  type  that  spells  poverty  for  the  many  and  the  degradation 
of  humanity.  This  is  a  doctrine  preached  to  hundreds  of  thousands  in  India, 
by  a  man  who  arrives  to  do  his  preaching  in  a  Ford  motor  car! 

However,  the  prophets  of  modern  civilization  in  India,  the  engineers,  are 
busily  engaged,  through  the  development  of  hydraulic  power,  in  bringing  about 
a  change  in  this  civilization — a  change  for  the  better.  The  late  Mr.  Robert 
Batson  Joyner,  in  his  paper  on  "The  Tata  Hydro-Electric  Power-Supply 
Works,  Bombay,"*  describes  the  improvement  of  Indian  conditions  by  water 
power,  as  follows : 

"The  work  now  described  shows  that,  given  head  enough,  it  is  financially 
possible  at  certain  favorable  places,  to  store  water  to  provide  power  during 
about  three-fourths  of  the  year  when  the  rivers  are  dry,  and  India  should  now 
be  able  to  supply  itself  with  many  articles  which  hitherto  have  had  to  be  im- 
ported; because,  though  so  much  of  the  raw  materials  is  grown  in  the  country, 
and  labor  is  cheap,  power  from  coal  is  much  too  expensive  in  most  parts  of 
India  to  enable  it  to  compete  with  other  countries,  especially  as  the  cost  of 
ocean  freight  has  been  so  much  reduced.  The  cheap  water-power  now  shown 
to  be  producible  at  favorable  sites  should  greatly  promote  the  prosperity  of 
the  country,  not  only  by  the  establishment  of  large  factories,  but  also  by  the 
use  of  the  stored  water,  after  giving  up  its  power,  to  help  to  ward  off  famine. 
It  should  also  ensure  the  growth  of  the  raw  materials  required,  provide 
transport  for  these  materials  to,  and  for  finished  products  from,  the  factories, 
produce  the  fertilizers  needed,  and  supply  food  and  drink  as  well  as  light  to  tjie 
workers  and  others." 

One  of  Ghandi's  cries  is  "Swadeshi",  which  might  be  translated,  "India  for 
the  Indians."  This  is  a  legitimate  desire  for  any  nation,  and  the  British 
hydraulic  engineers,  with  the  hearty  support  of  the  much  maligned  British 
Government,  are  helping  the  Indian  people  toward  a  realization  of  this  dream. 
The  opposition  of  some  of  the  Indian  people  toward  Western  civilization,  and 
the  charges  brought  against  it,  however,  should  cause  no  wonder.  One  need 
not  go  back  farther  than  1770,  when  there  was  a  widespread  feeling  that 
civilization  was  not  all  that  it  might  be;  that  civilized  man  fell  short  of 
the  ideal.  Mr.  J.  C.  Squire,  in  the  London  Observer,  reviewing  Pro- 
fessor Tinker's  book,  "Nature's  Simple  Plan,  a  Phase  of  Radical  Thought 
in  the  Mid-Eighteenth  Century",  states,  "It  was  very  generally  held — even 
to-day  the  dispute  is  a  familiar  one  in  school  debating  societies — that  the 
savage  was  better  off  than  the  civilized  man ;  happier,  stronger,  more  genuinely 
poetical.  The  noble  savage  was  one  ideal."  Even,  to-day,  the  tales  of  the 
South  Sea  Islands  might  lead  people  to  think  that  happiness  is  in  direct  pro- 

*  Minutes  of  Proceedings,  lust.  C.  E.,  Vol.  CCVII    (1918-19,  Pt.   1),  p.  53. 
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portion  to  our  ignorance  of  the  powers  of  Nature,  and  our  ability  to  utilize 
them  for  the  benefit  of  Man. 

These  views  are  often  held,  by  those  who  are  benefiting  most  by  what  the 
engineer  has  done  in  unlocking  the  stores  of  energy  and  making  them  the 
servants  of  man.  Literary  scribblers,  in  steam-heated  dwellings,  with  all  the 
modern  conveniences  at  their  call  by  the  pressing  of  a  button,  and  ignorant 
of  the  high  mental  development  back  of  the  button  which  places  these  con- 
veniences at  their  disposal,  inveigh  against  modern  civilization  and  its  ma- 
terialistic tendencies.  They  lose  sight  of  the  fact  that  it  is  the  creation  of 
surplus  wealth  by  the  utilization  of  Nature's  energy  which  makes  their  exist- 
ence possible  and  has  raised  them  from  the  condition  of  savages  to  that  of 
civilized  men. 

Another  interesting  development  of  hydraulic  power,  which  may  change 
the  conditions  of  civilization  in  Palestine,  is  that  which  contemplates  the 
utilization  of  the  waters  of  the  Jordan  and  other  rivers  in  that  country  for  the 
generation  and  distribution  of  electric  power.*  The  engineer  who  is  urging 
this  development  claims  that,  as  regards  Palestine,  the  British  mandate, 
although  important,  is  less  so  than  the  hydro-electric  development  for  bring- 
ing  about  peace  and  prosperity  there.  "What  the  mandate  is  to  mean,"  he  says, 
"depends  on  the  future  of  hydro-electric  power.  Make  that  cheap  and  acces- 
sible and  the  mandate  can  prove  itself  by  the  economic  prosperity  it  will 
bring."  Mr.  Eutenberg  insists  that  the  evolution  of  the  scheme  is  one  of  the 
real  ways  to  remove  the  existing  barriers  between  the  Jews  and  the  Arabs. 
"Offer  them  the  chance  of  continuous  labor,"  he  says,  "let  them  see  the  obvious 
economic  advantages  of  the  scheme,  and  they  will  cease  to  debate  idle  differ- 
ences of  principle  that  have  no  substantial  reality."  If  hydro-electric  power 
development  can  successfully  wipe  out  hatred  of  race  and  creed,  as  claimed  by 
Mr.  Eutenberg,  might  it  not  be  desirable  to  push  its  development  wherever 
possible  in  other  centers  of  strife?  "La  Houille  Blanche",  the  white  coal  of 
France,  if  utilized,  might  diminish  that  country's  longing  for  the  black  coal 
of  the  Euhr,  and  if  there  are  water-power  possibilities  in  Ireland,  peace  might 
even  come  to  that  distracted  country. 

This  discussion  so  far  has  been  confined  to  the  presentation  of  the  economic 
and  social  aspects  of  hydro-electric  power,  in  reference  to  nations  with  a 
civilization  differing  from  our  own.  The  effects  of  such  development  are  likely 
to  be  far-reaching  and  beneficial.  The  speaker  has  merely  advanced  a  claim, 
but  a  claim  which  he  thinks  can  be  .substantiated  as  one  turns  to  an  investiga- 
tion of  what  the  development  of  hydro-electric  power  has  meant  in  the  United 
States. 

Probably  no  man  is  better  qualified  to  speak  of  the  effect  of  electrical 
engineering  on  modern  civilization  than  Mr.  Charles  P.  Steinmetz.  In  an 
addressf  before  the  Franklin  Institute  in  1914,  he  stated  that: 

"The  necessities  of  civilized  life  consist  of  two  groups :  materials,  and 
energy.     Our  transportation  system  takes  care  of  materials,  but  cannot  deal 

*  An  article  on  the  technical  features  of  the  proposed  development  has  been  published  in 

Engineering  Neics-Record,  July   22,   1922. 

t  "Effect  of  Electrical  Engineering  on  Modern  Industry",  Journal,  Franklin  Inst.,  Vol. 
177    (1914).  p.   115. 
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with  the  supply  of  energy,  and  the  failure  of  an  efficient  energy  supply  has  been 
and  still  is  the  most  serious  handicap  which  retards  the  advance  of  civilization. 
The  transportation  system  could  deal  with  the  energy  supply  only  in  an 
indirect  manner,  by  the  supply  of  materials  as  carriers  of  energy,  and  when 
our  railroads  carry  coal,  it  is  not  the  material  which  we  need,  but  the  energy 
which  it  carries.  But  this  energy  is  available  only  to  a  very  limited  extent, 
as  heat,  and  as  mechanical  power  in  big  steam  units:  most  of  the  demands  of 
civilized  life  could  not  be  satisfied  by  it.  In  any  country  village  far  away 
from  the  centers  of  civilization  we  have  no  difficulty  to  have  delivered  to  us 
any  material  produced  anywhere  in  the  world ;  but  even  in  the  centers  of  civil- 
ization we  could  not  get  the  energy  to  run  a  sewing-machine  or  drive  a  fan 
without  electric  power.  Thus,  just  as  our  steam  railways  and  express  com- 
panies take  care  of  the  transportation  and  distribution  of  materials,  so  civiliza- 
tion requires  a  system  of  transmission  and  distribution  of  energy     *     *     *." 

The  speaker  stated  in  the  beginning  of  his  paper  that  civilization  depends 
on  the  economic  development,  transmission,  and  distribution  of  energy,  and, 
furthermore,  he  called  attention  to  the  fact  that  the  store  of  such  energy 
must  not  be  diminished,  if  civilization  is  to  endure.  It  is  because  of  the 
fulfillment  of  this  last  condition,  that  hydro-electric  power  plays  the  important 
role  it  does  in  modern  civilization. 

The  economic  development  and  utilization  of  hydro-electric  energy  is  con- 
ditioned on  a  number  of  factors.  The  cost  of  production,  aside  from  the  cost 
of  construction  of  the  plant,  is  a  function  of  its  rate  of  use,  as  thus  far  the 
development  of  the  storage  battery  has  not  progressed  sufficiently  to  be  con- 
sidered for  the  storage  of  electrical  energy  on  a  large  scale.  Hence,  it  is 
desirable  for  the  most  efficient  utilization  of  electrical  energy,  that  there  be 
created  a  uniform  demand  or  load  curve.  F.  G.  Baum,  M.  Am.  Soc.  C.  E.,  has 
shown  in  an  interesting  paper,"  how  electric  transmission  provides  the  elastic 
medium  for  exchanging  any  kind  of  mechanical  power  to  any  other  form  of 
mechanical  power  at  some  point  in  the  system;  and  also  how  the  inter-connec- 
tion of  a  hundi'ed  small  plants  by  an  electric  transmission  system  with  a 
large  power  demand,  inevitably  leads,  in  order  to  obtain  economy  in  operation, 
to  the  installation  of  a  few  large  units  to  supply  the  entire  system.  The  inter- 
connection of  these  large  power  units,  in  turn,  will  permit  of  an  economic 
utilization  of  all  the  power  developed,  as  was  shown  clearly  by  the  results 
obtained  during  the  World  War,  when  the  people  of  California  faced  a  power 
shortage. 

Under  modern  industrial  conditions,  electric  power  has  a  large  role  to 
play,  not  only  in  conserving  the  energy  supply  of  the  nation,  but  in  increasing 
the  amount  of  man-power  energy  available  by  increasing  the  food  supply. 
All  the  free  land  of  America  is  gone.  Intensive  cultivation  must  take  the 
place  of  wastefulness  in  production  which  has  characterized  American  farm- 
ing; but  intensive  cultivation  in  the  absence  of  adequate  man  power  means 
that  many  things  now  being  done  by  hand  must  be  done  by  machines.  Then, 
too,  there  is  a  steady  disinclination  on  the  part  of  the  people  of  this  country  to 
do  ordinary  manual  work.  Electrically  operated  machines  in  many  industries 
will  lead  to  a  substitution  for  this  man  power;  even  in  domestic  science,  one 

•  "The  Economic  Value  of  Electric  Transmission",  Jcnimal  of  Electricity,  Power,  and 
Gas,  January,  1914. 
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finds  the  great  role  winch  the  application  of  electricity  is  now  playing  and  will 
continue  to  pfay,  with  increasing  importance.  The  housewife,  for  her  domestic 
duties,  cannot  hire  a  human  servant  as  willing  as  electricity,  with  its  constant 
novel  adaptation  to  her  needs.  Electricity  solves  in  a  large  measure  the  vexing 
problem  of  domestic  help,  and  brings  about  a  far-reaching  change  in  our  daily 
life.  The  servant  class,  as  a  class,  is  likely  to  disappear,  and  who  will  say 
that  this  is  not  a  social  change  for  the  better  ? 

Not  only  in  the  food-producing  field  of  agriculture  and  the  food-consum- 
ing, energy-producing  home,  must  one  look  forward  to  added  conservation  of 
human  energy.  All  industry  demands  the  replacement  of  man  power  by 
machinery,  and  hydro-electric  energy  is  being  utilized,  both  as  a  conservator 
of  energy,  from  other  sources,  and  as  a  converter  of  minerals  and  the  con- 
stituents of  the  air  into  fertilizers  and  other  products  for  the  use  of  man.  The 
field  of  application  is  almost  limitless,  and  as  it  steadily  widens,  as  the  intel- 
ligence of  man,  with  its  constantly  developing  inventive  genius,  succeeds  in 
making  not  one  blade  of  grass  grow  where  none  grew  before,  but  many  thou- 
sands of  them,  the  burden  and  drudgery  of  mankind  for  gaining  a  daily  living 
will  be  lightened. 

Modern  civilization  depends  on  the  economic  development,  transmission  and 
distribution,  and  the  intelligent  utilization  of  the  sources  of  energy  for  the 
creation  of  wealth.  The  speaker  has  staged  advisedly,  the  intelligent  utiliza- 
tion of  the  sources  of  energy  for  the  creation  of  wealth,  because  he  believes 
that  this  intelligent  utilization  carries  with  it  the  intelligent  distribution  of 
the  wealth  so  created.  Therefore,  he  believes  that  the  development  of  hydro- 
electric power  will  help  solve  this  vexing  problem. 

As  conditions  of  living  on  the  farm  are  made  more  attractive,  as  drudgery 
grows  less,  and  loneliness  disappears,  as  the  opportunity  of  being  an  owner 
of  land,  and  not  a  tenant  farmer,  becomes  greater,  as  the  result  of  intelligent 
colonization  schemes,  such  as  have  been  carried  out  at  Durham  and  Delhi,  in 
California,  under  the  wise  leadership  of  Elwood  Mead,  M.  Am.  Soc.  C.  E.; 
as  such  changes  are  brought  about — and  they  are  made  possible  largely  by  the 
use  of  hydro-electric  energy — the  creation  of  wealth  is  furthered,  and  its 
intelligent  distribution  is  accomplished. 

Dr.  Mead  reports* : 

"Two  canny  Scotch  farmers  came  to  look  over  these  settlements.  One  of 
them  went  to  the  back  door  of  one  of  the  farm  laborer's  homes,  and  the  story 
of  the  wife  of  that  farm  laborer,  will  be  his  text  in  Scotland.  Telling  one 
of  his  impressions  he  said,  'I  want  to  say,  I  have  visited  all  the  agricultural 
countries  of  Europe.  I  have  visited  a  great  part  of  the  world,  but  I  am  going 
home  to  tell  our  people  that  the  finest  thing  in  rural  democracy  that  I  have 
ever  seen,  are  the  farm  laborers'  homes  in  that  settlement  at  Durham.' " 

In  California,  at  least  1  500  000  acres  are  under  irrigation  by  water  elec- 
trically pumped,  and  83%  of  the  dwellings  are  wired  for  electricity.  The 
domestic  heating  load  grows.  The  use  of  hydro-electric  power  for  industrial 
purposes  shows  a  steady  increase,  and  this  means  that  other  sources  of  energy 
are  being  conserved  and  wealth  produced  without  a  corresponding  loss  of 

♦  Transactions,   Commonwealth   Club,   November,    1921. 
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energy.  It  proves  that  for  that  part  of  the  United  States — and  what  is  true 
there  holds  true  elsewhere — the  conservation  of  energy  made  possible  by  the 
use  of  hydro-electric  power,  tends  to  insure  the  permanency  of  a  civilization 
which,  although  perhaps  not  ideal,  has  after  all  changed  the  conditions  of 
living  of  millions  of  people  for  the  better. 

The  speaker  believes  he  has  shown,  if  only  imperfectly,  that  in  the  social 
and  economic  changes  which  are  taking  place,  and  by  which  the  state  of 
civilization  is  measured,  hydraulic  power  has  played  an  imiwrtant  role; 
and  that  it  will  play  an  increasingly  important  one,  he  firmly  believes. 


AERIAL   PHOTOGRAPHY   AND   MAP    MAKING  779 

AERIAL  PHOTOGRAPHY  AS   AN  AID   IN  MAP   MAKING,   WITH 
SPECIAL  REFERENCE  TO  WATER  POWER  SURVEYS 

By  Gerard  H.  Matthes,*  M.  Am.  Soc.  C.  E. 


The  purpose  of  this  paper  is  to  bring  to  the  attention  of  the  Profession  a 
method  of  utilizing  aerial  photographs  in  the  preparation  of  maps,  which  has 
been  used  with  considerable  success  in  a  recent  survey  of  the  Tennessee  River. 
The  method  appears  to  be  well  adapted  for  use  in  water  power  surveys,  irrigation 
surveys,  city  planning,  and  the  location  of  highways.  It  utilizes  to  the  fullest 
possible  extent  the  information  furnished  by  the  photographs,  and  eliminates 
the  necessity  of  providing  triangulation  or  other  costly  forms  of  ground  con- 
trol. In  this  respect,  it  departs  not  only  from  ordinary  survey  methods,  but 
also  from  most  of  the  systems  of  aerial  mapping  evolved  to  the  present  time. 

As  a  result  of  the  experimental  work  with  aerial  photography,  that  has  been 
done  in  the  United  States  and  abroad,  two  distinct  products  have  been  devel- 
oped: The  mosaic,  made  by  joining  a  number  of  photographs  into  what  pur- 
ports to  be  a  continuous  photographic  reproduction  of  a  part  of  the  earth's 
surface;  and  the  hand-drawn  map  compiled  from  aerial  photographs,  which 
has  the  appearance  of  an  ordinary  map.  This  paper  is  devoted  mainly  to  a 
consideration  of  the  hand-drawn  map,  including  both  the  plane  and  the  topo- 
graphic map.  A  brief  description  of  the  mosaic  has  been  added  for  the  purpose 
of  making  clear  its  advantages  and  limitations.  No  practical  method  has  yet 
been  evolved  for  showing  the  relief  by  means  of  contours  by  direct  photo- 
graphic or  stereoscopic  process.  Some  progress  in  that  respect  has  been  made 
in  France  and  Germany,  but  in  this  country  it  is  still  necessary  to  supplement 
the  contours  by  surveying.  This  is  best  accomplished  by  the  plane-table 
method,  either  by  drawing  the  contours  on  skeleton  maps  prepared  from  the 
photographs,  or,  by  drawing  the  contours  directly  on  the  photographs.  The 
success  that  the  speaker  has  had  with  the  latter  method  inclines  him  to  the 
belief  that  eventually  it  may  find  wide  application. 

The  Mosaic 
The  mosaic  gained  its  popularity  during  the  World  War  when  quick  work 
in  locating  enemy  positions,  rather  than  the  production  of  maps,  was  essential. 
The  usual  method  of  constructing  a  mosaic  is  by  fitting  and  pasting  to  a  suit- 
able backing,  parts  of  adjoining  photographs.  This  is  done  by  selecting  the 
clearest  and  best  parts  of  the  photographs,  usually  their  centers  because  these 
are  freest  fi'om  distortions,  and  discarding  the  remainder  in  such  a  manner 
as  to  leave  a  feathered  edge  of  irregular  contour.  This  feathered  edge  avoids 
the  appearance  of  distinct  matching  lines  in  the  finished  product,  and,  when 
wetted,  it  may  be  stretched  and  squeezed  a  certain  amount,  which  is  a  great 
aid  in  securing  perfect  matching  of  contiguous  details.  In  expert  hands,  the 
continuity  that  can  thus  be  obtained,  without  revealing  unseemly  edges  or 
unavoidable  discrepancies,  is  quite  remarkable. 

*  U.  S.  Asst.  Engr.,  U.  S.  Engr.  Office,  Chattanooga,  Tenn. 
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In  a  sense,  eacli  component  photograph  of  a  mosaic  is  a  miniature  map, 
that  is,  assuming  it  to  have  been  taken  with  the  focal  plane  of  the  camera 
held  truly  parallel  to  the  ground  surface.  Unfortunately,  with  the  best  equip- 
ment now  available,  it  is  impossible  to  take  all  the  photographs  in  one  flight, 
not  to  mention  several  adjacent  flights,  at  the  same  altitude,  or  with  the  focal 
plane  of  the  camera  always  parallel  to  the  ground  surface  at  the  time  of 
exposure.  Nor  is  the  surface  of  the  ground  a  plane  surface.  From  these 
sources  of  error  result  the  following :  (a)  differences  in  the  scale  of  the  photo- 
graphs due  to  the  varying  altitude  of  the  aeroplane;  (6)  distortions  due  to 
tilting  of  the  camera  at  the  instant  of  exposure;  and  (c)  displacements  of 
objects  from  their  true  xmsitions,  due  to  inequalities  in  the  elevations  of 
the  land. 

However  slight  these  errors  may  be,  and  they  usually  are  slight,  their  sum 
total  makes  the  construction  of  a  first-class  mosaic  quite  difficult,  and  if  great 
care  is  not  exercised,  only  indifferent  results  can  be  expected.  Unless  some 
form  of  control  is  available,  that  will  serve  as  a  check  on  the  position  of  objects 
at  frequent  intervals,  there  is  no  assurance  that  the  scale  of  the  mosaic  can 
be  made  dependable.  In  the  case  of  mosaics  of  cities,  such  a  check  is  usually 
obtainable  by  comparison  with  existing  maps,  but  where  no  accurate  map  is 
available,  a  ground  control,  by  triangulation  or  other  survey  methods,  must 
be  established  and  this  greatly  increases  the  cost.  Even  with  the  best  of  con- 
trol, it  is  at  times  difficult  to  avoid  unsightly  offsets  in  mosaics,  due  to  dis- 
torted parts  not  matching  properly. 

The  inaccuracies  that  are  inherent  in  ordinary  mosaics  do  not  operate  to 
debar  them  from  many  practical  uses.  Thus,  they  are  excellent  as  reconnais- 
sance maps,  and  for  other  purposes  that  do  not  require  the  accurate  scaling 
of  distances  or  the  close  measuring  of  areas.  They  have  been  found  of  value 
in  the  study  of  traffic  problems  in  large  cities;  for  ascertaining  the  location 
of  enemy  positions  in  time  of  war;  in  studying  railroad  and  dock  terminal 
facilities;  in  real  estate  development;  and  in  city  planning.  Mosaics  ix)ssess 
the  merit  of  being  obtained  usually  at  a  small  outlay  of  cost  and  time.  Until 
greatly  improved  methods  are  evolved  for  taking  photographs  from  the  air, 
the  field  of  usefulness  of  the  mosaic,  to  the  engineer,  is  likely  to  remain 
limited. 

Hand-Drawn  Maps 

Under  this  subject  will  be  considered  maps  that  are  compiled  by  transfer- 
ring information  from  aerial  photographs  directly  to  tracing  linen,  or  to  paper. 
The  special  method  advocated  herein  is  not  applicable  to  the  mapping  of  large 
areas  on  relatively  small  scales,  such  as  the  standard  base  map  of  the  U.  S. 
Geological  Survey,  etc.,  for  the  reason  that  the  primary  requirements  of  maps 
of  that  class  are  to  show  the  objects  in  their  correct  positions  with  respect  to 
meridians  and  parallels  or  grid  lines,  and  to  take  due  account  of  the  sphericity 
of  the  earth.  It  is  obvious  that  the  requirements  of  such  maps  cannot  be 
attained  through  the  use  of  photographs,  except  by  providing  a  rigid  system 
of  triangulation,  that  will  effectually  place  each  particle  of  information  de- 
rived from  the  photographs  in  its  proper  geographic  position. 
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The  new  method  appears  to  be  especially  suited  to  the  class  of  maps  required 
by  the  practising  engineer  in  the  planning  of  engineering  works.  However 
heterogeneous  in  aspect  and  purpose  the  maps  required  for  engineering  pur- 
poses may  be,  they  differ  as  a  class  from  geodetically  accurate  maps  in  three 
important  particulars:  (a)  they  are  not  units  in  a  comprehensive  mapping 
scheme;  (&)  the  location  of  objects  with  respect  to  meridians  and  parallels  is 
not  essential;  and,  (c)  the  limit  of  permissible  error  is  fixed  by  considerations 
of  a  practical  rather  than  of  a  cartographic  nature.  There  is  an  unlimited 
field  for  the  application  of  aerial  photography  in  the  preparation  of  engineers' 
maps,  but  it  has  not  received  the  attention  that  has  been  accorded  it  in  the 
production  of  geodetically  accurate  maps. 

The  experience  gained  on  the  survey  of  the  Tennessee  River  demonstrates 
that,  within  certain  limits,  excellent  results  can  be  obtained  without  resorting 
to  any  form  of  horizontal  control  other  than  that  derived  from  the  photographs 
themselves. 

It  is  not  the  province  of  this  paper  to  give  a  detailed  description  of  the 
process  of  constructing  aerial  photographic  maps  used  by  the  Army  Air 
Service,  as  descriptions  thereof  are  available.*  An  outline  of  the  process  is 
here  given  in  order  to  enable  the  reader  to  judge  in  what  respect  it  differs  from 
the  method  about  to  be  described. 

The  method  used  by  the  Air  Service  consists  in  covering  the  region  sys- 
tematically with  overlapping  courses  of  photographs  and  in  determining  the 
correct  position  of  the  individual  photographs,  on  tracing  cloth  or  celluloid, 
by  the  Bagley  method  of  orientation  a  description  of  which  is  given  subse- 
quently. Adjustment  is  then  made  so  as  to  bring  the  position  of  the  photo- 
graphs in  accord  with  the  horizontal  control.  After  this  is  accomplished,  a 
skeleton  map  is  compiled  on  sheets  suitable  for  use  on  a  plane-table  by  trans- 
ferring the  major  details  from  the  photographs  by  the  use  of  a  pantograph. 
These  sheets  are  then  ready  for  the  topographer  to  take  into  the  field.  All 
this  pre-supposes,  however,  that  the  necessary  spirit-level  and  triangulation  con- 
trol has  been  provided. 

The  Survey  of  the  Tennessee  RivERf 

The  primary  objects  of  this  sun-ey  and  investigation  were  to  ascertain  the 
possibilities  of  constructing  dams  across  the  Tennessee  River  and  its  principal 
tributaries  for  the  joint  development  of  water  power  and  navigation.  Second- 
ary objects  were  the  securing  of  data  for  use  in  studies  of  flood  control  and 
the  development  of  the  mineral  resources  of  the  region,  in  so  far  as  these 
subjects  had  a  bearing  on  power  and  navigation.  It  was  recognized  from  the 
beginning  that  an  accurate  and  detailed  map  would  be  needed,  that  should 
furnish  all  necessary  information  for  making  preliminary  estimates  of  cost 
of  structures  and  land  damages;  also,  that  such  a  map  should  be  of  suflBcient 
scope  to  show  the  territory  adjacent  to  the  river  for  a  distance  of  a  mile  or 

♦  "The  Use  of  Aerial   Photographs   in  Topographic   Mapping,"  Information   Circular  No. 
18  >i,  published  by  the  Chief  of  Engineers,  U.  S.  Army,  1921. 
t  Ordered  by  the  River  and  Harbor  Act  of  June  5,  1920. 
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more,  in  order  that  intelligent  study  miglit  be  given  to  the  location  of  indus- 
trial sites  with  reference  to  flood  levels,  water  and  rail  transportation,  power- 
transmission  lines,  highways,  and  towns.  Existing  maps  did  not  furnish  this 
information,  nor  was  it  possible  by  combining  all  available  sources  of  informa- 
tion to  compile  a  dependable  map  fulfilling  these  requirements.  This  deficiency 
arose  from  the  fact  that  the  quadrangle  maps  of  the  U.  S.  Geological  Survey 
of  this  region  were  inadequate,  being  on  a  scale  of  1 :125  000,  the  surveys  having 
been  made  nearly  40  years  ago,  whereas  the  river  charts  prepared  by  the  U.  S. 
Engineer  Department,  although  drawn  to  a  large  scale,  supplied  no  information 
outside  the  river  banks. 

The  new  map  was  undertaken  on  a  field  scale  of  1 :15  000  (about  4  in.  equal 
1  mile)  and  a  scale  of  publication  of  1 :20  000.  It  was  to  show  all  water- 
courses, the  configuration  of  river  banks,  islands,  and  sloughs;  all  rail- 
roads, highways  and  roads,  including  private  roads  in  the  vicinity  of  the 
river;  all  isolated  buildings  of  importance;  all  the  more  important  property 
lines  as  indicated  by  fences,  and  the  classification  of  lands,  as  follows:  (a) 
high  priced,  cultivated  lands;  (&)  hilly  farm  lands;  and  (c)  wooded,  rocky,  or 
gullied  lands.  The  relief  was  also  to  be  shown  by  5-ft.  contours  in  the  valley 
bottoms  and  10-ft.  contours  on  the  hillsides,  thus  making  it  possible  to  com- 
pute the  areas  of  lands  that  would  be  overflowed  for  any  reasonable  height 
of  dam  that  might  be  planned  in  any  given  locality.  The  contours  were 
located  for  a  distance  of  at  least  60  ft.  above  extreme  low  water  in  the  Ten- 
nessee River. 

The  main  object  in  using  aerial  photography  was  to  expedite  this  under- 
taking and  thereby  to  save  cost.  It  was  estimated  that  about  2  000  sq.  miles 
in  the  form  of  a  narrow  ribbon  covering  many  hundreds  of  miles  of  river 
valley  would  have  to  be  mapped,  and  the  funds  available  were  inadequate  for 
securing,  by  ordinary  survey  methods,  a  topographic  map  of  the  desired  scope 
and  accuracy. 

There  was  little  precedent  that  would  serve  as  a  guide.  A  number  of  topo- 
graphic maps,  however,  had  been  made  with  the  aid  of  aerial  photographs,  and 
a  limited  supply  of  literature  was  available  on  that  general  subject,  but  hardly 
any  of  it  seemed  to  fit  the  particular  case  in  hand. 

The  co-operation  of  the  Army  Air  Service  was  enlisted  for  taking  the 
photographs,  and  this  resulted  in  the  photographing  of  the  valley  from  Knox- 
ville  to  Chattanooga,  Tenn.,  during  the  summer  of  1921.  In  October  of  that 
year,  at  the  inception  of  mapping  operations,  a  method  was  tried  out  involv- 
ing the  sketching  of  contours  directly  on  aerial  photographs,  and  this  gave 
promise  of  good  results  from  the  beginning.  It  consisted  of  taking  stadia 
topography  by  the  plane-table  method,  and  platting  the  points,  as  fast  as  they 
were  located,  on  the  photographs.  The  contours  were  then  sketched,  the  photo- 
graphs sent  to  the  office,  and  the  information  on  them  transferred  to  tracing 
cloth  into  final  map  form. 

Although  contour  sketching  on  photographs  had  been  done  to  a  consider- 
able extent  in  France  and  Germany,  and  experimentally  in  the  United  States 
by  the  TJ.  S.  Army  and  the  TJ.  S.  Geological  Survey,  no  instance  is  known  of 
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such  work  having  been  done  methodically  over  any  large  area  in  tliis  country, 
previous  to  its  adoption  in  the  survey  of  the  Tennessee  River.  The  field  work 
on  this  survey  was  conducted  for  eight  consecutive  months,  when  the  funds 
became  exhausted.  During  that  time,  the  survey  developed  from  an  experi- 
ment into  a  well  grounded  system  of  map  making,  the  results  of  which  sur- 
pass the  older  methods  of  surveying  and  mapping  in  the  degree  of  faithful- 
ness and  completeness  of  detail  obtained  and  by  the  saving  in  time  and  cost. 
The  following  is  a  description  of  the  various  phases  of  the  work. 

Aerial  Operations. — The  photographing  was  done  by  two  officers  of  the 
Army  Air  Service  from  a  De  Haviland  plane  equipped  with  a  camera  of  the 
K-1  type,  which  had  a  single  lens  of  10-in.  focal  length.  It  was  necessary  to 
fly  the  plane  at  an  altitude  of  12  500  ft.,  in  order  to  obtain  photographs  on  a 
scale  of  1 :15  000.  A  variation  of  125  ft.  in  the  altitude  of  the  plane  affected 
the  scale  of  the  photographs  exactly  1  per  cent.  The  photographs  measured 
about  7  by  8|  in.  In  terms  of  distances  on  the  ground,  these  dimensions  cor- 
responded to  1.66  by  2.07  miles. 

The  photographic  equipment,  although  not  of  the  latest  type,  was  com- 
plete, and  included  the  following  accessories:  An  adjustable  gimbal-like  sup- 
port for  the  camera,  which  permitted  it  to  be  leveled  quickly,  and  to  be 
rotated;  a  Venturi  vacuum  tube  which,  through  air  suction,  served  to  hold 
the  film  flat  against  the  focal  plane  plate  at  the  instant  of  exposure;  an  elec- 
tric battery  for  operating  the  automatic  mechanism;  a  speed-control  device 
for  regulating  the  interval  between  successive  exposures;  a  view  finder  which 
enabled  the  photographer  to  determine  the  proper  setting  of  the  speed-control 
device  and  the  amount  the  camera  must  be  rotated  to  compensate  for  "crabbing" 
of  the  aeroplane  due  to  its  iwsition  at  an  angle  with  the  true  direction  of  flight. 

The  normal  velocity  of  the  plane  while  the  photographs  were  being  taken 
was  85  miles  per  hour.  As  the  photographs  measured  1.66  miles  in  the  direc- 
tion of  flight,  and  an  overlap  of  50%  was  desired,  it  was  necessary  to  make 
exposures  about  f  mile  apart,  or  at  intervals  of  35  sec.  in  still  air.  In  case 
of  wind,  proper  allowance  had  to  be  made,  in  order  to  maintain  the  required 
lap. 

The  films  came  in  rolls  and  were  24  cm.  wide  by  about  75  ft.  long,  and  con- 
tained about  100  exposures.  As  it  was  not  practicable,  with  the  equipment 
then  used,  to  change  films  while  flying,  the  work  had  to  be  planned  to  conserve 
film  and  time  to  the  best  advantage.  This  was  important,  as  in  Tennessee  the 
number  of  days  when  atmospheric  conditions  are  favorable  for  aerial  photo- 
graphic work  do  not  usually  average  more  than  8  per  month. 

For  each  day's  work,  which  usually  consisted  of  2  to  3  hours  of  flying,  the 
pilot  was  furnished  with  a  section  of  map  from  a  quadrangle  map  of  the  U.  S. 
Geological  Survey,  on  which  were  shown,  by  colored  lines,  the  flights  to  be 
made.  The  work  was  laid  out  in  parallel  and  overlapping  courses,  averaging 
about  10  to  15  miles  in  length.  Sixty-eight  courses  were  covered,  and  more 
than  1  000  photographs  were  taken  of  the  valley  from  the  head  of  the  Ten- 
nessee, near  Knoxville,  to  Chattanooga.  The  total  area  covered  by  photographs 
was  675  sq.  miles,  including  188  lin.  miles  of  the  Tennessee  River,  and  20 
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miles  of  the  Iliwassee  Ilivcr,  from  the  mouth  of  the  latter  to  Charleston,  Temi. 
Along  the  main  river,  the  belt  of  photographs  varied  in  width  from  3  to  9 
miles,  with  an  average  of  5  miles.  The  greater  widths  were  made  necessary  by 
river  meanders  and  because  of  having  to  include  certain  tributai-y  valleys. 

The  entire  area  was  covered  from  one  landing  field  in  East  Chattanooga. 
It  was  common  for  the  aviators  to  fly  to  Knoxville,  a  straight-line  distance  of 
about  100  miles,  make  from  50  to  75  exposures,  and,  without  alighting,  return 
to  Chattanooga  in  time  for  luncheon. 

Because  of  weather  conditions,  seven  weeks  were  required  in  which  to  com- 
plete the  aerial  work,  photographs  having  been  taken  on  only  eleven  days  of 
that  period.  These  figures  show  that,  in  the  southeastern  part  of  the  United 
States,  the  cost  of  aerial  photographic  work  is  a  function  of  climate  rather 
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than  of  the  size  of  area  covered.  Had  this  photographic  work  been  done  in 
the  arid  regions  of  the  West,  two  weeks  probably  would  have  been  required. 

It  was  intended  to  have  the  photographs  within  any  course  overlap  40  to 
50%  in  the  direction  of  flight  and  about  15%  between  adjacent  courses.  In 
some  instances,  the  lap  obtained  was  much  less,  as  may  be  seen  by  reference  to 
Fig.  17  which  shows  a  part  of  the  index  map  prepared  for  the  survey.  This 
index  map  shows  the  relative  positions  of  the  individual  photographs,  for  gen- 
eral reference,  without  any  attempt  at  precision.  Fig.  17  is  not  to  be  taken 
as  representative  of  the  aerial  work  done  on  the  Tennessee  River,  but  it  was 
selected  because  of  its  shortcomings  which  make  it  more  instructive  than  a 
more  perfect  example. 

Thus,  the  two  long  courses,  numbered  from  151  to  169  and  from  465  to  489, 
show  a  scant  overlap  which  was  the  cause  of  much  extra  labor  in  assembling 
the  final  map.  Again,  the  short  course,  numbered  202  to  211,  gives  evidence 
of  the  aeroplane  having  had  trouble,  because  of  some  local  atmosphere  condi- 
tion, and,  as  a  result,  there  is  insufficient  lap  on  the  course  to  the  south,  and 
at  one  place  there  is  no  lap  whatever.  In  some  instances,  it  was  necessary  to 
fly  supplementary  courses  in  order  to  close  hiatuses,  as,  for  instance,  near 
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Mile  45  on  the  Tennessee  River,  where  the  course  numbered  513  to  518  was 
needed  to  cover  the  gap  left  between  the  courses  numbered  109  to  122  and  151 
to  1G9.  As  the  developing  and  printing  was  done  at  Langley  Field,  Va.,  it 
was  sometimes  two  weeks  or  more  before  such  troubles  became  known.  The 
disadvantage  of  having  the  dark-room  work  done  at  a  distance  was  felt  also  in 
other  ways,  and  impressed  those  in  charge  with  the  necessity  of  the  provision, 
in  future  work  of  this  kind,  for  having  the  developing  and  printing  done 
locally. 

An  example  of  adequate  lap  is  shown  by  the  courses  at  the  extreme  right 
in  Fig.  17,  both  as  regards  lap  within  courses  as  well  as  between  them. 
Unfortunately,  there  is  hardly  any  lap  between  the  lower  of  these  two  courses 
and  those  immediately  to  the  southwest.  This  made  map  construction  at  that 
point  impracticable  by  the  method  adopted.  Fortunately,  it  was  possible  by 
reference  to  the  old  river  survey  charts  to  secure  proper  continuity  of  the 
photographic  map.  The  extent  to  which  these  early  charts  were  utilized  in 
checking  the  aerial  photographic  map  will  be  discussed  in  detail  subsequently. 

The  information  conveyed  by  the  photographs  was  largely  satisfactory,  and 
more  than  ample  for  the  purposes  of  the  map.  No  difficulty  was  experienced  in 
identifying  objects  on  clear  prints,  and  only  a  little  practice  was  required  in 
order  to  interpret  the  significance  of  all  that  showed  in  the  photographs.  The 
most  prominent  features  were  the  river  outlines,  the  highways  being  next; 
railroads  were  less  conspicuous,  but  were  easily  recognized  by  the  regularity 
of  their  alignment.  Cultivated  lands,  outlines  of  wooded  areas,  fence  lines, 
lone  trees,  and  buildings  showed  plainly.  Perhaps  the  least  distinct  features 
were  the  clay  roads  and  the  smaller  drainage  courses.  Among  the  objects  that 
could  not  be  distinguished  and  that  had  to  be  located  by  survey  were  newly 
built  fences  and  power-transmission  lines.  The  location  of  power  lines  could 
be  traced  in  places  by  the  cleared  rights  of  way  through  timbered  areas.  In 
general,  the  photographs  contained  a  wealth  of  detail. 

It  is  to  be  regretted  that  the  camera  was  not  equipped  to  record  automatic- 
ally on  each  photograph  the  amount  and  direction  of  its  tilt  and  the  altitude 
registered  by  the  altimeter.  This  is  now  done  in  the  latest  equipment  and 
would  have  been  of  the  greatest  value  in  the  orientation  work. 

The  photographic  prints  used  on  the  Tennessee  River  survey  were  of  two 
kinds:  A  glossy  print  that  showed  minute  details  and  was  suitable  for  all 
purposes  except  field  sketching;  and  a  dull  print  made  on  No.  6  P.  M.  C. 
bromide  paper,  which  was  especially  suitable  for  drawing  with  ink  or  pencil, 
and  was  used  on  the  plane-table.  The  bromide  prints  were  not  as  rich  in  detail 
as  the  glossy  prints,  and  when  made  from  weak  negatives  gave  poor  definition. 
To  overcome  their  limitations,  it  became  customary  to  provide  the  men  in  the 
field  with  glossy  prints  for  reference. 

Surveying  Operations. — The  surveying  operations  are  of  particular  inter- 
est, because  of  their  simplicity  as  compared  with  standard  methods  of  sur- 
veying, such  as  would  have  been  used  normally  to  produce  a  map  equal  to  the 
one  obtained.  Thus,  in  the  matter  of  horizontal  control,  the  aerial  photograph 
supplied  all  that  the  surveyor  required  for  locating  his  instrument  station. 
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Triangulation,  base  lines,  control  traverses,  and  the  like  were  unnecessary. 
The  control  needed  for  locating  the  photographs  with  respect  to  each  other, 
under  this  system,  became  a  drafting-room  procedure  and  will  be  described 
subsequently  under  the  head  of  "The  Bagley  Method  of  Orientation." 

The  vertical  control  of  the  Tennessee  Eiver  work  was  largely  available 
from  previous  surveys  made  by  the  U.  S.  Engineer  Department,  and  consisted 
of  permanent  bench-marks  at  intervals  of  3  or  4  miles  along  the  river.  Check 
lines  were  run  connecting  this  old  level  system  (established  in  1891)  with  the 
precise  bench-marks  of  the  U.  S.  Coast  and  Geodetic  Survey,  and  except  for 
occasional  minor  adjustments,  it  was  found  to  be  entirely  serviceable.  A  num- 
ber of  short  level  circuits  were  run  up  tributary  valleys,  wherever  such  valleys 
required  mapping  for  any  distance.  For  the  most  part,  however,  height  of 
instrument  elevations  for  use  at  the  plane-table  were  carried  forward  by  stadia 
and  vertical  angles,  always  commencing  at  some  permanent  bench-mark  and 
closing  on  such  a  bench-mark.  Such  vertical  angle  traverses  seldom  exceeded 
4  miles  in  length  and  usually  checked  within  0.5  ft. 

From  the  foregoing,  it  will  be  seen  that,  barring  a  small  amount  of  sec- 
ondary leveling,  the  man  in  the  field  could  devote  practically  all  his  time  and 
energy  to  the  contour  work.  The  latter  was  done  with  the  aid  of  telescopic 
alidades  mounted  on  standard  plane-tables.  The  process  consisted  in  deter- 
mining, by  the  ordinary  stadia  and  vertical  angle  method,  the  location  and 
elevation  of  important  points  needed  for  sketching  the  contours,  and  platting 
these  points  immediately  on  the  aerial  photograph.  The  photograph  was 
mounted  on  the  plane-table  as  a  sheet  of  paper  on  which  a  map  is  being  platted 
would  have  been,  with  this  difference,  however,  that  instead  of  being  a  blank 
sheet  it  showed  the  location  of  objects  as  seen  from  the  air.  This  was  of  great 
assistance  to  the  topographer,  and  saved  him  the  trouble  of  locating  such 
objects.  Besides  the  saving  of  time  effected,  it  facilitated  the  work  in  other 
ways.  First,  it  enabled  the  topographer  to  set  his  plane-table  at  practically 
any  desired  point  by  identifying  it  on  the  photograph  with  reference  to  natural 
objects.  Often  a  cross-roads,  a  lone  tree,  an  angle  in  a  fence  line,  or  a  bald 
spot  in  a  field,  would  serve  his  purpose.  Sometimes  an  unimportant  object  like 
a  small  bush  or  a  rock,  showing  plainly  in  the  photograph,  served  as  an  instru- 
ment station.  Where  no  convenient  object  could  be  found,  stadia  distances 
taken  to  near-by  objects  completed  the  location  quickly.  The  process  of 
orienting  the  photograph  consisted  in  sighting  the  alidade  at  distant  points 
within  the  scope  of  the  photograph.  The  usual  three-point  problem  and  many 
of  the  vexatious  troubles  of  orientation  were  avoided. 

Perhaps  the  most  important  advantage  of  locating  contours  on  an  aerial 
photograph  was  the  assistance  derived  from  being  able  to  see  the  objects  on 
the  ground  portrayed  in  the  photograph.  This  gave  the  topographer  oppor- 
tunity to  check  the  location  of  many  of  the  stadia  shots  as  he  platted  them  by 
reference  to  bushes,  trees,  and  other  objects.  In  sketching  the  contours,  he  had 
greater  certainty  of  obtaining  the  correct  alignment  of  minor  bends  and 
angularities  in  such  lines  than  if  he  had  been  sketching  on  blank  paper.  The 
assistance  derived  from  the  photographs  proved  especially  helpful  in  eliminat- 
ing the  tendency  of  beginners  to  generalize  topographic  features  by  conven- 
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tionalLzing  the  contours.  This  fault  is  easily  acquired  in  field  sketching  and 
is  usually  traceable  to  inability  to  see  the  terrain  correctly.  The  foreshort- 
ening of  the  landscape  in  the  eye  of  a  man  standing  on  the  ground  is  a  great 
obstacle  to  first-class  work,  and  to  overcome  it,  topographers  frequently  find  it 
necessary  to  carry  the  table  to  elevated  points,  in  order  to  do  the  sketching. 
Probably  the  most  difficult  outlines  to  reproduce  accurately  on  paper  are  the 
shore  lines  of  ponds  and  rivers,  which  the  eye  cannot  delineate  except  from 
highly  elevated  points,  or  by  making  numerous  stadia  locations.  The  aerial 
photograph  eliminates  this  difficulty,  for  it  shows  the  shore  lines  correctly,  and 
it  was  necessary  only  to  determine  a  few  elevations  at  controlling  points.  In  a 
number  of  cases,  comparison  of  the  photographic  map  with  the  old  river  charts 
showed  slight  errors  in  the  latter,  due  to  misinterpretation  of  the  curvature  of 
bank  lines  between  stadia  locations.  Such  errors  are  practically  unavoidable 
even  in  the  best  of  surveying  practice.  The  aerial  camera  supplements  this 
deficiency. 

Another  advantage  of  the  use  of  the  photogTaph  is  that  the  elevation  of 
any  readily  identified  object  can  be  obtained  without  the  use  of  the  stadia  rod, 
by  merely  scaling  the  distance  to  it  on  the  photograph  and  reading  the  vertical 
angle  with  the  alidade.  This,  in  many  respects,  is  similar  to  the  intersection 
method  of  locating  points  in  ordinary  plane-table  surveying,  except  that,  in 
this  case,  the  point  is  already  located  and  only  the  computation  of  its  eleva- 
tion is  necessary.  This  method  is  not  recommended  for  long-range  work,  as 
displacements  caused  by  elevation  may  introduce  appreciable  errors  in  the  dis- 
tances scaled. 

Some  idea  of  the  relative  amounts  of  information  from  the  aerial  photo- 
graphs and  through  instrumental  survey  can  be  obtained  from  Fig.  18,  which  is 
a  reproduction  of  an  aerial  photograph  exactly  as  it  was  received  from  the 
field  party  at  the  Chattanooga  Office.  The  contour  lines  on  the  original  are 
drawn  in  brick  red,  the  small  streams  in  violet,  and  all  cultural  details  in 
black.  The  part  supplied  by  the  surveyors  consists  of  the  contour  topography 
and  the  classification  of  lands.  The  latter  is  indicated  by  capital  letters  en- 
closed in  circles  and  refers  to  the  areas  within  contours.  The  notation  used 
is  that  mentioned  on  page  782.  The  data  derived  from  the  photograph  consists 
largely  of  fence  lines,  water-courses,  roads,  buildings,  and  such  other  impor- 
tant detail  as  it  seemed  desirable  to  embody  in  the  map.  It  is  to  be  noted 
that  none  of  this  information  required  any  instrumental  work  by  the  sur- 
veyors. At  the  most,  an  occasional  reconnaissance  was  required  by  one  man, 
in  order  to  make  sure  of  the  location  of  an  important  fence  line  through  some 
woods,  or  to  determine  the  location  of  a  power-transmission  line.  As  the 
topographic  survey  was  not  carried  higher  than  60  ft.  above  low  water  in  the 
river,  the  area  that  had  to  be  contoured  comprised  only  10  to  25%  of  the 
finished  map.  Considering  the  fact  that  the  control  was  also  derived  from  the 
photographs,  it  will  be  seen  that  the  field  work,  although  furnishing  most  valu- 
able data,  contributed  only  a  fraction  of  the  information  shown ;  in  other  words, 
the  photographs  alone  furnished  complete  data  for  a  plane  map,  and  all  that 
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required  surveying  were  those  parts  that  were  of  immediate  interest  in  the 
planning  of  dams. 

Two  additional  duties  imposed  on  the  topographers  are  not  illustrated  in 
Fig.  18.  One  of  these  duties  was  to  make  determinations  of  azimuth  on 
Polaris  at  intervals  of  ahout  10  miles,  and  the  other  was  to  test  the  scale 
of  each  photograph  by  making  stadia  check  measurements  between  objects 
1  500  to  2  000  ft.  apart,  that  could  be  clearly  identified  on  the  photographs  and 
in  the  field.  These  check  measurements  were  of  groat  importance,  and  in 
the  case  of  any  photograph  that  was  not  true  to  scale  they  had  to  be  repeated 
in  order  to  test  different  parts  of  the  photograph.  This  was  necessary  not 
only  for  the  guidance  of  the  topographer  in  platting  stadia  distances  cor- 
rectly, but  also  for  making  proper  allowances  in  the  construction  of  the  skele- 
ton control  by  the  Bagley  method  of  orientation. 

Incidental  to  the  survey  was  the  location  and  determination  of  the  eleva- 
tion of  reliable  high-water  marks.  To  facilitate  this,  the  topographers  were 
equipped  with  river  profiles  showing  the  approximate  heights  attained  by 
certain  great  floods,  compiled  from  data  obtained  in  previous  river  surveys. 
The  field  organization  consisted  of  one  unit,  comprising  a  chief  of  party,  two 
plane-table  topographers,  two  station  assistants,  four  rodmen,  a  launch  run- 
ner, a  dook,  and  a  helper.  The  entire  party  was  housed  in  a  well  equipped 
houseboat  which  was  moved  from  5  to  10  miles  at  a  time,  the  survey  progress- 
ing in  a  down-stream  direction.  A  gasoline  launch  supplemented  by  a  rowboat 
was  used  for  taking  the  surveyors  back  and  forth  to  work  and  for  transport- 
ing supplies.  The  size  of  the  field  unit  was  determined  largely  by  financial 
considerations.  If  the  survey  should  be  resumed  with  ample  funds,  it  is 
planned  to  increase  the  field  unit  so  as  to  comprise  three  instrument  parties 
and  a  field  draftsman  working  under  the  direction  of  one  chief. 

Besides  doing  the  administrative  work  and  providing  necessary  supplies,  it 
was  the  duty  of  the  chief  of  parties  to  plan  the  work,  to  determine  what 
part  of  the  area  shown  on  a  photograph  was  to  be  contoured;  and  to  make 
reconnaissances  for  various  purposes,  including  the  determination  of  eleva- 
tions of  distant  sink-holes  (with  aneroid  barometer),  in  order  that  no  area 
to  be  contoured  might  be  overlooked.  Finally,  it  devolved  on  him  to  ink  the 
contour  lines  platted  by  his  topographers  and  to  supply  on  the  photographs 
other  information  needed  for  completing  the  maps.  This  included  inking  in 
roads,  railroads,  fence  lines,  power-transmission  lines,  buildings,  and  any  other 
features  of  importance,  as  shown  in  Fig.  18.  The  putting  of  the  final  touches 
on  the  photograph  in  the  field  was  found  to  be  of  great  utility,  for,  in  this 
manner,  it  was  possible  to  go  over  every  contour  line  in  detail,  note  the  dis- 
crepancies and  omissions,  and  have  the  proper  corrections  made  before  the 
photographs  were  finally  transmitted  to  the  Chattanooga  Office.'  With  three 
topographic  parties  in  one  unit,  it  would  become  necessary  to  have  these  duties 
performed,  in  part,  by  a  competent  draftsman,  in  order  to  relieve  the  chief  of 
parties  of  too  much  detail.  It  may  be  of  interest  to  state  that,  in  the  work- 
ing plan  as  first  organized,  the  photographs  bearing  the  contours  in  pencil 
were  sent  to  the  Chattanooga  Office  and  there  inked.  The  later  plan  proved 
the  more  satisfactory,  for  the  reasons  stated. 


Fig.   18. — Reproduction  of  AERi.^.r,  Photograph  as  Received  from  Field  Party, 
Tennessee  River  Sp-Rvgy, 
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The  stereoscope. — Considerable  use  was  made  of  the  stereoscojoe  on  the 
Tennessee  River  survey,  in  both  the  field  and  the  office.  The  reflecting-mirror 
type,  without  lenses,  known  as  the  Pellin  stereoscope,  was  found  to  be  best 
suited  for  the  work,  and  was  used  in  two  forms,  the  regular,  metal-frame, 
Pellin  instrument,  and  a  home-made  box-like  structure.  The  latter  required 
artificial  illumination  and  was  used  with  success  in  the  office.  Except  for  the 
illumination  feature,  it  possessed  decided  advantages  over  the  regular  Pellin 
type. 

The  stereoscope  brings  out  the  relief  of  any  area  common  to  two  overlap- 
ping photographs  in  a  most  striking  manner  by  exaggerating  the  vertical 
scale.  This  was  found  to  be  especially  helpful  in  country  of  low  or  moder- 
ate relief,  for  instance,  in  tracing  minor  drainage  courses  the  location 
of  which  was  often  indistinct  and  difficult  to  follow.  It  was  useful  in 
examining  densely  forested  mountainous  areas  which,  because  of  the  uniform- 
ity of  the  foliage,  afforded  no  clue  regarding  topography  or  drainage  when 
viewed  in  single  photographs.  In  at  least  one  instance,  the  presence  of  deep 
sink-holes  was  detected  in  a  hilly  and  timbered  area  where  the  survey  party 
had  not  suspected  the  existence  of  low  ground.  The  discovery  having  been 
made  in  the  Chattanooga  Office  with  the  aid  of  a  stereoscope,  instructions 
were  sent  to  the  field  party  to  make  search  at  points  indicated  on  a  photo- 
graph. With  this  information  the  party  had  no  difficulty  in  locating  the 
depressions  and  including  them  in  the  survey. 

Some  of  the  many  practical  advantages  derived,  from  the  use  of  the  stereo- 
scope are  as  follows :  In  the  field,  the  topographer  was  enabled,  before  begin- 
ning a  day's  work,  to  visualize  clearly  the  character  of  the  topography  of  the 
country.  Often  it  showed  him  the  best  places  to  occupy  with  his  instrument. 
The  chief  of  party,  by  studying  in  the  stereoscope  the  country  to  be  mapped, 
could  plan  the  work  more  intelligently.  In  the  office,  it  was  possible,  by  view- 
ing in  the  stereoscope  the  photographs  on  which  contour  lines  had  been  drawn, 
to  check  the  accuracy  of  the  sketching.  In  many  other  ways,  the  stereoscope 
proved  so  valuable  that  it  soon  was  considered  an  essential  part  of  the 
equipment. 

Office  Operations. — The  office  work  was  wholly  unlike  that  involved  in  the 
preparation  of  any  ordinary  map.  It  consisted  in  taking  a  set  of  duplicate 
photographs  and  constructing  from  them  the  so-called  "skeleton  control" 
which,  as  the  words  imply,  is  a  skeleton  or  frame  used  for  assembling  the 
photographs  in  proper  position  with  respect  to  each  other.  The  necessity  for 
providing  this  skeleton  control  will  be  apparent  when  it  is  remembered  that 
each  photograph  contained  only  a  small  area,  averaging  perhaps  less  than  10 
sq.  in.  of  data  to  be  traced.  It  would  have  been  impracticable  to  trace  a 
succession  of  such  patches  by  merely  fitting  or  piecing  them  together  without, 
in  so  doing,  accumulating  serious  discrepancies  in  the  resulting  map.  After 
testing  various  methods  of  building  a  skeleton  control  without  using  data  other 
than  those  furnished  by  the  photographs,  the  preference  was  finally  given  to 
the  Bagley  method  of  orientation,  which  will  be  described  later.  Once  the 
skeleton  control  is  satisfactorily  prepared,  the  tracing  of  the  photographs  be- 
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comes  comparatively  simple.  One  at  a  time  they  were  placed  under  the  trac- 
in{^  cloth,  oriented  by  the  control  points  provided  by  the  Bagley  method, 
and  traced.  For  photographs  that  were  materially  out  of  scale,  it  often 
became  necessary  to  provide  additional  control  points.  By  centering  the 
tracing  cloth  over  one  such  point  at  a  time,  the  data  immediately  sur- 
rounding it  were  traced,  this  operation  being  repeated  at  the  other  control 
points.  The  intervening  detail  was  then  drawn  by  distributing  the  discrepan- 
cies due  to  errors  in  scale,  in  proportion  to  the  total  errors  found  in 
the  distances  between  control  points.  The  discrepancies  that  had  to  be  ad- 
justed by  this  process  were  usually  quite  small  and,  by  providing  a  sufficient 
number  of  control  points,  it  was  possible  to  obviate  the  use  of  proportional 
dividers. 

It  is  believed  that  the  method  herein  outlined  is  superior  to  the  use  of 
the  pantograph.  The  lines  produced  by  the  pantograph  are  somewhat  ragged, 
depending  on  the  skill  of  the  operator,  and  this  requires  that  they  be  smoothed 
out  by  hand,  which  is  objectionable  in  that  it  introduces  an  added  source  of 
error  in  delineation.  The  pantograph  cannot  be  used  to  advantage  with  tilted 
photographs,  as  the  scale  is  not  the  same  in  different  parts  of  the  same  photo- 
graph. 

Experiments  were  made  with  celluloid  sheets,  both  with  and  without 
ground-glass  finish,  as  substitutes  for  tracing  linen,  but  the  latter  was  found 
to  be  the  most  satisfactory.  The  celluloid,  although  superior  in  transparent 
qualities,  was  difficult  to  manage,  because  it  would  not  lie  flat  and,  also,  because 
erasures  or  perspiring  hands  ruined  the  ground-glass  finish.  The  celluloid 
with  glossy  finish  was  not  suitable  for  neat  work  with  India  ink.  In  its  final 
form,  the  map  was  made  in  sheets  of  standard  size,  27  by  40  in.  over  all,  com- 
prising areas  of  about  6J  by  10  miles  each. 

Fig.  19  is  a  reproduction  of  a  part  of  the  completed  map,  about  two-thirds 
actual  size,  and  is  representative  of  the  average  map  turned  out.  In  addition 
to  the  contours  along  the  river  and  creeks,  it  shows  the  location  of  important 
roads,  fences,  buildings,  several  miles  of  high-potential  transmission  line,  the 
position  of  bench-marks,  and'  distances,  in  miles,  measured  along  the  navigated 
channel  of  the  river.  The  classification  of  lands  mentioned  on  page  782  is 
not  indicated,  but  will  be  shown  by  a  colored  overprint  on  the  published  map. 
In  making  studies  for  water-power  projects,  this  form  of  map  has  been  found 
to  be  convenient,  adequate,  and  accurate.  For  the  use  of  engineers  it  possesses 
inestimable  advantages  over  other  types  of  aerial  maps,  in  that  it  is  made  on 
tracing  cloth  and,  therefore,  requires  no  novel  treatment  as  regards  handling, 
reproducing,  or  filing.  No  highly  specialized  skill  is  required  in  its  prepara- 
tion in  the  drafting  room,  the  only  feature  requiring  some  training  being  the 
application  of  the  Bagley  method  of  orienting  the  photographs  and  correcting 
their  various  errors. 

The  Bagley  Method  of  Orientation. — In  1920,  Maj.  James  W.  Bagley, 
Corps  of  Engineers,  U.  S.  Army,  to  whom  this  country  is  indebted  for  much 
of  the  progress  that  has  been  made  in  the  development  of  aerial  photographic 
surveying,  first  tested  at  McCook  Field  his  new  "radial  line  method"  of  obtain- 
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ing  the  correct  position  of  any  object  shown  on  two  or  more  aerial  photographs. 
The  speaker  believes  the  method  should  be  called  the  "Bagley  Method  of 
Orientation,"  in  honor  of  its  originator.  Besides  effecting  the  location  of 
objects  by  eliminating  displacements  due  to  relief  and  distortion,  it  facilitates 
the  orienting  of  the  photographs  with  respect  to  each  other.  In  the  Tennessee 
River  survey,  it  has  proved  invaluable  in  the  construction  of  the  skeleton  con- 
trol. The  original  conception  came  to  Maj.  Bagley  as  the  result  of  his  ex- 
perience with  the  plane-table  system  of  locating  points  by  intersection,  in 
Alaskan  surveys. 

The  method  is  based  on  the  assumption  that  the  displacement  of  objects 
caused  by  relief  and  tilt  takes  place  along  radial  lines  passing  through  the 
center  of  the  photograph,  and  also  on  the  assumption  that  the  center  of  the 
photograph,  or  optical  center,  coincides  with  the  point  on  the  ground  through 
which  a  vertical  from  the  center  of  the  lens  would  pass.  It  has  been  demon- 
strated geometrically  by  Maj.  Bagley  that,  for  all  practical  purposes,  these 
assumptions  obtain  in  the  majority  of  photographs.  In  practice,  it  has  been 
found  also  that  any  point  near  the  center  may  be  used  without  sensible  error. 
Figs.  20  and  21  are  reproductions  of  actual  photographs  used  in  the  prepara- 
tion of  the  skeleton  control  of  the  Tennessee  River  survey.  Fig.  22  shows 
a  portion  of  that  skeleton  control  covering  part  of  the  stretch  of  river  between 
Loudon  and  Kingston,  Tenn.,  and  includes  the  position  of  Photographs  Nos. 
271  and  272  shown  in  Figs.  20  and  21. 

Fig.  22  affords  an  excellent  illustration  of  the  Bagley  method  of  orienta- 
tion as  applied  to  single  photographs  within  a  course,  and  also  to  the  joining  of 
overlapping  courses.  The  first  step  in  the  process  is  to  establish  the  center  of 
each  photograph,  which  may  be  done  through  intersection  of  the  diagonals 
when  no  marginal  indentures  are  shown  for  that  purpose.  The  next  step  is 
to  locate  on  each  photograph  the  position  of  the  centers  of  the  adjacent  photo- 
graphs, which  is  done  by  reference  to  the  images  of  natural  objects.  The  suc- 
cessive centers  are  then  connected  by  straight  lines.  Fig.  22  shows  the  posi- 
tion of  each  photograph  in  outline,  and  its  center  by  a  heavy  circle.  The 
lines  connecting  the  centers  have  been  drawn  heavy  in  order  to  give  them 
prominence,  but,  in  practice,  only  the  thinnest  lines  are  used,  as  on  them 
depends  the  accuracy  with  which  the  photographs  are  oriented,  and  any  devia- 
tion would  vitiate  the  remainder  of  the  work.  If  it  should  happen  that  the 
center  of  one  photograph  cannot  be  shown  in  the  next,  it  becomes  necessary 
to  supply  an  auxiliary  point.  In  Fig.  22,  a  case  of  this  kind  appears  in 
Photograph  No.  275.  Its  center  did  not  appear  on  Photograph  No.  276, 
and  an  auxiliary  point,  also  located  by  reference  to  natural  objects,  had  to 
be  established,  as  shown.  The  point  selected  for  this  must  be  common  to 
both  photographs  and  must  lie  as  nearly  as  possible  on  the  straight  line  con- 
necting their  centers. 

After  the  center  points  and  connecting  lines  are  once  established,  the  next 
step  is  to  select  the  so-called  control  points.  These  points  must  be  situated 
so  as  to  be  common  preferably  to  three  or  more  photographs  and  in  no  case 
to  less  than  two.  For  instance,  the  control  points  in  the  upper  left  of  Fig.  21 
are  common  to  Fig.  20.     Some  of  the  control  points  in  Fig.  22  will  be  seen 
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to  be  common  to  as  many  as  five  photographs.  Eadial  lines  are  drawn  from 
the  center  of  each  photograph  througli  the  control  points,  as  illustrated  in 
Figs.  20  and  21.  The  skeleton  control  is  then  constructed  by  placing  the 
photographs,  one  at  a  time,  under  a  sheet  of  tracing  cloth,  or  celluloid,  on 
which  is  then  drawn  the  centers  and  connecting  lines,  and  the  radial  lines  to 
the  various  control  points.  Each  successive  photograph  is  placed  in  position 
by  means  of  its  center  already  located  from  the  previous  photograph,  and  by 
orientation  on  the  line  connecting  its  center  with  that  of  the  previous  photo- 
graph. As  the  radial  lines  to  the  control  points  are  traced  and  made  to  inter- 
sect, the  proper  location  of  these  points  is  thereby  automatically  established. 

it  has  been  found  useful  to  have  from  nine  to  twelve  control  points  to  each 
photograph  and  to  locate  them  away  from  the  centers,  and  preferably  at  or 
near  important  features  to  be  embodied  in  the  map,  such  as  shore  lines  of 
rivers,  highways,  and  fences.  This  insures  the  correct  position  of  these  fea- 
tures in  the  skeleton  control.  If  the  photographs  are  free  from  tilt  and  are 
all  taken  from  practically  the  same  altitude,  the  radial  lines  will  be  found 
to  intersect  at  single  points.  It  will  be  noted  in  Fig.  22  that  the  intersec- 
tions obtained  were  satisfactory  in  most  instances  and  that  points  common  to 
both  courses  showed  substantial  agreement.  In  a  few  cases,  the  radial  lines 
failed  to  intersect  at  a  point,  and  a  small  triangle  was  formed.  Poor  inter- 
sections of  this  kind  were  usually  attributable  to  distortions  caused  by  tilt. 
In  such  cases,  the  true  position  of  the  control  point  was  taken  as  lying  in 
the  center  of  the  small  triangle. 

In  the  lower  tier  of  Fig.  22,  the  radial  lines  are  not  drawn  so  as  to  inter- 
sect. Instead,  small  circles  are  drawn  indicating  the  actual  positions  of  the 
control  points  in  the  separate  photographs.  This  was  done  for  the  purpose 
of  illustrating  the  discrepancies  that  were  commonly  found  in  the  position 
of  such  points.  The  amount  of  the  discrepancy  should  be  measured  between 
the  center  of  the  circle  and  the  point  of  intersection  of  the  radial  lines.  Meas- 
ured by  the  scale  of  the  photographs,  it  seldom  was  as  much  as  100  ft.,  and 
this  represented  the  combined  effect  of  altitude  and  tilt  near  the  edges  of 
the  photographs  where  errors  from  these  sources  would  naturally  be  greatest. 
In  Photograph  No.  272,  Fig.  22,  are  shown  the  discrepancies  of  this  kind  as 
they  affected  the  location  of  roads  and  section  lines,  the  former  being  indi- 
cated by  double  lines  and  the  latter  by  broken  lines.  The  evidence  presented 
shows  the  necessity  for  a  systematic  procedure,  such  as  that  outlined,  to  elim- 
inate discrepancies  of  this  kind.  Efforts  were  made  in  the  Chattanooga  Office 
to  locate  photographs  with  reference  to  the  continuity  of  river-bank  lines,  using 
such  lines  as  the  sole  form  of  control.  This  method  was  fairly  successful 
when  there  was  no  distortion  due  to  tilt,  because  the  surface  of  the  river 
was,  for  all  practical  purposes,  a  level  plane,  and  points  in  this  plane  were  not 
affected  by  elevation  displacements.  The  Bagley  method  proved  to  be  superior, 
however,  and  was  adopted. 

Tilted  photographs  were  readily  recognized  as  they  would  be  out  of  line 
when  platted  on  the  index  sheets  or  in  the  skeleton  control.  Thus,  in  Fig.  22, 
Photographs  Nos.  272,  273,  and  275  are  probably  affected  by  tilt.  Photograph 
No.  255  is  probably  similarly  affected,  but  to  a  lesser  degree.    In  the  prepara- 
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tion  of  the  skeleton  control,  care  had  to  be  exercised  to  guard  against  errors 
in  scale.  Therefore,  before  beginning  such  work  it  was  of  much  value  to  be 
able  to  note  the  results  of  the  check  measurements  made  in  the  field.  When 
a  series  of  photographs  of  practically  uniform  scale  were  found,  they  were 
platted  at  once  in  skeleton  form.  If  an  adjacent  course  of  photographs  hap- 
pened to  be  on  a  different  scale,  that  course  was  platted  on  a  separate  sheet, 
and  no  matching  of  the  two  courses  could  be  undertaken  until  the  proper 
reduction  or  enlargement  had  been  made. 
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Fig.   22. 


In  some  localities,  section  lines  proved  of  much  assistance  in  checking  the 
scale  of  the  photographs.  It  is  to  be  regretted  that  only  a  small  part  of  the 
country  was  sectionized,  and  as  this  had  been  done  prior  to  1851,  it  had  become 
largely  obliterated.  It  is  interesting  to  note,  in  this  connection,  the  value  of 
the  photographs  in  revealing  the  remnants  of  this  old  system  of  land  lines, 
lu  Figs.  20  and  21,  the  broken  ink  lines  were  drawn  to  mark  all  plainly 
visible  property  lines  that  were  in  accord  with  the  sectionizing.  Fig.  22 
shows,  in  the  lower  tier,  the  character  of  the  information  thus  made  available. 

In  preparing  the  skeleton  control,  it  was  customary  to  draw  the  river  banks, 
highways,  and  railroads  at  intervals,  because  such  data  assisted  in  placing 
acciu-ately  the  photographs  to  be  traced.  Fig.  22  illustrates  the  extent  to 
which  this  practice  was  carried. 
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It  is  beyond  the  scope  of  this  paper  to  discuss  the  finer  points  involved  in 
the  use  of  the  Bagley  method  of  control.  The  experience  in  Tennessee  proved 
that  the  method  was  not  difficult  to  learn,  and  gave  satisfactory  results  when- 
ever good  technique  was  used  and  the  photographs  had  ample  lap. 

Fig.  22  is  of  interest  in  showing  what  to  avoid.  The  two  courses  of 
photographs  overlap  in  the  region  which,  in  this  survey,  happens  to  be  of  great- 
est importance,  namely,  along  the  river.  As  the  discrepancies  due  to  tilt  and 
elevation  displacements  are  always  greatest  near  the  edges,  much  extra  work 
was  entailed  in  this  instance  in  determining  the  correct  location  of  the  river 
banks.  It  would  have  been  better  if  the  aviators  had  secured  the  location  of 
the  river  in  the  middle  of  one  course  of  photographs  with  additional  courses 
on  each  side. 

Ground  Control. — The  original  plans  for  the  survey  of  the  Tennessee  River 
contemplated  the  use  of  existing  river  charts  of  the  Engineer  Department  as 
a  ground  control  for  the  location  of  the  photographs.  These  river  charts  were 
the  results  of  transit  surveys  made  by  standard  methods,  platted  to  a  scale  of 
1  :  2  000  and  reduced  by  pantograph  to  1  :  6  000.  Two  stadia  traverse  lines, 
one  along  each  bank  and  interconnecting  at  intervals  so  as  to  form  a  series  of 
closed  circuits,  furnished  the  control.  With  occasional  exceptions,  these  charts 
were  fairly  accurate,  and  afforded  reliable  checks  on  the  alignment  of  the 
photographs.  The  checks  thus  obtained  demonstrated  that  wherever  ample 
lap  existed  between  photographs,  say,  from  50  to  60%  in  both  directions,  the 
map  as  constructed  from  aerial  photographs  by  the  Bagley  method  was  as 
accurate  as  the  survey  charts,  and,  in  places,  the  photographic  map  was  the  more 
reliable.  The  errors  that  grew  out  of  the  skeleton-control  method  were  negli- 
gible for  the  purposes  which  the  jnap  was  to  serve.  The  latter  consideration 
was  the  only  criterion  by  which  the  sufficiency  or  insufficiency  of  the  accuracy 
obtained  was  judged.  Table  5  shows  some  of  the  principal  check  measure- 
ments on  which  the  foregoing  statements  are  based. 

TABLE  5. 


Description  of  distancos. 


1909  survey: 

Scale,  1  :  6  000, 

in  feet. 


New  map: 

Scale,  1  :  15  000, 

in  feet. 


Out-to-out  of  north  and  south  loops  near  Post  Oak  Island 

Width  of  Post  Oak  Island 

Length  of  Post  Oak  Island 

Across  neck,  west  of  Post  Oak  Island 

Across  neck,  west  of  Post  Oak  Island,  including  island  and  river 

Foot  of  Post  Oak  Island  to  foot  of  Prater  Island 

Across  neck  at  Keller  Kend 

Across  widest  part  of  Keller  Bend 

Out-to-out  bend  at  Prater  Island  to  bend  west  of  Cox  Island 

Perpendicular  to  Louisville  Ferry 

Foot  of  Prater  Island  to  Point  A  (near  Concord) 

Across  bend  south  of  Concord,  Points  A  to  B 

Across  neck  south  of  Concord,  out  to  out 

Across  neck  south  of  Concord,  inside  to  inside 

Point  O  near  Concord,  to  Point  P,  near  Chota  Island 

Point  Pto  Louisville  Landing 

Foot  of  Prater  Island  to  Louisville  Landing 


14  630 

2  421) 

6  500 

3  800 

7  520 

18  .530 

4  080 
4  890 

17  700 

8  590 
20  375 

7  610 
3  880 
2  450 

19  770 
80  730 
11  270 


14  375 

2  450 

6  560 

3  750 

7  438 

18  562 

4  125 
4  850 

17  750 

8  588 
20  375 

7  460 
3  850 
2  440 

19  900 
30  750 
11  250 


Maj.  Bagley  has  ascertained  that  the  orientation  of  a  set  of  photographs 
possessing  at  least  50%  lap,  can  be  carried  in  the  direction  of  flight,  by  his 
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method,  over  distances  as  great  as  four  times  the  width  of  the  area  photo- 
graphed, with  satisfactory  results.  In  the  Tennessee  River  survey,  the  width 
was  never  les^  than  two  photographs,  or  3  miles  wide,  allowing  for  50%  lap, 
and  was  usually  much  wider  than  that.  As  a  27  by  40-in.  sheet  covered  at  the 
most  about  10  lin.  miles  of  map,  the  chances  of  accumulating  an  appreciable 
error  within  the  confines  of  one  sheet  of  standard  size  were  well  within  the 
limits  stated. 

Cost. — The  field  work  on  the  Tennessee  River  survey  was  conducted  over 
a  period  of  8  months,  which  included  the  winter  months,  and  was  stopped 
on  June  30,  1922,  because  of  lack  of  appropriation.  In  all,  80  lin.  miles  of  the 
valley  of  the  Tennessee  River,  measured  along  the  thread  of  the  stream,  had 
been  covered.  An  average  cost  per  square  mile  for  the  entire  survey  cannot  be 
obtained  as  much  of  the  early  work  was  experimental.  Weather  conditions,  the 
seasonal  state  of  the  vegetation,  and  the  character  of  the  topography  intro- 
duced wide  variations.  Toward  the  latter  part  of  the  work,  when  a  regular 
routine  had  become  established,  the  indications  were  that  the  cost  per  square 
mile  was  about  as  follows :  All  field  costs,  inclusive  of  field  drafting,  less  than 
$50;  preparation  of  skeleton  control,  about  $1.25;  and  final  tracing,  $3.50.  The 
cost  of  the  aerial  work,  not  including  depreciation  of  equipment  and  overhead 
expenses,  was  about  $6  per  sq.  mile.  On  this  basis,  the  total  cost  is  about  $61 
per  sq.  mile. 

Errors  in  Photographs. — Much  apprehension  has  been  expressed  concerning 
distortion  and  displacement  in  aerial  photographs.  The  speaker's  experience 
leads  him  to  the  belief  that  such  apprehension  is  frequently  the  outcome  of  lack 
of  familiarity  with  the  practical  utilization  of  aerial  photographs,  and  that 
the  net  result  of  such  errors  is  likel;^'  to  be  exaggerated.  In  aerial  photography, 
as  in  ordinary  ground-surveying  operations,  instrumental  errors  are  of  several 
kinds  and  must  constantly  be  guarded  against.  However,  the  aerial  method 
being  largely  a  mechanical  procedure,  is  freer  from  the  vexatious  human 
blunders  so  common  in  ordinary  strrveying,  blunders  which  are  not  easily 
elimiuEited,  and  which  in  the  best  accepted  practice  have  to  be  disposed  of  by 
so-called  adjustments.  The  photographic  errors  in  the  work  done  on  the  Ten- 
nessee River  were  either  readily  detected  and  allowance  made  therefor,  or 
were  so  small  as  to  be  of  no  importance  to  the  purpose  of  the  final  map.  The 
troubles  that  required  the  most  vigilance  were : 

1. — Differences  in  scale  of  photographs  due  to  the  aviators  not  flying  at 
the  proper  altitude.  Errors  of  as  much  as  1%  in  scale  were  frequent,  but 
usually  such  errors  were  detected  readily  by  comparison  with  overlapping 
photographs  and  through  the  check  measurements  made  by  the  field  men,  as 
previously  described,  and  also  occasionally  by  reference  to  section  lines. 

2.— Displacement  of  objects  due  to  differences  of  elevation  of  the  terrain 
is  most  troublesome  near  the  edges  of  a  photograph.  With  this  in  mind,  the 
areas  selected  for  contouring  were  made  to  occupy,  as  nearly  as  practicable, 
the  center  of  the  photographs.  The  outlines  of  the  Tennessee  River  were 
found  to  be  quite  free  from  displacement,  because  its  water  surface  was  prac- 
tically a  horizontal  plane.       This  was  the  more  fortunate  as  the  correct  loca- 
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tion  of  the  river  not  only  was  of  prime  importance,  but  also  made  possible  a 
close  comparison  with  the  earlier  ground  surveys.  The  displacement  of  objects 
away  from  the  river  on  ground  200  to  300  ft.  above  the  river  level  rarely 
amounted  to  as  much  as  100  ft.  laterally,  and,  ordinarily,  was  much  less.  As 
such  displacement  was  always  in  a  radial  direction  away  from  the  center  of 
a  photograph,  usually  little  dSubt  existed  as  to  its  nature  and  effect.  The 
radial  method  of  locating  control  points,  described  previously,  proved  satis- 
factory in  eliminating  displacements  which  form  of  error,  although  the  most 
common  to  be  dealt  with,  was  the  least  difficult  of  correction. 

3. — Distortion  is  a  term  often  misapplied  to  displacement,  but  relates  to 
entirely  different  sources  of  error.  True  distortions  are  caused  by  the  tilt- 
ing of  the  camera  at  the  instant  of  exposure;  by  sudden  gyratory  movements 
of  the  plane;  and  by  imperfect  action  of  the  focal  plane  shutter.  Occasional 
instances  were  found  of  these  troubles,  which  would  have  been  quite  difficult 
to  eliminate  had  it  not  been  that,  through  the  use  of  overlapping  photo- 
graphs, the  distorted  photographs  could  be  corrected  or  discarded. 

The  amount  of  tilt  in  aerial  photographs  is  much  less  than  is  commonly 
supposed.  In  Information  Circular  No.  ISJ/-  of  the  Air  Service  are  given  the 
results  of  tests  from  which  it  appears  that  about  29%  of  the  photographs  tested 
showed  a  tilt  between  0°  and  0°30';  64.5%  between  0°30'  and  1°;  and  6.5% 
between  1°  and  1°30'.  A  tilt  of  3°  or  more  is  of  rare  occurrence.  The  errors 
introduced  by  tilting  within  the  limits  stated,  affect  the  position  of  objects 
main'y  in  a  radial  direction  with  reference  to  the  center  of  the  photograph, 
the  a_gular  discrepancy  being  extremely  small. 

Overlap. — The  experience  gained  on  the  Tennessee  River  survey  points  to 
the  necessity  of  securing  a  generous  overlapping  of  the  photographs.  A  lap 
of  about  60%  in  the  direction  of  flight  and  of  about  50%  between  courses,  is 
needed,  in  order  to: 

(a)  Construct  a  rigidly  accurate  skeleton  control; 

(6)  Correct  the  displacement  of  objects; 

(c)  Eliminate  distortion; 

(d)  Bring  out  clearly  important  details  by  photographing  them  from 

more  than  one  angle  of  view ;  and 

(e)  Get  the  full  benefit  of  the  remarkable  stereoscopic  properties  of 

aerial  photographs. 

Applicability. — The  method  of  aerial  photographic  mapping,  as  described, 
is  adapted  to  any  region  of  moderate  relief,  regardless  of  its  elevation  above 
sea  level.  Deep  canyons  and  precipitous  mountains  introduce  troublesome 
amounts  of  displacement,  and,  therefore,  aerial  photography  is  not  well  suited 
to  the  mapping  of  such  features.  However,  it  would  be  practicable  to  use  it 
in  reservoir  surveys  in  mountainous  country  for  the  reason  that  reservoir  sites 
always  occupy  valley  bottoms,  and  no  large  part  of  the  adjacent  mountains 
need  be  shown.  This  is  also  true  of  irrigation  projects,  because  the  lands  to 
be  irrigated  are  usually  of  low  relief  even  though  situated  in  a  mountainous 
region. 

The  method  possesses  many  advantages  in  studying  routes  for  power  trans- 
mission lines  through  rough  or  timbered  country  by  eliminating  costly  pre- 
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liminary  surveys.  In  such  studies,  the  bare  photographs,  unassembled  in 
mosaic  or  map  form,  will  prove  helpful  in  showing  all  those  features  which 
enter  into  the  consideration  of  locating  such  lines,  not  the  least  being  the 
property  lines  and  the  roads  and  trails  required  for  construction  purposes 
and  for  patroling.  The  stereoscope  will  solve  many  questions  regarding  the 
topography  of  any  proposed  route.  No  ordin^y  survey  or  map  will  furnish 
all  this  information  so  completely  or  compactly,  nor  could  any  surveyor  hope 
to  secure  so  much  information  at  any  reasonable  expenditures  of  cost  and  time. 
A  valley  or  canyon  presenting  a  series  of  alternative  sites  for  dams  is  best 
studied  by  means  of  aerial  photographs.  This  will  save  much  of  the  ground 
surveying  ordinarily  required  in  selecting  the  best  site,  and  the  survey  of  the 
latter  will  be  facilitated  by  having  the  aerial  photographs  available  for  map- 
ping purposes.  These  are  only  a  few  of  the  many  uses  of  aerial  photographic 
surveying  that  have  suggested  themselves.  The  results  obtained  on  the  Ten- 
nessee Eiver  and  elsewhere  indicate  that  the  time  is  not  far  distant  when 
aerial  photographic  surveying  will  displant  many  of  the  time-honored  methods 
of  surveying  and  map  making  now  in  use.  Much  is  being  done  to  improve 
aerial  and  photographic  equipment,  and  great  progress  may  be  expected,  espe- 
cially if  the  modern  aeroplane  should  be  superseded  by  a  type  of  aircraft  better 
suited  to  photographic  work. 
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HYDRO-ELECTRIC  DEVELOPMENTS  OX  THE  PACIFIC  COAST 

By  Joh.v  D.  Galloway  *  M.  Am.   Soc.  C.  E. 


Synopsis 


This  paper  deals  with  the  general  characteristics  of  power  systems  in  the 
Pacific  Coast  States.  A  short  review  of  the  historical  development  is  given, 
including  the  increase  in  size  of  generators  and  the  parallel  development  of 
impulse  wheels  and  turbines,  together  ^\'ith  the  evolution  of  transmission 
lines  and  line  potentials.  Consideration  is  given  the  elements  of  design  and 
the  limitations  of  impulse  wheels  and  turbines,  the  tendency  toward  larger 
xmits  and  the  reasons  therefor,  and  the  present  stage  of  development  of  other 
parts  of  the  power  system.  The  paper  also  refers  generally  to  the  variation 
in  demand  of  various  power  systems,  the  annual  increase  in  demand,  the 
relation  of  steam  plants  to  water-power  plants,  and  the  special  relation  of 
hydro-electric  plants  to  irrigation. 


Historical 


Before  discussing  some  of  the  problems  that  enter  into  the  generation, 
transmission,  and  distribution  of  hydro-electric  jxiwer  on  the  Pacific  Coast,  a 
review  of  the  historical  development  of  the  art  may  be  of  interest  as  illus- 
trating its  rapid  growth  and  the  evolution  of  the  design  of  its  various 
elements. 

The  first  long-distance  transmission  of  energy  by  electricity  was  accom- 
plished in  Italy  in  1SS6,  when  single-phase  current  was  transmitted  17  miles,  at 
2  0(X>  volts,  from  thfe  Cerchi-Tivoli  steam  plant  to  Rome.  In  1892,  the  plant 
at  Tivoli  was  enlarged  by  the  addition  of  four  250-kw.,  three-phase  generators 
driven  by  hydraulic  turbines,  and  three-phase  current  was  transmitted  at  a 
line  pressure  of  10  000  volts. 

In  September,  1891,  a  three-phase  transmission  was  installed  from  Lauffen 
to  Frankfort,  Germany.  This  line  was  110  miles  in  length  and  was  operated 
at  12  000  volts. 

The  first  transmission  system  in  America  was  that  built  at  Or^on  City, 
Ore.,  on  the  TTillamette  River,  in  1889.  Energy  generated  by  six  turbine- 
driven,  80-kw.,  4  000-volt,  single-phase  generators  was  transmitted,  at  the 
generator  voltage,  to  Portland,  Ore.,  a  distance  of  13  miles.  This  develoj)- 
ment  was  followed  by  the  building  of  several  small,  single-phase  plants  in  the 
West,  namely,  at  Ames,  Colo.,  and  at  Pomona,  Calif.,  in  1890;  at  San 
Bernardino,  Calif.,  in  1S91;  at  "Walla  TTalla,  Wash.,  and  at  Bodie,  Calif.,  in 
1893. 

The  first  three-phase  plant  in  America  was  that  at  Mill  Creek,  Calif., 
where  two  250-kw.,  2  iOO-volt,  three-phase  generators  were  installed  in  1892 
and  placed  in  operation  on  September  7,  1893,  delivering  power  23  miles 
to  Riverside,  Calif.,  at  a  line  potential  of  10  000  volts. 

•  Cons.   Engr.,  San  Francisco,  Calif. 
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The  superiority  of  three-phase  current  over  single-phase  or  two-phase 
current  was  soon  realized,  having  been  indicated  by  Tesla,  Ferraris,  and 
Bradley  as  early  as  1887.  After  the  Mill  Creek  plant  had  been  placed  in 
operation,  three-phase  systems  became  the  standard.  Many  plants  were  built 
in  the  West  during  the  period,  1895-1900,  By  the  end  of  1900,  transmission 
lines  had  reached  a  length  of  86  miles,  from  Mill  Creek  to  Los  Angeles,  Calif. 
The  highest  line  potential,  40  000  volts,  was  used  on  the  Provo-Mercur  line  in 
Utah. 

It  is  unnecessary  for  the  purposes  of  this  paper  to  recite  the  details  of 
the  progress,  except  to  note  that  line  potentials  were  raised,  successively,  to 
60  000  volts  on  the  Colgate-Oakland  line  and  on  the  Electra-Oakland  line, 
150  miles,  in  1901;  to  100  000  volts  on  the  Las  Plumas-Oakland  line,  155 
miles  long,  in  1908 ;  and  to  150  000  volts  on  the  Big  Creek-Los  Angeles  line, 
241  miles,  in  1913;  and  two  lines  are  now  being  built  in  California  to  operate 
at  a  line  potential  of  220  000  volts.  A  more  detailed  historical  paper  was 
contributed  by  the  speaker  to  the  International  Engineering  Congress  at 
San  Francisco,  Calif.,  in  1915.* 

In  the  evolution  of  hydro-electric  power  systems,  the  development  of 
electric  generators  is  a  striking  example  of  rapid  growth  in  size  and  design 
in  response  to  a  demand.  The  first  machines  were  small — only  100  to  200 
kw. — ^but  the  advantage  of  larger  units  was  soon  recognized,  and  such  units 
were  built,  successively,  until  in  October,  1895,  3  Y30-kw.  generators,  projected 
in  1893,  were  placed  in  operation  at  Niagara  Falls.  These  remained  the 
largest  units  until  in  1904,  a  5  000-kw.  unit  was  placed  in  operation  at  de 
Sabla,  Calif.  In  1905,  a  7  500-kw.  unit  was  placed  in  service  at  Niagara 
Falls ;  in  1907,  four  8  500-kw.  units  were  placed  in  operation  at  Stanislaus, 
Calif.;  and,  in  1908,  four  10  000-kw.  units  were  installed  at  Las  Plumas,  Calif. 
The  10  000-kw.  size  remained,  to  a  certain  extent,  standard  for  a  few  years,  but 
in  1913,  two  12  500-kv-a.  units  were  installed  at  Drum,  Calif.,  and  four  17  500- 
kv-a.  units  at  the  two  Big  Creek  plants.  The  17  500  kv-a.  units  were  not 
exceeded  in  the  Pacific  Coast  States  until  1921,  when  the  units  of  Big  Creek 
Plant  No.  8,  of  22  500-kw.,  began  operation.  At  the  present  time,  three  25  000- 
kw.  units  are  being  installed  at  Big  Creek  Plant  No.  3,  of  the  Southern  Califor- 
nia Edison  Company.  The  largest  units  now  in  operation  on  the  Pacific  Coast 
are  the  two  35  000-kw.  units  at  Pit  River  Plant  No.  1,  of  the  Pacific  Gas  and 
Electric  Company,  one  unit  of  which  was  placed  in  service  in  September, 
1922. 

Parallel  with  the  development  of  generators  and  their  increasing  size  was 
that  of  the  prime  movers :  turbines,  and  impulse  wheels.  Both  these  devices 
were  in  service  before  they  were  used  to  drive  electric  generators,  but  since  the 
two  have  been  used  in  conjunction,  a  rapid  improvement  in  efficiency,  design, 
and  construction  of  prime  movers  has  kept  pace  with  the  similar  development 
of  electric  generators  and  has  made  the  latter  possible. 

The  original  small  electric  plants  serving  some  small  industrial  unit,  such 
as  a  street  railroad,  a  mine,  or  a  factory,  have  grown,  during  a  quarter  of  a 

*  Transactions,  International  Eng.  Congress,  San  Francisco,  Calif.,  1915,  Vol.  VII, 
Paper  146. 
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century,  to  large  systems  serving  millions  of  people  and  with  interconnected 
lines  extending  more  than  1  000  miles.  ISTo  limit  has  been  reached  either  in 
size  of  units  or  length  of  transmission  lines,  although  a  line  potential  of 
220  000  volts  is  approaching  the  ultimate  practicable  pressure  of  possibly 
1000  000  volts. 

Elements  of  Design 

In  a  previous  paper,*  the  speaker  discussed  the  elements  of  the  design  of 
hydro-electric  power  plants,  and  the  detail  will  not  be  repeated  here.  Some 
reference  is  made,  however,  to  design  as  related  to  the  general  subject  of 
hydro-electric  systems. 

In  the  paper  referred  to,  the  limitations  of  impulse  wheels  and  turbines 
were  examined.  A  gap  exists  between  the  two,  that  has  not  been  closed.  This 
may  be  stated  generally,  that  impulse  wheels,  on  account  of  efficiency  and 
design,  are  limited  to  a  single  nozzle  on  each  wheel,  and  each  generating  unit 
is  limited  to  two  wheels,  one  on  each  end  of  the  shaft.  The  limiting  relation 
between  size  of  jet,  diameter  of  wheel,  and  velocity  of  water,  when  taken  in 
connection  with  the  other  two  factors,  places  a  maximum  limit  to  the  size  of 
units  driven  by  impulse  wheels.  The  12  500-kv-a.  units  at  Drum,  driven  by 
two  single-nozzle,  8  500-h.  p.,  impulse  wheels  at  360  rev.  per  min.,  under  an 
effective  head  of  1  345  ft.,  and  the  17  500-kv-a.  units  at  Big  Creek  Plant  No.  2, 
driven  by  two  single-nozzle,  10  000-h.  p.,  impulse  wheels  at  375  rev.  per  min., 
under  an  effective  head  of  1  780  ft.,  represent  about  the  maximum  sizes  for 
such  units  at  those  heads.  Any  larger  impulse-wheel-driven  units  would 
require  higher  heads,  a  greater  number  of  wheels  on  one  shaft,  or  more 
nozzles  on  one  wheel.  The  last  device,  after  trials,  has  practically  been  dis- 
carded. More  nozzles  to  one  wheel  or  more  than  two  wheels  to  one  shaft 
complicates  the  governing  mechanism,  and  this  has  not  been  solved  in  a 
satisfactory  manner. 

The  turbine  as  a  prime  mover,  however,  has  the  defect  that  it  is  not 
applicable  to  small  or  medium  sized  units  (2  000  to  5  000  kw.),  at  high  heads, 
when  restricted  by  limiting  generator  speeds.  On  a  low-head  unit,  less  than 
200  ft.,  the  turbine  is  the  only  prime  mover  for  units  of  5  000  kw.  and  more. 
On  horizontal  shaft  units,  two  runners,  and  on  very  low-head  plants,  four 
runners,  have  been  used.  On  medium-head  plants  (200  to  750  ft.)  single- 
runner  turbines  are  available  for  most  units  built  in  the  last  ten  or  twelve 
years.     Examples  of  smaller  sizes  with  single  runners  are  cited  in  Table  6. 

TABLE  6. 


Location. 

Horse-power 
of  turbine. 

Effective  head, 
in  feet. 

Speed,  in  revolutions 
per  minute. 

Salmon  River  N.  Y 

10  000 
12  500 
8  000 
7  000 

24.T 
270 
425 

487 
565 
580 

375 

Snoqualtnie  Plaut  No.  8,  Wash 

Nisqually,  Wash 

Coleman.  Calif 

360 
450 
450 

Centerviile.  Calif 

Carp  River,  Mich 

9  700 
4  000 

400 

720 

*  Transactions,  Am.    Soc.   C.   E.,   Vol.    LXXIX    (1915),   p.    1000. 
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The  best  use  for  the  turbine  is  found  in  the  larger  sized  units  installed  in 
recent  years,  of  which  the  list  in  Table  7  gives  some  examples  of  low  and 
medium  sizes  of  units  with  single  runners. 

TABLE  7. 


Location. 

Horse-power 
of  turbine. 

Effective  head, 
in  feet. 

Speed,  in  revolutions 
per  minute. 

10  000 

10  ono 

18  500 
20  0(10 
18  000 
18  000 
31  500 
35  000 
40  000 
60  000 

32 

130 
145 
76 
440 
465 
729 

740-800 
450 

57.7 

250 

225 

120 

White  Kivpr,  Wash 

360 

Las  Piuniai^.  Calif 

400 

Big:  Creek  Plant  No.  8 

428 

Bis  Creek  Piaut  No  3 

428 

Pit  River  Plant  No.  1 

257 

Thus,  with  the  use  of  larger  units,  the  turbine  is  being  utilized  under 
higher  heads.  There  is  no  reason  why  turbines  built  with  cast-steel  scroll 
cases  should  not  be  used  under  heads  up  to  1  000  ft.,  and  possibly  higher. 
For  higher  heads,  the  impulse  wheel  remains  the  only  prime  mover,  and, 
therefore,  where  a  power  station  might  have  large  size  units,  if  turbines 
could  be  utilized,  the  use  of  impulse  wheels  would  materially  reduce  the  size. 
No  limit  in  size  has  been  reached  for  turbine-driven  units.  A  single  unit  of 
70  000  h.  p.  is  under  construction  for  Niagara  Falls. 

The  preceding  discussion  is  given  to  illustrate  by  examples  the  limitations 
of  turbines  and  impulse  wheels  and  also  the  trend  of  present  practice.  As 
units  have  grown  larger,  the  turbine  has  usurped  the  domain  of  the  impulse 
wheel  for  heads  up  to  750  ft.  The  growth  in  size  of  units  has  coincided  with 
the  increase  of  power  systems.  The  principal  reasons  for  this  result  may  be 
stated,  as  follows: 

(a)  Increased  efficiency  of  the  unit. 

(h)  Relatively  less  first  and  operating  cost. 

(c)  Less  cost  of  power  station  building. 

(d)  Increased   length    and   potential    of    transmission    lines 

requiring  larger  charging  current  capacity  in  single- 
generator  units. 

(e)  The  increased  load  on  power  systems,  with  greater  total 

generating  capacity  at  several  interconnected  stations, 
allowing  larger  units  to  be  used  at  any  one  station. 

At  present,  the  largest  single  units  in  the  West  are  the  two  35  000-kv-a. 
generators  operated  by  single-runner  turbines  at  Pit  River  Plant  No.  1,  of  the 
Pacific  Gas  and  Electric  Company  in  California.  Reference  may  also  be 
made  to  the  use  of  vertical  shaft  units  that  now  represent  a  type  possessing 
many  advantages  over  those  with  horizontal  shafts.  The  vertical  shaft  units 
have  been  made  possible  by  the  use  of  the  Kingsbury  bearing,  or  other  bearings 
depending  on  the  same  principle.     The  entire  rotating  element,  consisting  of 
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the  turbine  runner,  the  shaft,  and  the  generator  rotor,  are  suspended  on  the 
bearing  which  is  sustained  on  the  top  of  the  generator  frame  by  a  spider. 
This  bearing  has  eliminated  the  use  of  the  older  solid  disc  bearing,  or  the 
roller  bearing,  both  of  which  required  oil  under  heavy  pressure,  with  the 
resulting  expensive  system  of  pumps. 

The  principal  advantages  of  the  vertical  unit  over  the  horizontal  may  be 
stated,  as  follows: 

(1)  A  straight  draft-tube  is  generally  possible,  giving  better  diseliarge 

and  higher  efficiency. 

(2)  The  turbine  runner  is  more  accessible. 

(3)  A  thrust-bearing  is  not  required. 

(4)  The  generator  is  in  a  better  position  for  ventilation  and  uniform 

atmospheric  conditions  and  is  also  more  accessible  for  repairs. 
The  rotor  can  be  lifted  from  the  unit  without  disturbance  of 
other  parts. 

(5)  The  generator  can  be  placed  on  an  upper  floor  above  high  water. 

Of  the  later  developments  in  the  prime  movers  may  be  mentioned  the 
governor-operated,  synchronous  by -pass  on  impulse  wheels,  that  has  replaced 
the  older  deflecting  nozzle,  and,  on  turbines,  the  governor-controlled,  direct- 
connected  servo-motors  for  operating  the  turbine  gates.  Direct-connected, 
synchronous  by-passes  have  been  developed  in  the  last  fifteen  years.  These 
by-passes  obviate,  to  a  great  extent,  the  danger  to  the  penstock  and  turbine 
from  surges  due  to  interruption  of  the  current.  A  recent  device  places  the 
rotating  element  of  the  governor  on  the  turbine  shaft,  thus  eliminating  belt 
connection.  On  many  later  units,  the  exciter  units  are  direct  connected  to 
the  generator,  being  placed  on  an  extension  of  the  shaft,  replacing  the  older 
exciter  units  with  their  water  and  electric-motor  drives.  This  idea  is 
not  new,  but  it  was  possible  to  use  it  as  the  power  systems  became  larger. 

Coincident  with  the  development  of  larger  turbines  has  been  that  of 
butterfly  or  pivot-valves  that  are  practically  water-tight.  Valves  of  the  bal- 
anced piston  or  Johnson  type,  with  the  pivot-valves,  have  replaced  the 
older  gate-valves  that  became  impracticable  in  large  sizes  under  high  heads. 

Of  the  other  accessories  of  power  plants,  the  developments  of  the  last  five 
years  have  brought  little  change.  American-made  welded-steel  pipe  for  pen- 
stocks in  large  sizes  is  a  more  reliable  article  than  that  formerly  imported 
from  Germany.  Conduits  are  made  more  permanent,  and  concrete-lined 
tunnels  are  replacing  the  open  ditches  and  timber  flumes  of  the  past.  The 
theory  of  surges  in  pressure  conduits  and  the  design  of  surge-chambers  and 
their  installation  at  the  junction  of  conduit  and  penstock  has  become  a  regular 
feature  of  power  plants  on  the  Pacific  Coast. 

At  the  power  plant,  all  transformers,  high-tension  switches,  and  bus-bars 
were  placed  at  first  inside  the  building.  During  the  last  few  years,  however, 
there  has  been  an  increasing  tendency  to  place  this  apparatus  outside  the 
building,  especially  where  line  potentials  of  more  than  100  000  volts  have  been 
used.  This  practice,  of  which  the  Southern  Sierras  Power  Company  was  one 
of  the  pioneers,  is  rapidly  extending.     On  the  new  220  000-volt  lines  of  the 
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Pacific  Gas  and  Electric   Company,  all  high-tension  apparatus  is  placed  in 
the  open. 

Transmission  lines  have  been  increased  in  length  and  in  line  potential. 
Probably  the  longest  transmission  is  that  of  the  Southern  Sierras  Power 
Company  to  Yuma,  Ariz.,  more  than  GOO  miles.  Steel  towers  and  suspension 
insulators  have  become  standard.  The  long  lines,  high  potentials,  and  large 
amounts  of  energy  transmitted  now  require  large  installations  of  condensers 
at  the  receiving  end,  an  important  element  in  the  cost. 

Characteristics  of  Western  Power  Systems 

At  the  beginning,  little  was  known  of  the  various  factors  that  enter  into 
the  generation,  transmission,  and  distribution  of  hydro-electric  power.  As  the 
systems  extended  and  a  wider  range  of  industries  were  supplied  with  power, 
the  characteristics  of  such  industries  became  better  known.  The  inte- 
grated result  of  load  variation,  expressed  as  an  annual  load  factor,  or  ratio 
between  the  yearly  average  and  maximum  or  peak  load,  measures,  in  one  way, 
the  demands  on  a  power  system.  The  annual  load  factors  of  several  large 
Pacific  Coast  systems  are  given  in  Table  8. 

Another  important  element  in  the  systems,  however,  is  the  seasonal  varia- 
tion in  energy  output  or  demand,  which  differs  widely  on  different  systems, 
especially  in  California.  The  rainless  period,  extending  over  about  seven 
months,  causes  the  Sierra  Nevada  streams  to  diminish  in  summer  to  a  small 
proportion  of  the  average  flow.  Again,  many  industries,  siich  as  those  that 
depend  on  agriculture,  are  subject  to  wide  variation  in  power  demand  (from 
irrigation  pumping,  fruit-packing  establishments,  and  coincident  activity), 
occurring  at  a  time  of  year  when  the  streams  are  low,  and  thus  require  that  the 
power  deficiency  in  natural  stream  flow  be  made  up  by  stored  water  or  by 
steam-generated  energy. 

Table  8  gives  the  total  energy  generated  by  months,  but  expressed  as  a 
daily  average  for  the  month,  for  two  companies  in  Washington  and  three  in 
California.  Purchased  energy  is  included,  as  it  all  represents  a  demand  on 
the  company.  The  year  1921  was  chosen  as  representing  the  latest  informa- 
tion, and  also  because,  on  most  of  the  systems,  there  was  not  much  increase 
in  demand.  A  column  of  percentage  departures  from  the  mean  is  added  to 
express  the  variation  in  demand.  Fig.  23  shows  the  percentage  variation 
graphically. 

There  is  an  error  in  Table  8  and  Fig.  23,  as  the  kilowatt-hour  output  neces- 
sarily contains  the  increase  in  demand  that  comes  to  all  growing  systems. 
This,  however,  is  a  better  representation  of  conditions  that  will  prevail  for  a 
considerable  time.  Attention  is  called  to  the  range  of  power  demand.  Central 
California,  as  represented  by  the  San  Joaquin  Light  and  Power  Company,  in 
the  San  Joaquin  Valley,  a  community  predominantly  agricultural,  and 
Southern  California,  represented  by  the  Southern  California  Edison  Company, 
have  a  greater  annual  variation  in  energy  output  than  the  companies  of 
Northern  California  or  Washington.  The  examples  are  given  as  representing 
Pacific  Coast  conditions  and  as  what  may  be  anticipated  elsewhere  under 
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similar  conditions.  It  should  be  noted  that  the  system  peak  does  not  neces- 
sarily occur  in  the  month  of  maximum  energy  demand.  The  systems  discussed 
serve  a  great  variety  of  industries,  of  which  mining  and  agriculture  comprise 
a  fairly  large  part.    Lighting  requires  a  relatively  small  part  of  the  energy  sold. 
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Increase  in  D-emand. — The  development  of  hydro-electric  power  during  the 
last  ten  years  has  been  on  a  firmly  established  basis.  It  is  possible  to  take  the 
records  of  growth  for  that  period  and  to  determine  with  reasonable  certainty  a 
rate  of  growth  that  will  enable  one  to  forecast  the  future  demand  for  ten  or 
fifteen  years  to  come.  Different  localities  exhibit  strikingly  different  rates. 
Again,  the  rate  of  increase  in  demand  has  not  been  uniform  over  the  last  ten 
years,  due  largely  to  the  World  War  and  the  resulting  industrial  changes.  The 
average  rate,  expressed  as  an  annual  compounding  rate,  over  the  entire  period 
will  give  a  fairly  good  index  of  future  growth.  Table  9  is  given  to  show 
conditions  in  California,  where  the  rate  for  the  State  is  11.1%  and  shows  an 
increase  in  nine  years,  as  follows: 

Water.— F-rom  1  068  000  000  to  2  493  000  000  kw-hr.,  or,  approximately, 
134%  which  is  9.9%  compounded  annually. 

Steam.— From  334  000  000  to  1124  600  000  kw-hr.,  or,  approximately, 
237%  which  is  14.4-%  compounded  annually. 

Total.— From  1402  000  000  to  3  617  600  000  kw-hr.,  or,  approximately, 
158%  which  is  11.1%  compounded  annually. 

It  also  shows  that  the  steam  output  ranged  from  a  minimum  of  15.2%  to  a 
maximum  of  36.2%  of  the  total  output. 

An  examination  of  Table  9  which  was  prepared  by  A.  H.  Markwart, 
M.  Am.  Soc.  C.  E.,  shows  a  wide  variation  in  power  demand  from  year  to  year. 
Similar  tables  show  for  Northern  California  an  annual  compounding  rate  of 
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6.96% ;  for  the  Pacific  Gas  and  Electric  Company,  a  rate  of  7.44% ;  for  the 
Great  Western  Power  Company,  7.07% ;  and  a  rate  of  about  18%  for  Southern 
California. 

TABLE    9. — KiLOWATT-HouR    Output    from   Water    and    Steam,    1911 

TO  1920,  Inclusive,  for  State  of  California,  Based  on   Railroad 

Commission  Records  for  all  Public  Utilities,  Including  City 

OF   Los   Angeles    and   Other   Smaller   Municipal   Plants. 


W.4TER. 

Steam. 

Total. 

Steam,  in 

Year. 

Millions  of 
kilowatt- 
hours. 

Percentage  of 
increase. 

Millions  of 
kilowatt- 
hours. 

Percentagre 
of  increase. 

Million?  of 
kilowatt- 
hours. 

Percent- 
age of 
increase. 

percent- 
age of 
total. 

1911 

1  068.0 
1  143.0 
1  263.9 
1  746.0 
1  816.8 

1  992.3 

2  142.5 
2  254.3 
2  241.3 
2  493.0 

1  425.0 

"r'.b 

10.6 
38.1 

4.1 

9.6 

7.5 

5.2 

0.6  (Dec.) 
11.2 

134.0 

9.9 

334.0 
445.0 
715.2 
356.3 
394.5 
357.1 
495.5 
710.7 
993.6 
1  124.6 

790.6 

'36!2 
57.2 

50.2  (Dec.) 
10.7 

9.5  (Dec.) 
38.8 
43.4 
39.8 
13.2 

237.0 

14.4 

1  402.0 
1  598.0 

1  979.1 

2  102.3 
2  211.3 
2  349.3 
2  6:^8.0 

2  965.0 

3  2.34.9 
3  617.6 

2  215.6 

i4'6 
23.8 
6.2 
5.2 
6.2 
12.3 
12.4 
9.1 
11.8 

158.0 

11.1 

23. S 

1912 

28.5 

1913 

1914 

36.2 
16.9 

1915 

17. S 

1916 

15.2 

1917 

18.8 

1918 

24.0 

1919 

30.7 

1920 

Total     in- 
crease  

Annual    in- 
crease  

31.1 

It  might  be  questioned  as  to  whether  this  rate  of  growth  is  temporary  only 
and  whether  the  market  will  not  be  soon  saturated.  The  only  way  in  which 
this  could  be  ascertained  was  to  examine  the  rate  of  increase  of  population  in 
the  United  States  and  to  compare  it  with  the  growth  of  standard  industries, 
all  expressed  as  a  compounding  annual  rate.  These  statistics  are  given  in 
Table  10. 

TABLE  10. — Increase  of  Certain  Items  in  the  United  States.* 


Item. 


Period. 


Compound  annual 
percentage  rate. 


Population  of  United  States 

C(5al  produced 

Pig  iron  produced 

Steel  and  iron  produced 

All  United  States  manufacturing 
Pust  Office  revenues 

Bank  clearings,  Paciflc  Division  , 
California  manufacturing , 


1900-10 
1910-20 
1900-09 
1909-19 
1901-09 
1909-19 
1900-10 
1910-20 
1904-14 
1900-10 
1910-20 
1911-19 
1904-14 


1.95 
1.38 
8.78 
5.71 
6.15 
4.18 
8.60 
4.10 
5.06 
8.16 
6.90 
13.40 
6.86 


*  From  U.  S.  Statistical  Abstract. 


It  will  be  noted  that  even  in  the  old  established  industries  the  annual  com- 
pound rate  of  increase  is  from  three  to  four  times  the  similar  rate  of  increase 
of  population. 
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The  deductions  from  the  study  are  that,  for  a  long  time  to  come,  the  power 
demand  on  the  Pacific  Coast  may  be  exjjected  to  increase  at  an  annual  com- 
pounding rate  of  from  5  to  7%,  and  much  more  in  some  localities.  It  is 
probable  that  by  1930,  the  annual  energy  output  in  California,  will  exceed 
10  000  000  000  kw-hr. 

Eelation  of  Steam  to  Hydko-Electric  Power 

A  proper  appreciation  of  the  relation  of  the  steam  plant  to  the  water-power 
plant  has  arisen  with  the  development  of  power  systems.  It  might  seem  at 
first  that  when  a  sufficient  amount  of  generating  capacity  in  the  water-power 
plant  had  been  built,  there  would  be  no  need  of  a  steam  plant.  Circumstances, 
however,  have  determined  otherwise.  Everywhere  on  the  Pacific  Coast,  the 
hydro-electric  plants  are  situated  in  the  mountains,  more  or  less  remote  from 
the  cities.  Possibly  the  only  exception  is  at  Spokane,  Wash.,  where  the  Ealls 
of  the  Spokane  River  within  the  city  makes  it  unnecessary  for  the  Washing- 
ton Water  Company  to  carry  any  of  its  load  on  steam.  The  opposite  extreme 
is  found  in  California,  where  transmission  lines  are  150  to  250  miles  long  from 
power  plants  to  load  centers.  Steam  plants,  located  in  large  cities,  have 
been  built  either  as  safety  reserves  or  to  furnish  part  of  the  energy. 

The  functions  of  the  steam  plant,  acting  in  its  proper  relation  to  the  hydro- 
electric plant,  may  be  segregated  under  five  general  divisions : 

(a). — As  a  reserve  in  case  of  interruptions  to  the  hydro-electric  system. 
In  some  cases,  as  in  San  Francisco,  due  partly  to  the  situation,  the  steam 
reserve  carried  by  the  Pacific  Gas  and  Electric  Company  exceeds  75%  of  the 
load. 

(&)• — To  generate  a  substantial  portion  of  the  energy  output.  Euel  costs 
are  such,  however,  that,  with  the  average  installation  priqes  of  hydro-electric 
systems,  energy  can  be  developed  cheaper  by  water  than  by  fuel.  In  California, 
however,  the  abundance  of  cheap  fuel  oil  in  the  past,  ranging  in  price  from  50 
to  60  cents  per  bbl.  at  the  plant,  equivalent  to  good  coal  at  $2.50  per  ton, 
resulted  in  the  building  of  numerous  large  steam  plants.  The  capital  charges 
per  kilowatt  were  considerably  less  and  the  energy  costs  were  also  less.  The 
time  of  low  priced  oil  passed,  and  power  companies  found  their  energy  costs 
suddenly  raised.  This  has  resulted  in  an  extensive  program  of  hydro-electric 
development.  With  oil  at  $1  per  bbl.  or  more,  steam-generated  energy  is  too 
costly. 

(c). — To  generate  energy  to  carry  some  of  the  system  load  over  a  period 
when  all  the  water-power  plants  are  loaded  and  before  the  demand  increases 
to  a  point  where  the  large  initial  cost  of  a  modern  water-power  plant  is 
justified. 

(d). — To  generate  energy  in  years  of  extreme  low  water.  Reservoirs,  as 
a  rule,  can  be  built  to  equalize  stream  flow  during  most  years,  but,  at  times, 
a  season  occurs  when  the  stream  flow  is  much  below  normal.  In  such  cases, 
the  steam  plant  makes  up  the  deficiency. 

(e). — To  carry  a  fair  proportion  of  the  peak  load.  In  one  respect,  this  is 
the  most  important  function  of  the  steam  plant.  The  longer  the  transmission 
line,  the  more  important  does  this  function  become.    The  maximum  peak  load 
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of  a  year  occurs  only  once  and  may  last  for  only  i  hour.  Other  peak  loads  of 
other  days  or  mosths  are  not  as  great.  If  dependence  is  placed  on  the  water- 
power  plant  alone,  all  equipment,  including  long  transmission  lines,  must 
be  installed  to  carry  a  power  peak,  the  energy  content  of  which  is  negligible. 

In  this  case,  the  steam  plant  can  be  arranged  to  carry  from  20  to  25%  of 
the  peak,  without  generating  a  great  amount  of  energy.  This  arrangement 
is  beneficial  in  many  ways.  Besides  saving  capital  costs  in  regulating  reser- 
voirs, penstocks,  hydro-electric  generating  units,  and  transmission  lines,  it 
raises  the  load  factor  on  such  plants  and  at  the  steam  plants  places  the  units 
in  service  each  day.  In  many  cases,  the  power  factor  of  the  system  is  raised 
by  the  operation  of  the  steam  plant  generators. 

The  characteristics  of  each  power  system  and  the  price  of  fuel  will  de- 
termine the  amount  of  peak  load  to  be  carried  and  the  energy  generated  at 
each  type  of  plant.  The  peak  to  be  carried  by  steam  will  range  from  10  to 
25%  of  the  total.  The  energy  output  will  depend  on  the  shape  of  the  peaks 
•and  the  relation  of  the  maximum  peak  to  other  average  peaks,  and  may  range 
from  2  to  10%  of  the  annual  energy  output  of  the  system.  TJius,  on  the 
average  system  in  the  West,  the  daily  load  factor  on  the  water  plants  can  be 
raised  from  about  60%  to  from  70  to  85  per  cent.  The  daily  load  factor  on 
the  steam  plants  will  be  low,  ranging  from  25  to  35  per  cent. 

A  diagram,  Fig.  24,  of  a  daily  load  curve,  divided  between  steam  and 
water  plants,  is  given  to  illustrate  this  subject. 

The  Eelation  of  Hydro-Electric  Plants  to  Irrigation 
Irrigation  is  practiced  in  many  parts  of  the  Pacific  Coast  and  produces 
in  hydro-electric  systems  a  large  part  of  the  excess  power  demand  of  summer. 
In  many  cases,  especially  in  California,  the  same  stream  that  furnishes  power, 
is  used  for  irrigation  after  it  reaches  the  valley  lands.  Practically,  all  the 
important  rivers  that  descend  each  slope  of  the  Sierra  Nevada  are  thus  used. 
There  is  an  apparent  conflict  between  the  two  uses  of  water.  Power  de- 
mands a  fairly  uniform  flow  throughout  the  year.  Irrigation  demand  varies 
between  wide  limits,  ranging  from  1  or  2%  in  some  months  to  as  much  as 
20  or  22%  of  the  total  seasonal  quantity  used.  During  two  or  three  months 
of  the  year,  there  is  no  irrigation,  and  then  reservoir  gates  are  closed  to  store 
water  for  the  next  year. 

The  solution  of  this  problem  is  found  in  the  difference  in  reservoir  loca- 
tion. Power  requires  that  water  be  stored  near  the  head-waters  of  rivers, 
in  order  to  take  advantage  of  as  much  head  as  possible.  For  irrigation,  how- 
ever, the  reservoirs  are  needed  near  the  exit  of  the  river  from  the  mountains, 
in  order  to  obtain  the  greatest  tributary  water-shed.  Whatever  water  is  re- 
leased from  power  storage  reservoirs  during  the  irrigating  season  is  of  benefit 
to  irrigation,  passing  directly  to  the  lands.  Water  released  for  power  during 
the  non-irrigating  season  can  be  retained  in  the  irrigation  reservoir  for  use 
the  next  season,  and  thus  insures  against  a  failure  of  irrigation  water  for  a 
possible  future  deficient  flow  of  the  stream.  The  irrigation  reservoir  be- 
■comes,  in  effect,  a  re-regulating  reservoir,  changing  the  stream  from  the  char- 
■acter  given  it  by  power  regulation  to  one  serving  irrigation. 
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Fig.  24. 

These  general  relations  are  illustrated  in  Fig.  25,  which  shows  a  hydro- 
graph  of  a  typical  California  stream,  a  power  demand  curve,  and  an  irriga- 
tion demand  curve,  based  on  conditions  in  Central  California.  No  fixed  rule 
can  be  given  for  solving  such  problems.  Each  case  must  be  solved  by  itself, 
taking  account  of  the  physical  characteristics  of  the  stream,  the  reservoirs, 
the  amount  and  variation  in  demand  for  power,  and  the  amount  of  irriga- 
tion, with  its  characteristics  of  use  of  water,  crops,  etc. 


Fig.   25. 
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A  secondary  relation  between  power  and  irrigation  occurs  in  hydro-electric 
plants  built  as  adjuncts  of  irrigation  I'eservoirs.  High  dams  are  being  built 
as  irrigation  storage  reservoirs,  and  this  makes  possible  the  development,  of 
some  power.  As  the  water  is  used  subject  to  the  irrigation  demand,  the  energy 
output  varies  widely.  At  times  during  the  peak  of  the  irrigating  season,  a 
very  large  amount  of  power  is  available,  but  as  the  duration  of  this  output  is 
short,  possibly  one  or  two  months,  there  can  be  no  sale  for  the  maximum 
amount.  Possibly  one-third  would  represent  a  fair  proportion  of  the  maximum 
possible  power  to  be  developed.  After  the  irrigation  peak  has  passed,  the 
power  falls  off  rapidly,  owing  to  decreased  irrigation  demand  and  to  decreasing 
head  in  the  reservoir. 

These  special  characteristics  make  the  sale  of  such  power  a  difficult  prob- 
lem. If  used  by  the  irrigation  district,  that  organization  must  build  steam 
plants  to  carry  the  load  during  the  non-irrigating  season.  If  the  power  is 
sold  to  the  nearest  power  system,  that  system  must  be  capable  of  absorbing 
the  block  of  summer  power  or  otherwise  it  cannot  purchase  the  power.  Each 
case  must  be  considered  by  itseK. 

A  case  in  point  occurred  in  connection  with  the  Merced  Irrigation  Dis- 
trict in  Central  California.  In  planning  the  works  of  that  district  of  18G  000 
acres,  the  speaker  planned  a  reservoir  with  a  capacity  of  250  000  acre-ft.  on  the 
Merced  Eiver.  The  dam,  about  300  ft.  high,  made  possible  a  power  plant  of 
30  000  kw.  and  the  sale  of  the  energy  to  the  San  Joaquin  Light  and  Power 
Company.  The  load  curve  of  that  Company  permitted  the  absorption  of 
this  special  block  of  energy,  because  the  pumping  of  water  for  irrigation  is 
a  large  part  of  its  simamer  load,  and  this  coincided  in  time  with  the  delivery 
of  power  from  the  plant  of  the  Irrigation  District.  Thus,  a  net  revenue  was 
made  possible  for  the  Irrigation  District  sufficient  to  pay  the  fixed  charges 
on  the  cost  of  reservoir  and  power  plant,  amounting  to  more  than  $7  000  000. 

In  the  development  of  hydro-electric  power  systems  of  the  Pacific  Coast 
States  many  changes  have  been  brought  about.  These  changes  are  the  joint 
product  of  the  civil,  mechanical,  and  electrical  engineers.  As  a  rule,  most 
of  the  expenditure  comes  under  the  control  of  the  civil  engineer,  but  the  engi- 
neer in  charge  of  any  system  must  have  a  fair  knowledge  of  all  the  prob- 
lems involved.  The  speaker  must  express  a  high  degree  of  appreciation  of 
the  mechanical  engineers  who  have  perfected  the  modern  American  impulse 
wheels  and  turbines  and  of  the  electrical  engineers  who  have  designed  and 
built  the  high  efficiency  and  mechanically  perfect  generators,  transformers, 
switches,  and  other  parts  that  are  a  part  of  the  complicated  power  plant. 
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HIGH- VOLTAGE  PHENOMENA  ENCOUNTERED 
IN  POWER  TRANSMISSION 

By  Harris  J.  Ryan,*  Esq. 


Electrical  power  transmission  fundamentally  involves  the  care  of  the 
following : 

1. — A  proi)er  cross-section  of  conductor  to  accommodate  the  requisite 

current. 
2. — An  adequate  non-conducting  support  and  submerging  medium  for 
the  transmission  conductors,  that  will  withstand  the  application  of 
the  necessary  high  voltage  without  appreciable  leakage  of  current, 
that  is,  an  adequate  system  of  insulation. 
3. — The  stability  of  voltage  values. 
The  provision  of  a  conductor  of  proper  cross-section  is  an  economic  con- 
sideration and  gives  rise  to  few  practical  or  technical  difficulties.     Under  the 
usual  schedule  of  costs,  the  most  economic  section  of  copper  conductor  per 
ampere,  is  never  much  more  than  that  of  a  No.  18  B.  &  S.  gauge  wire.    Such 
a  conductor  weighs  26  lb.  per  mile  and  has  a  resistance  of  about  35  ohms  per 
mile.    It  follows,  therefore,  that  the  weight  of  the  copper  conductor  is  about 
26  lb.  per  ampere  per  mile,  and  the  corresponding  voltage  required  to  supply 
the  power  lost  in  such  a  conductor  is  35.    This  value  of  35  volts 'that  must  be 
lost  economically  in  a  copper  transmission  line,  is  fundamental.     Electrical 
power  conductor-transmission  efficiency,  therefore,  can  never  vary  greatly  from 

35  D 

'  =  -^ 

wherein  E^  is  the  voltage  to  ground  or  to  "neutral",  used  for  transmission, 
and  D  is  the  distance,  in  miles. 

The  total  economic  cost  of  power  transmission  due  to  the  conductor  alone 
is  the  sum  of  the  existence  cost  attached  to  the  conductor  section  and  the  cost 
of  the  conductor  electrical  loss.  The  fundamental  relation  of  transmission 
voltage,  distance,  and  conductor-transmission  cost,  is:  Total  conductor  trans- 
mission costs  vary  directly  as  the  transmission  distance  and  inversely  as  the 
voltage. 

Whenever  practicable,  the  relation  of  transmission-line  voltage  to  trans- 
mission distance  is  about  1  000  volts  per  mile  in  a  three-phase  circuit  (575 

35 
volts  from  conductor  to  neutral).     This  results  in  a  power  loss  of  100  X  t^t:, 

0/0 

or  6.1%,  and  a  total  conductor-transmission  cost,  therefore,  of  12.2  per  cent. 
Under  this  allowance  of  working  voltage,  water  power  has  been  develoj^ed 
during  recent  years  in  intei-mediate  amounts  for  single  projects  of  100  000 
to  200  000  kw.  and  transmitted  to  profitable  markets  over  correspondingly  in- 
termediate distances  of  100  to  250  miles,  using  voltages  from  66  000  to  165  000. 
The  economic  conditions  on  the  Pacific  Coast  and  in  other  sections  of  the 
United  States  now  demand  the  development  and  use  of  all  outstanding  water 
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powers  and  the  transmission  of  power  to  profitable  markets.  Individual  pro- 
jects involve  the  development  of  blocks  of  power  varying  from  250  000  to 
1  000  000  kw.,  or  more,  to  be  transmitted  for  the  greater  part,  over  distances 
from  250  to  500  miles  or  more. 

When  active  preparations  for  the  first  of  these  large  modern  projects  were 
begun  in  1919,  it  was  realized  that  voltages  higher  than  those  in  use  at  that 
time  would  have  to  be  employed  to  insure  economic  and  practical  success.  The 
technical  difficulties  involved  would  have  to  be  solved,  and  the  whole  subject 
of  power  transmission  would  have  to  be  studied  with  respect  to  the  available 
technical  expediencies  and  practical  options  of  every  kind,  in  order  that  the 
next  advance  in  voltage  might  be  made  advisedly  for  the  general  mobilization 
of  all  economic  sources  of  power.  During  the  past  three  years,  much  work  has 
been  done  by  power-transmission  engineers  co-operating  for  the  interests  they 
represented,  and  by  committees  of  the  National  Electric  Light  Association  and 
the  American  Institute  of  Electrical  Engineers.  The  result  of  this  effort  has 
been  the  virtual  adoption  by  common  consent  of  220  000  volts  and  the  develop- 
ment of  dependable  line  insulators,  transformers,  and  switch-gear  required 
for  the  application  of  such  voltage. 

Many  arguments  for  and  against  the  adoption  of  220  000  volts  have  been 
considered.  The  majority  of  these  arguments,  although  often  the  cause  of 
much  controversy,  are  of  little  importance.  There  are  three  inter-related 
factors,  or  groups  of  factors,  to  which  the  final  decision  is  largely  due,  as 
follows : 

I. — Economy  in  transmission,  as  such,  demands  the  highest  available 
working  voltage. 

II. — High  voltages  are  extravagant  of  space,  demanding  liberal  air-space 
clearances  adjacent  to  all  insulator  supports  of  18  000  volts  per  ft.,  for  example, 
7  ft.  at  a  minimum  for  the  use  of  127  000  volts  to  ground  occurring  in  a 
220  000-volt  transmission. 

III.^ — For  the  transmission  of  a  given  amount  of  power,  the  idle  re-active 
power  required  to  maintain  the  electric  field  attached  to  the  transmission  cir- 
cuit is  positive  and  increases  directly  as  the  square  of  the  transmission  voltage ; 
the  corresponding  magnetic  field  is  negative  and  increases  inversely  as  the 
square  of  the  transmission  voltage. 

The  nature  of  Factor  I  will  be  understood  when  it  is  recalled  that  power 

costing  0.2  cent  per  kw-hr.  at  the  large  power  plant  will  cost  approximately  an 

equal  amount  to  transmit  it  300  miles,  using  220  000  volts,  to  a  profitable 

2  X  100  (.35  X  300) 

market.     The  corresponding  conductor  part  of  this  cost  is  tt^-;^;::: 

^^  12^  000 

=  19.3  per  cent.  Elevating  the  voltage,  therefore,  can  effect  a  reduction  only 
in  a  one-fifth  part  of  the  transmission  cost  and  must  simultaneously  encounter 
increased  costs  on  account  of  Factor  II  and  greatly  increased  costs  on  account 
of  Factor  III. 

Factor  II  is  the  effect  on  the  cost  of  transmission,  due  to  a  necessary  linear 
increase  of  clearances  in  air,  oil,  and  solid  insulations,  with  a  corresponding 
increase  of  line  voltage.     Tower  structures,  transformers,  and  switch-gear  are 
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to  be  had,  therefore,  at  fair  unit  costs  only  when  the  magnitude  of  power  trans- 
mitted is  sufficiently  great  per  circuit  (100  000  to  200  000  kw.),  otherwise  the 
saving  in  conductor-ti*ansmission  cost  is  rendered  of  no  value  by  the  accom- 
panying increased  cost  of  auxiliary  equipments. 

Factor  III  affects  plant  capacity  (that  is,  the  power  factor)  and  voltage 
control.  When  capacitance  and  inductance  are  connected  in  series  in  the 
electric  circuit,  they  consume  correspondingly  positive  and  negative  re-active 
powers  by  the  production  of  opposing  voltages  that  are  in  lagging  or  leading 
quadrature  with  the  electric  current.  If  the  re-active  powers  thus  consumed 
are  equal,  the  corresponding  voltages  produced  are  equal  and  opposite.  Their 
resultant  is  zero.  The  conductor-transmission  power  factor  remains  unity. 
When  such  inductances  and  capacitances  are  connected  in  parallel  with  the 
electric  circuit,  opposing  currents  instead  of  voltages  are  set  up.  If  the  re- 
active powers  thus  consumed  are  equal,  the  sum  of  their  corresponding  currents 
is  zero.  The  net  result  is  substantially  the  same  as  in  the  preceding  case.  If, 
however,  inductance  is  connected  in  series  with  the  circuit  and  the  capacitance 
in  parallel,  as  is  the  case  in  the  long  transmission  circuit,  the  inductive  or 
magnetic  and  the  capacitive  or  electric  re-active  powers  are  consumed  by 
setting  up  corresponding  voltage  and  current.  They  are  unlike  components 
of  re-active  power  and  cannot  be  added  directly  without  the  one  being  first 
transformed  to  the  form  of  the  other. 

The  most  practical  transformer  for  this  purpose  is  the  so-called  synchronous 
condenser.  It  should  more  properly  be  called  the  re-active  alternator  as  it 
may  be  made  at  will  to  accept  quadrature  leading  or  lagging  current  from  the 
transmission  line  at  any  point  by  a  proper  adjustment  of  field  excitation.  In 
the  discussion  that  follows,  it  is  assumed  that  re-active  alternators  of  suitable 
negative  kilovolt-ampere  capacity  are  connected  across  the  transmission  line  at 
intervals  of  about  150  miles,  as  requisite  facility  for  mixing  en  route  through 
the  transmission  line  the  opposing  electric  and  magnetic  re-active  powers  con- 
sumed by  the  line,  so  as  to  have  to  transmit  in  the  aggregate  only  the  resulting 
re-active  power  residual  and  to  maintain  a  constant  line  voltage  and  power 
factor,  as  proposed  recently  by  F.  G.  Baum,  M.  Am.  Soc.  C.  E.* 

A  100-mile,  110  000-volt,  three-phase,  "GO-cycle,  32  200-kw.,  power-transmis- 
sion circuit  requires  equal  and  opposite  re-active  powers  (6  700  kv-a.  each)  to 
maintain  the  electric  and  magnetic  fields  attached  to  such  a  circuit.  This 
circuit,  therefore,  will  have  a  conductor-transmission  power  factor  of  unity. 
For  these  power-transmission  values,  Factor  III  is  the  cause  of  no  difficulty. 
Unfortunately,  when  the  power  is  transmitted  in  a  fixed  amount,  the  re-active 
power  required  for  the  electric  field  increases  directly  as  the  square  of  the 
transmission  voltage  and,  for  the  magnetic  field,  inversely  as  the  square  of  such 
voltage,  and  each  increases  directly  as  the  transmission  distance.  Thus,  on 
increasing  the  voltage  from  110  000  in  the  case  cited,  the  excess  of  re-active 
power  required  for  the  maintenance  of  the  electric  field  over  that  in  opposi- 
tion required  for  the  corresponding  magnetic  field,  increases  with  great 
rapidity,    causing    a    corresponding    reduction    in  power    factor    and   voltage 

*  "Voltage  Regulation  and  Insulation  for  Large  Power,  Long-Distance  Transmission  Sys- 
tems", Transactions,  A.  I.  E.  E.,  Vol.  XL   (1921),  p.   1017. 
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stability.    Only  by  increasing  the  power  transmitted  per  circuit  can  this  excess 
of  electric  re-active  power  be  limited  satisfactorily. 

Taking  the  values  in  the  case  cited  as  units  for  a  comparison  of  the  electric 
and  magnetic  re-active  powers  required  for  other  values  of  line  voltage,  E, 
the  line  voltage,  will  occur  in  110  000-volt  units,  the  distance,  D,  in  100-mile 
units,  and  the  power,  P,  in  32  200-kw.  units,  the  values  of  the  opposing  re- 
active powers  required  to  maintain  the  fields  attached  to  the  transmission  cir- 
cuit, are: 

Electric  re-active  power  =  (+  )  K  V  A^  ^  (i  700  .  D  E'^ (1) 

D 1''^ 

Magnetic  re-active  power  =  ( — )  K  V  A     =  G  700  .        .,    (2) 

By  equating  these  values  of  the  electric  and  magnetic  re-active  powers,  the 
corresponding  relation  of  the  values  of  power  and  voltage  in  the  units  adopted 
is  found  to  be : 

P  =  E- (3) 

It  follows  that  the  power  per  circuit  must  increase  as  the  square  of  the 
voltage,  in  order  to  transmit  at  a  full-load,  conductor-power  factor  of  unity. 
Three  of  these  corresponding  voltages  and  powers  are,  as  follows : 

Power  transmitted  per  three- 
Three-phase  phase  circuit,  required  for 
line  voltage,  a  qonductor-power  factor 
in  kilovolts.  of  unity,  in  kilowatts. 

220 128  000 

330 298  000 

440 512  000 

It  is  seen,  therefore,  that  as  the  voltage  is  raised  above  220  000,  the  magni- 
tude of  power  per  circuit  required  for  a  conductor-transmission  power  factor 
of  unity  quickly  becomes  excessive.  It  follows,  therefore,  that  60-cycle,  alternat- 
ing, transmission  voltages  cannot  be  used  at  values  of  much  more  than  220  000 
without  a  serious  loss  of  the  power  factor  and  a  corresponding  increase  of  the 
non-productive  capacity  of  the  synchronous  machinery  required  to  maintain 
the  high  electric  fields  that  inevitably  attach  to  circuits  at  high  voltage. 

The  curves  in  Fig.  26  have  been  determined  to  show  the  approximate  rela- 
tions between  magnitudes  of  60-cycle  power  transmitted  per  circuit,  residual 
re-active  powers,  and  line  voltages,  for  distances  of  250  and  500  miles. 

If  the  frequency  was  lowered  from  60  to  25  cycles,  each  of  the  opposing 
re-active  powers  would  be  reduced  to  about  40%  of  their  former  values,  per- 
mitting a  corresponding  increase  in  transmission  voltage  from  220  000  to 
350  000.  The  saving  in  conductor  economy  thus  effected  would  be  offset  so 
largely  by  increased  costs  of  transformers,  switches,  and  the  greater  clear- 
ances required  for  insulation,  that  the  gain  would  be  uncertain.  By  common 
consent,  therefore,  no  reduction  in  frequency  has  been  proposed  for  the  large 
power  projects  and  for  the  nation-wide  power  network. 

The  curves.  Fig.  26,  show  likewise  that  a  transmission  voltage  of  220  000 
would  be  unduly  high  for  the  satisfactory  transmission  of  power  magnitudes 
much  less  than  100  000  kw.  per  circuit,  again,  because  of  the  relatively  exces- 
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sive  values  of  re-active  power  required  to  charge  the  electric  fields  surrounding 
the  conductors. 

The  conclusion  is  reached,  therefore,  that  the  hest  transmission  voltage  for 
the  establishment  of  the  general  power  network  is  220  000  at  60  cycles.  With 
such  a  voltage,  power  can  be  transmitted  with  practical  satisfaction  over 
distances  from  200  to  500  miles,  or  more. 
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An  open  mind  should  be  maintained  toward  the  possible  availability  in  the 
future,  of  high  continuous  voltages  of  500  000  or  more.  Responsible  manufac- 
turers are  engaged  on  the  solution  of  this  problem.  They  propose  to  use  con- 
tinuous high-voltage  currents  by  rectifying  alternating,  three-phase,  high- 
voltage  currents  at  their  source  and  resolving  them  into  low-voltage,  three- 
phase,  alternating  currents  for  distribution  at  their  markets,  with  electron 
valves  for  each  transformation.  It  does  not  appear  likely  that  such  continuous 
high-voltage  currents  will  ever  replace  alternating  high-voltage  currents  in  the 
general  power  network.  It  does  appear  quite  possible,  however,  that,  in  the 
future,  they  may  be  used  for  trunk-line  connections  between  the  large  centers 
of  power  and  the  markets  that  have  been  consolidated  by  the  general  network. 

The  foregoing  are  the  more  important  of  the  useful  high-voltage  actions 
found  in  the  electrical  power  industry.  There  are  also  the  non-useful  or 
predacious  high-voltage  phenomena  that  occur  in  power-transmission  cir- 
cuits due  to  accidental  causes.  The  causes  of  most  predatory  high-voltage 
phenomena  are : 

Over-voltages  from  within  the  transmission  circuit,  due  to : 

1. — Switching. 

2. — Breaking  short  circuits. 
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3. — Arcs  between  circuit  terminals   and  from  some  point   in  the  cir- 
cuit to  the  ground. 
4. — Engine  or  turbine-generator  runaways. 
5. — Resonance. 

Over-voltages  from  without  the  circuit,  due  to : 

6. — Lightning,  rarely  from  direct  stroke,  generally  through  the  release 
of  bound  charges. 

Corona  formation,  due  to: 

7. — Use  of  conductors  that  are  loo  small  to  prevent  over-stresses  in  the 
adjacent  atmosphere,  permitting  an  escape  of  power. 

Conductor  supports  through : 

8. — Depreciation  and  failure  of  line  insulators. 

Space  factors  causing : 

9. — Flash-overs  from  conductors  to  towers,  cross-arms  or  ground  cables 
not  due  to  over-voltages: 

(a).  Accounted  for  through  tangible  evidences,  for  example, 
such  flash-overs  may  be  caused  by  the  surfaces  of  insu- 
lators being  covered  with  salt-laden  dust  and,  later, 
wetted  with  fog,  mist,  or  rain,  a  circumstance  that  is 
likely  to  develop  an  accounted-for  flash-over, 
(fe).  Unaccounted-for,  infrequent,  and  now  under  searching 
investigation. 

Most  of  these  enemy  phenomena  have  been  studied  successfully,  and  their 
characters  and  the  elimination  of  the  troubles  they  cause  are  now  thoroughly 
understood.  Suppression  of  corona  losses  by  conductors  of  proper  dimensions, 
the  nearly  total  suppression  of  flash-overs  and  short  circuits  by  the  proper  con- 
struction of  insulator  and  other  conductor  supports,  and  the  high  insulator 
durability  have  been  accomplished.  The  causes  of  failure  of  transmission 
lines  due  to  flash-over  and  other  predatory  phenomena  listed,  generally  occur 
singly,  both  as  to  time  and  location.  The  power-service  interruptions  which 
they  produce,  have  been  reduced  to  a  working  minimum  by  means  of  double 
transmission  lines  and  switching  stations  located  at  intervals  of  25  to  50  miles 
and  equipped  with  automatic  switches  that  isolate  the  line  section  in  trouble, 
and  by  care  in  construction,  operation,  and  maintenance. 

In  regard  to  predatory  high-voltage  phenomena  occurring  in  power  trans- 
mission, much  the  same  rule  applies  as  in  other  lines  of  service,  namely, 
eventually  everything  that  can  happen,  will  happen.  For  this  reason,  engineers 
responsible  for  the  reliability  of  power  service  are  devoting  much  study  now- 
adays to  every  known  form  of  electricity  in  action  at  high  voltage,  in  order 
to  establish  a  foundation  on  which  to  erect  an  understanding  of  the  cause-  and 
prevention  of  all  electrical  accidents  or  failures  that  occur  in  power-trans- 
miasion  practice. 
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GEOWTH  OF  THE  USE  OF  ELECTEIC  POWEE  IN  SOUTHEEN 

CALIFOENIA  AND  PEOBABILITIES  OF  ITS  FUTUEE 

GEOWTH  WITH  EEFEEENCE  TO  SOUECES 

OF  HYDEAULIC  POWEE 

By  Harry  W.  Dennis,*  M.  Am.  Soc.  C.  E.,  and  H.  A.  BARRE,t  Esq. 


Southern  California  is  supplied  with  electric  power  by  five  companies, 
namely,  the  Southern  California  Edison  Company,  the  Southern  Sierras  Power 
Company,  City  of  Los  Angeles,  the  Los  Angeles  Gas  and  Electric  Corporation, 
and  the  San  Diego  Consolidated  Gas  and  Electric  Company.  The  last  two 
companies  depend  on  steam  for  primary  power.  The  Edison  Company  serves 
a  territory  equal  to  the  entire  area  of  the  States  of  Vermont,  New  Hampshire, 
Connecticut,  Ehode  Island,  New  Jersey,  and  Delaware,  supplies  65%  of  the 
power  used  in  Southern  California,  and  must  be  depended  on  for  90%  of  the 
hydro-electric  power  yet  to  be  developed  inside  the  State  for  the  use  of  South- 
ern California.  Therefore,  a  description  of  the  growth  of  the  Southern  Cali- 
fornia Edison  Company  and  the  use  to  which  its  power  is  put,  together  with 
deductions  from  its  extensive  plans  for  future  development,  will  be  typical  of 
Southern  California. 

It  is  interesting  to  note  that,  during  the  period  from  1900  to  1920,  the 
population  represented  by  the  ten  counties  served  by  the  Edison  Company  has 
increased  more  than  300  per  cent.  Parallel  with  this  phenomenal  growth,  the 
Edison  Company  has  increased  its  generating  capacity  from  12  000  h.p.,  in 
1900,  to  380  000  h.p.,  in  1921.  It  has  increased  the  number  of  kilowatt-hours 
generated  from  379  900  000  in  1910  to  1  079  000  000  in  1921.  The  number  of 
consumers  during  the  same  period  has  increased  from  5  000  to  276  000.  The 
details  are  given  in  Tables  11  to  15,  inclusive. 

TABLE  11.— Growth  of  Electric  Power  Production  in  Southern  California, 
AS  Eepresented  by  the  Southern  California  Edison  Company. 


Millions  of  Kilowatt-Hodrs  Produced  by  : 

Percentage,  annual 

kilowatt-hour 

growth. 

Year. 

Water  power. 

Steam  and 
purchased  power. 

Total. 

1910 
1911 
1913 
1913 
1914 
1915 
1916 
1917 
1918 

iyi9 

1920 
1931 

253.8 
279.3 
250.3 
281.5 
518.3 
555.9 
639.1 
608.6 
608.6 
564.9 
627.5 
832.6 

126.1 
162.9 
272.9 
309.3 
117.0 
103.7 
61.1 
151.7 
204.5 
361.2 
350.2 
246.5 

379.9 
442.2 
533.2 
590.8 
635.3 
659.6 
700.2 
746.8 
813.1 
926.1 
977.7 
1079.1 

14.5 
16.2 
18.2 
13.0 
7.5 
^        4.0 
6.0 
6.2 
8.7 
14.0 
5.0 
10.4 

*  Const.   Engr.,   Southern   California  Edison   Co.,    Los  Angeles,   Calif. 
t  Executive  Engr.,   Southern   California   Edison   Co.,   Los  Angeles,  Calif. 
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TABLE    12. — Uses    to   Which   Electrical   Energy   is   Being   Applied   and 

Their  Growth  During  the  Period  1910  to  1921. 

Figures  Given  in  Millions  of  Kilowatt-IIours. 


Year. 

Total  sold. 

Lighting. 

Agriculture. 

Railroads. 

Cement  mills. 

IndustriaL 

1910 

327 

37.3 

73.3 

189.7 

27.7 

1911 

363.8 

44.1 

72.0 

207.6 

8.9 

31.2 

1912 

431.5 

50.9 

90.5 

217.4 

37.2 

35.5 

1913 

490.9 

59.1 

111.0 

236.7 

42.8 

41.3 

1914 

494.9 

68.2 

102.0 

239.2 

37.7 

47.8 

1915 

513.7 

74.4 

107.0 

248.6 

30.4 

.=;3.3 

1916 

536.9 

88.5 

110.0 

247.8 

29.6 

61.0 

1917 

631.5 

86.9 

129.0 

262.3 

36.9 

116.4 

1918 

685.9 

83.5 

150.0 

268.5 

31.7 

1.52.2 

1919 

759.6 

91.9 

162.0 

252.3 

28.0 

222.4 

1920 

844.5 

117.8 

168.0 

277.5 

54.7 

2-26.5 

1921 

917.7 

137.6 

176.6 

271.4 

54.4 

277.7 

TABLE    13. — Growth   of   Generating    Station    Capacity.     This   Included 

All  the  Systems  Now  Constituting  the  Southern 

California  Edison  Company. 


Year. 

Number  of  Plants  Added  : 

Horse  -power. 

Water  power.                  Steam  power. 

1893-1900 
1901-1906 
1906-1907 
1908-1910 
1911-1914 
1915-1917 
1918-1921 

5 
7 
1 
1 
2 
1 
2 

1 
3 
1 
1 
1 

12  000 
41600 
34  400 
55  000 
149  000 
2  700 
94  500 

TABLE  14.^Big  Creek  Power  Pro.ject  Power  Plants, 
Ultimate  Developments. 


Static  head,  in  feet. 

Installed  horse-power. 

2  130 
1  860  and  2  400 

855 

340 
1480 
1650 
1  900 

729 

86  000 

Power  House  No.  2        

387  000 

200  000 

67  000 

134  OOO 

147  000 

40  000 

Power  House  No.  8 

180  000 

Note. — There  is  now  installed  43  000  h.p.  at  Power  House  No.  1  ;  65  000  h.p.  at  Power 
House  No.  2  ;  and  30  000  h.p.  at  Power  House  No.  8. 

The  five  major  uses  to  which  this  electrical  energy  is  being  applied  are 
lighting,  agriculture,  railroads,  cement  mills,  and  manufacturing.  The  light- 
ing use  consists  of  municipal  as  well  as  private  arc  and  incandescent  lighting; 
the  agricultural  use  consists  chiefly  of  pumping  for  irrigation  purposes;  the 
railroads  use  more  than  271  000  000  kw-hr.  to  operate  the  local  city  lines  and 
interurban  system,  extending  in  all  directions  from  Los  Angeles ;  three  cement 
mills  account  for  a  large  amount  of  used  power  each  year;  and  the  manufac- 
turing use  includes  more  than  eighty  industries. 
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TABLE  15. — Big  Creek  Power  Project  Storage  Eeservoirs, 

Ultimate  Development. 


Name  of  reservoir. 

Capacity,  in  acre-feet. 

Total  head,  in  feet,  through 
which  water  may  be  used. 

90  000 
40  000 
15  000 
88  000 
146  000 
22  000 

27  000 
18  000 

28  000 

5  914 

Florence  Lake r 

5  914 
5  911 

5  914 

Siiaver  Lake 

4  324 

5  474 

Jackass  Creek 

5  474 
3  574 

1924 

Total 

474  000 

The  relative  magnitude  of  the  different  classes  of  business  may  be  shown 
from  the  connected  load  for  each  class.  The  total  connected  load  of  the  Edison 
Company  is  800  000  h.p.,  and  is  subdivided  as  follows : 

Lighting   280  000  h.p. 

•    Agriculture    KiO  000  h.p. 

Eailroads    .  .' 105  000  h.p. 

Cement    mills 25  000  h.p. 

Manufacturing    230  000  h.p. 

On  account  of  the  diversity  in  its  use,  this  total  connected  load  of  800  000 
h.p.  is  served  by  a  maximum  simultaneous  plant  output  of  only  320  000  h.p. 
This  diversity  results  from  the  alternating  requirements  of  agriculture,  indus- 
trial and  domestic  service,  and  the  extent  of  the  territory  served. 

Agriculture  ia  bound  to  expand,  and  although  the  Edison  Company  supplies 
the  power  for  irrigating  550  000  acres  of  land,  there  yet  remain  in  the  territory 
served  more  than  1  000  000  acres  capable  of  being  irrigated  by  pumped  water. 
The  300  kw-hr.  used  yearly  in  irrigating  1  acre  of  arid  land,  raises  the  sale 
value  of  the  land  from  $30  to  $225  and  yields  an  annual  return  of  $50  to  $100 
in  crops.  Consideration  of  this  fact  leads  to  the  conclusion  that  the  use  of 
electric  power  for  irrigation  requirements  will  expand  until  every  available 
acre  for  which  there  is  water  will  be  brought  into  cultivation. 

Modern  conditions  demand  electric  service  for  farm,  home,  and  factory. 
Domestic  consumption,  which  depends  on  population,  will  increase  rapidly  as 
long  as  new  appliances  continue  to  make  power  more  and  more  a  necessity 
in  the  home.  Certain  railroads  in  Southern  California  will  be  electrified  when 
the  increasing  consumption  of  fuel  oil  again  overtakes  the  supply. 

Electricity  is,  therefore,  the  motive  power  on  which  the  industries  of 
California  depend — agriculture,  manufacturing,  and  transportation  cannot  go 
forward  without  an  adequate  supply  of  electric  power.  The  demand  for  power 
increases  in  proportion  to  the  growth  and  expansion  of  these  industries. 

Based  on  past  performances  in  the  growth  of  electric  power  production 
(Table  11),  it  appears  that  the  rate  has  been  an  annually  compounded  increase 
of  approximately  10  per  cent.     "With  a  continuation  of  this  rate  of  growth. 
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estimates  of  the  load  have  been  prepared,  which  indicate  a  total  load  in  1935 
of  more  than  1  000  000  h.p.  An  additional  capacity  of  about  50  000  h.p.  per 
year  is  now  required. 

The  water  power  plants  of  the  San  Antonio  Light  and  Power  Company,  on 
San  Antonio  Creek,  the  Redlands  Light  and  Power  Company,  on  ]Mill 
Creek  and  the  Santa  Ana  River,  and  the  steam  plant  of  the  West  Side  Lighting 
Company,  of  Los  Angeles,  represent  the  beginning  of  the  composite  system 
now  known  as  the  Southern  California  Edison  Company.  These  early  plants, 
operating  in  the  Nineties,  were  among  the  first  in  the  generation  of  so-called 
high-tension  transmission  of  powei-,  not  only  in  Southern  California,  but  in  the 
United  States. 

This  harnessing  of  the  small  foot-hill  streams  comparatively  close  to  Los 
Angeles,  utilizing  the  water  as  it  came,  without  storage,  was  the  source,  in 
the  early  days,  of  a  power  supply.  As  the  load  demands  became  larger,  it 
was  necessary  to  go  farther  away  for  the  power  until,  in  1913,  the  initial 
installation  of  the  well  known  Big  Creek  project  was  completed. 

In  order  to  meet  the  future  demand,  a  comprehensive  survey  has  been  made 
of  the  potential  power  available  and  a  construction  program  adopted  covering 
the  development  of  more  than  1  260  000  h.p.,  1 120  000  h.p.  of  which  is  on  the 
San  Joaquin  Eiver,  80  000  h.p.  on  the  Kern  Eiver,  and  21  000  h.p.  on  the 
Kaweah  River.  This  program  is  expected  to  take  care  of  the  needs  of  the 
service  for  the  next  few  years,  and  will  be  put  into  effect  not  only  in  the  most 
economical  way,  but  also  in  the  order  and  in  the  necessary  amounts  which 
best  supply  the  load  demand. 

This  plan  of  construction  is  already  in  effect  on  the  San  Joaquin  River 
and  its  tributary.  Big  Creek.  The  initial  units  were  built  on  Big  Creek, 
about  70  miles  east  of  Fresno,  Calif.  These  plants  consisted  of  Huntington 
Lake  Reservoir,  with  a  storage  capacity  of  88  000  acre-ft.,  at  an  elevation  of 
approximately  7  000  ft.,  supplying,  successively,  Big  Creek  Power  Houses  Nos. 
1  and  2,  each  with  an  installed  capacity  of  43  000  h.p.,  operating  under  static 
heads  of  2  130  ft.  and  1  860  ft.,  respectively.  The  current  was  transmitted  to 
Los  Angeles,  a  distance  of  241  miles,  at  150  000  volts,  over  two,  single-circuit, 
transmission  lines,  terminating  in  the  large  sub-station  of  Eagle  Rock,  near 
Los  Angeles. 

These  power-houses  and  transmission  lines  were  placed  in  operation  in  1913, 
and  represented  an  investment  of  about  $16  500  000.  This  initial  installation 
of  86  000  h.p.  in  itself  was  a  large  undertaking,  but  was  only  the  beginning 
of  the  ultimate  development  of  the  San  Joaquin  River,  which  will  be 
1  250  000  h.p. 

The  general  plan  for  developing  this  great  source  of  hydro-electric  power 
consists  of  the  construction  of  a  chain  of  power-ho.uses  in  series  between 
Huntington  Lake,  with  an  elevation  of  7  000  ft.,  and  the  tail-water  of  Big 
Creek  Power  House  No.  4,  with  an  elevation  of  1  000  ft.  This  chain  of  power- 
houses, in  the  order  of  their  location,  beginning  at  Huntington  Lake,  will 
consist  of  Power  Houses  Nos.  1,  2,  8,  3,  and  4.  Water  from  Huntington  Lake 
may  also  be  conducted  to  a  proposed  second  storage  reservoir  known  as  Shaver 
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Lake,  of  146  000  acre-f  t.  capacity,  and  in  its  passage  between  the  two  reservoirs, 
will  go  through  Power  House  JSTo.  5.  From  Shaver  Lake,  the  water  will  pass 
through  Power  Houses  Nos.  2,  8,  3,  and  4. 

In  addition  to  these  power  houses  using  the  stored  waters  of  Huntington 
and  Shaver  Lakes,  two  other  power  sites,  not  using  these  stored  waters,  will 
be  developed.  One  of  these,  known  as  Power  House  No.  7,  located  on  the 
middle  fork  of  the  San  Joaquin  Eiver,  offers  an  ultimate  development  of 
40  000  h.p.,  under  a  head  of  1  900  ft.  The  other,  known  as  Power  House 
No.  6,  located  on  the  main  San  Joaquin  River  above  its  junction  with  Big 
Creek,  is  capable  of  a  development  of  147  000  h.p.,  at  a  head  of  1  650  ft.  The 
principal  hydraulic  features  of  the  project  are  shown  on  Pig.  27. 
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Huntington  Lake  is  now  supplied  exclusively  from  Big  Creek,  with  a 
drainage  area  of  79  sq.  miles.  In  order  to  increase  the  water,  supply  to  Hunt- 
ington Lake,  the  development  program  includes  the  construction  of  Florence 
Lake  Tunnel,  13.5  miles  in  length,  of  a  capacity  of  1  000  sec-ft.,  which  will 
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tap  the  Upper  San  Joaquin  at  Florence  Lake  and  is  expected  to  be  completed 
by  April,  192G.  Through  this  tunnel,  the  waters  of  the  South  Fork  of  the 
San  Joaquin  River,  together  with  Mono  and  Bear  Creeks,  will  be  diverted 
into  Huntington  Lake.  Later,  reservoir  capacity  up  to  146  000  aere-ft.  will 
be  provided  at  Shaver  Lake.  A  tunnel  connecting  Huntington  Lake  with 
Shaver  Lake  will  be  built,  so  that  the  combined  capacities  of  those  lakes  can 
be  used  in  storing  the  excess  waters  delivered  through  Florence  Lake  Tunnel. 
Complete  utilization  of  this  water  will  produce  750  000  000  kw-hr.  per  year, 
representing  a  value  of  more  than  $11  000  000  annually. 

Following  its  proposed  construction  program,  the  Edison  Company  has 
completed  the  first  30  000-h.p.  unit  ip  Power  House  No.  8;  added  a  third  unit 
of  21  500  h.p.  to  Power  House  No.  2 ;  raised  the  dam  at  Huntington  Lake, 
and  enlarged  the  capacity  of  the  Eagle  Rock  Sub-Station.  The  investment 
in  the  San  Joaquin  River  development  has  now  increased  $22  835  000,  with 
an  installation  of  137  500  h.p. 

Work  is  now  in  progress  on  Power  House  No.  3,  which  will  have  an  initial 
capacity  of  100  000  h.p.  This  plant  will  be  completed  in  1923.  In  addition, 
a  third  unit  of  21  500  h.p.  will  be  installed  in  Power  House  No.  1,  and  the 
voltage  on  the  Big  Creek  transmission  line  will  be  increased  to  220  000,  thereby 
doubling  its  capacity. 

The  Edison  Company  will  expend  more  than  $27  000  000  during  1922  for 
new  water-power  plant  construction  and  additional  distribution  facilities.  Its 
plans  call  f  ol*  the  addition  of  322  000  h.p.  during  the  next  6  years,  which  will 
require  an  expenditure  of  more  than  $125  000  000  for  its  production  and 
distribution. 

In  addition  to  the  program  of  development  of  the  Edison  Company,  the 
Southern  Sierras  Power  Company  and  the  City  of  Los  Angeles  also  have 
developed  water  powers  and  plans  for  future  water-power  construction.  The 
Los  Angeles  Gas  and  Electric  Corporation  and  the  San  Diego  Consolidated 
Gas  and  Electric  Company,  except  for  some  small  water-power  projects,  rely 
on  steam-generated  power  for  both  present  and  future  needs. 

Among  these  central  stations,  the  most  important  possibilities  are  those 
of  the  City  of  Los  Angeles  along  its  aqueduct.  The  ultimate  capacity  of  the 
aqueduct  plants  is  given  as  250  000  h.p.,  of  which  97  300  h.p.  will  have  been 
placed  in  operation  by  the  end  of  1923. 

As  all  the  present  plants  of  the  City  of  Los  Angeles  are  situated  at 
hydraulic  drops  along  the  aqueduct,  they  utilize  conduits  which  would  be  built 
for  Water  Department  purposes  even  if  no  power  was  to  be  produced,  and 
the  minimum  of  hydraulic  construction  has  been  necessary.  This  fact,  and 
the  short  dist-ance  of  transmission,  has  resulted  in  the  cheapest  power  that 
ever  can  be  expected  in  Southern  California,  a  condition  from  which  the  City 
of  Los  Angeles  derives  the  full  benefit.  The  City  authorities  have  filed  also 
on  sites  on  King  and  Kern  Rivers  for  a  large  amount  of  power,  concerning 
which  no  published  information  is  available. 

As  to  future  plants,  it  should  be  noted,  both  in  connection  with  the  Los 
Angeles  Aqueduct  and  King  and  Kern  Rivers,  that  the  cost  must -include 
the  full  amount  for  the  hydraulic  construction  and  long-distance  transmission. 
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The  total  power  possibilities  of  the  Southern  Sierras  Power  Company 
aggregate  about  175  000  h.p.,  of  which  approximately  75  000  h.p.  is  in  opera- 
tion delivering  power  in  Nevada,  Owens  River  Valley,  Eiverside,  and  San 
Bernardino  Counties,  and  the  Imperial  Valley. 

There  remains  as  the  future  power  supply  for  Southern  California  and, 
by  releasing  the  San  Joaquin  power  to  the  northern  part  of  the  State,  for 
the  whole  of  California,  a  pro  rata  part  of  the  4  500  000  h.p.  on  the  Colorado 
River.  Although  much  discussion  has  been  given  to  this  topic,  there  has  not 
been  time  nor  the  necessity  to  make  the  careful  investigation  needed  to 
pi'epare  an  adequate  plan  for  utilizing  the  resources  of  the  Colorado.  There 
is  a  great  temptation  to  start  such  a  pjoject  on  a  scale  that  the  available 
market  cannot  immediately  support.  What  should  possibly  be  looked  for  first 
is  not  how  large  a  development  can  be  made,  but  with  how  small  a  develop- 
ment can  a  start  be  made.  Knowledge  of  this  stream  should  be  increased 
during  the  next  few  years,  and  the  inception  of  a  practicable  plan  devised  for 
its  initial  and  ultimate  utilization,  not  on  the  basis  of  benefit  to  any  one 
organization  or  interest,  but  in  a  manner  whereby  the  public  interest  as  a 
whole  can  most  adequately  be  served. 

The  power  industry  has  fully  met  the  demands  for  electrical  energy  in 
Southern  California  from  the  beginning  of  commercial  generation  and  trans- 
mission. The  present  companies  in  this  field  have  definite,  comprehensive 
plans  to  meet  the  increasing  demand  for  a  few  years,  and,  at  the  appropriate 
time,  must  be  prepared  to  undertake  the  development  of  the  Colorado  River 
for  general  service  to  the  entire  Southwest. 
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HYDRO-ELECTRIC  POWER  DEVELOPMENT 

AS  RELATED  TO  THE 

ELECTRIFICATION  OF  RAILROADS 

By  C.  F.  Loweth  *  M.  Am.  Soc.  C.  E.f 


The  title  of  this  paper  may  lead  to  the  assumption  that  cheap  and  abundant 
hydro-electric  power  in  itself  would  justify  the  electrification  of  steam  rail- 
roads. In  the  writer's  opinion,  such  an  assumption  would  be  incorrect.  The 
electrification  of  steam  railroads,  thus  far,  at  least  in  the  United  States,  has 
come  about  more  largely  from  causes  other  than  cheapness  of  electric  power. 
The  necessity  of  avoiding  smoke  and  steam  in  tunnels  and  other  restricted 
places  and  the  need  of  increasing  the  capacity  of  tracks  or  other  terminal 
facilities  have  generally  been  the  determining  factors  which  have  brought 
about  electrification.  However,  it  is  not  improbable  that  conditions  in  this 
respect  may  change;  doubtless,  increase  in  volume  of  railway  traffic  and  the 
known  economies  of  electrification  will  tend  to  increase  the  use  of  electricity 
for  the  operation  of  railroads  in  localities  where  cheap  and  reliable  hydro- 
electric power  is  available. 

Something  more  than  a  mere  showing  of  economy  will  be  necessary  to 
bring  about  a  change  from  steam  to  electric  operation  of  railroads.  Electrifi- 
cation will  involve  a  large  increase  of  invested  capital,  and,  at  the  same  time, 
the  retirement  of  many  facilities  which  would  not  be  needed  with  a  change 
of  power.  Under  the  many  adverse  conditions  with  which  the  railroads  in 
this  country  have  contended  in  the  past  few  years,  their  financial  credit  has 
been  impaired;  only  a  few  of  them  have  a  surplus  of  earnings  available  for 
improvements,  and  the  additional  capital  necessary  therefor  cannot  be  readily 
and  cheaply  obtained.  Under  the  accounting  rules  of  the  Interstate  Com- 
merce Commission,  the  cost  of  facilities  which  are  retired  must  be  charged 
to  profit  and  loss;  such  charges  would  be  quite  large,  would  be  undesirable, 
and  would  have  much  the  same  effect  as  if  they  were  charged  to  operating 
expenses. 

The  admitted  economies  of  electrification  have  to  contend  with  a  constantly 
increasing  efficiency  of  steam  locomotives.  Much  study  has  been  given  to 
steam  locomotive  design  with  a  view  to  greater  efficiency ;  superheaters,  stokers, 
better  water,  and  many  other  appliances  have  made  the  modem  steam  locomo- 
tive a  much  more  efficient  and  reliable  prime  mover  than  is  generally  supposed. 
This,  together  with  the  revision  of  gradients,  additional  and  better  facilities, 
and  improved  methods  of  operation,  tends  constantly  to  reduce  the  margin  of 
economy  which  would  justify  electrification. 

Electrification  has  some  outstanding  advantages  which  probably  never  can 
be  equalled  by  steam  operation.  Some  of  these  advantages  are  the  longer 
continuous  operating  periods  possible  with  electric  locomotives,  their  greater 
power  in  single  units,  with  less  destructive  effect  on  rolling  stock  and  track 
than  steam  locomotives,  the  elimination  of  coal  and  water  facilities,  and  the 
reduction  in  the  number  of  engine  terminals  and  the  delays  occasioned  thereby. 

*  Chf.  Engr.,  C.  M.  &  St.  P.  Ry.,  Chicago,  111. 
t  Now  President,  Am.  Soc.  C.  E. 
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It  is  evident  that  these  and  all  other  advantages  arising  from  electrification 
will  vary  with  each  particular  railroad  and  for  different  points  on  the  same 
railroad,  and  must  be  weighed  as  against  all  the  factors  affecting  the  cost  of 
steam  operation,  of  reducing  gradients,  and  of  increasing  track  and  other 
facilities  so  as  to  cheapen  present  steam  operation,  and,  lastly,  the  increased 
investment  cost  of  electrification,  including  the  retirement  charges  of  facilities 
that  would  be  retired.  It  is  evident,  therefore,  that  the  cost  of  electric  power 
is  only  one  of  many  factors  entering  into  the  problem,  but  the  more  reliably 
and  cheaply  electric  power  becomes  available,  to  that  extent  will  it  prove  a 
favorable  factor  in  electrification.  To  the  extent  that  hydro-electric  power  is 
more  readily  available,  more  reliable,  and  cheaper  than  steam-generated  power, 
to  the  same  extent,  approximately,  will  it  be  a  more  important  factor.  Even 
so,  at  this  time  it  does  not  appear  probable  that  the  change  from  steam  to 
electric  operation  would  be  justified  for  existing  railroads,  except  where  the 
volume  of  traffic  is  large,  where  it  can  be  moved  in  large  units  for  long  dis- 
tances, where  fuel  costs  are  high,  and  where  operating  costs  due  to  adverse 
gradients  and  congestion  of  track  and  other  facilities  make  steam  operation 
somewhat  more  than  ordinarily  expensive. 

Wherever  the  determining  factor  for  the  electrification  of  steam  railroads 
has  been  the  need  of  avoiding  smoke  in  tunnels  or  densely  populated  terminals, 
or  of  increasing  the  capacity  of  tracks  or  other  facilities,  the  insistence  of  the 
demand  for  the  change  has  been  so  great,  as  a  rule,  that  the  cost  of  power 
has  been  only  a  minor  factor.  Generally,  such  cases  have  involved  only 
restricted  areas  and  have  left  much  larger  areas  to  continue  to  be  operated 
by  steam.  The  economies  of  electric  operation  in  such  cases  probably  would 
be  increased  materially  by  largely  increasing  the  mileage  of  road  electrically 
operated.  The  greater  the  extent  of  electrically  operated  mileage,  the  more 
important  factor  will  become  the  cheapness  of  electric  power. 

Coal  and  fuel  oil  costs  vary  from  time  to  time;  in  the  last  few  years,  the 
fluctuations  have  been  extreme  and,  what  is  even  more  important  and,  at  the 
same  time,  an  indictment  of  American  business  and  industrial  methods,  is 
the  fact  that  fuel  supplies  have  sometimes  been  uncertain.  On  the  contrary, 
it  would  appear  that,  once  the  installation  has  been  made,  hydro-electric 
power  would  fluctuate  as  to  supply  within  well  defined  limits,  and  that  the 
cost,  or  at  least  the  selling  price,  would  be  constant,  or  nearly  so,  for  long 
periods.  The  ability  to  contract  for  an  ample  and  reliable  supply  of  hydro- 
electric power  at  favorable  prices  extending  over  a  long  term  might  easily 
prove  a  controlling  factor  in  the  electrification  of  railroads,  especially  for  new 
railroads  where  the  cost  of  coal,  water,  and  engine  terminal,  as  well  as  other 
facilities  incident  to  steam  operation,  would  be  eliminated. 

To  illustrate  this  problem  better,  reference  will  be  made  to  the  electrifica- 
tion of  sections  of  the  Chicago,  Milwaukee  and  St.  Paul  Eailway,  which  is 
probably  one  of  the  largest  electrification  projects  with  respect  to  main-line 
mileage.  Electrification  was  considered  coincidently  with  the  location  and 
construction,  in  1906-08,  of  the  extension  of  this  Eailway  System  from  Central 
South  Dakota  to  the  Pacific  Coast,  a  distance  of  about  1400  miles.  The 
extension  crossed  several  mountain  ranges  where  long  and  heavy  gradients 
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were  necessary.  Undeveloped  water  powers  were  abundant  and  power  require- 
ments for  industrial  uses  were  largely  absent.  These  conditions  led  early  to 
the  suggestion  that  parts  of  the  extension  should  be  electrified;  accordingly, 
the  Eailway  Company  acquired  several  water-power  rights,  and,  at  some  places, 
located  its  lines  with  reference  to  the  development  of  these  powers.  However, 
electrification  was  delayed,  and  on  the  completion  of  the  railroad,  it  was 
operated  by  steam.  It  was  not  until  several  years  later,  about  1914,  that  the 
electrification  of  the  section  between  Harlowton  and  Deer  Lodge,  Mont. — 
228  miles — was  begun,  and  previous  to  the  completion  of  this  section,  work 
was  begun  on  the  adjoining  section  from  Deer  Lodge  to  Avery,  Idaho,  making 
a  total  of  440  miles  of  main  line.  These  sections  crossed  the  main  Con- 
tinental Divide  and  the  Belt  and  Bitter  Eoot  Mountain  Eanges.  Recently, 
the  209-mile  section  between  Othello,  in  Central  Washington,  and  Seattle  and 
Tacoma,  was  electrified.  A  gap  of  main  line  between  Avery  and  Othello  (226 
miles)  is  left,  which  undoubtedly  would  have  been  electrified  before  now, 
except  for  the  abnormal  conditions  brought  about  by  the  World  War  and 
Federal  control. 

For  various  reasons,  the  Railway  Company  found  it  undesirable  to  add 
to  and  develop  its  own  power  requirements;  therefore,  it  disposed  of  the  power 
sites  and  made  long-term  contracts  for  powder.  The  powers  of  which  the  Rail- 
way Company  had  obtained  control  were  small  compared  with  those  now 
depended  on,  and  the  cost  of  their  development  would  have  been  relatively 
much  higher.  They  would  have  been  subject  to  wide  seasonal  fluctuation  as 
to  quantity,  and  there  would  not  have  been  the  same  high  degree  of  reliability 
of  power  supply  that  exists  under  the  present  arrangement.  The  net  cost  of 
power  to  the  Railway  Company  would  also  have  been  gi-eater;  at  times, 
it  would  have  been  obliged  to  purchase  power,  and,  at  other  times,  it  would 
have  had  surplus  power  to  sell.  The  power  now  used  and  that  already  under 
contract  for  the  226-mile  gap  between  Avery  and  Othello  will  be  hydro-electric 
power.  The  contracts  for  power  are  with  the  Montana  Power  Company,  the 
Inter-Mountain  Power  Company,  the  Washington  Water  Power  Company,  and 
the  Puget  Sound  Light  and  Power  Company,  the  first  named  company  sup- 
plying the  greater  part.  All  these  companies  control  large  supplies  of  devel- 
oped as  well  as  of  undeveloped  water  power.  The  contracts  for  this  power  run 
for  long  periods.  The  first  contracts  were  for  99-year  terms,  and  the  later 
contracts  will  expire  practically  concurrently  with  those  first  made.  The 
cost  of  the  current  delivered  at  the  Railway  Company's  sub-stations  is  the 
same  for  all  contracts,  and  at  a  very  low  price.  The  several  power  contracts 
are  inter-related  with  agreements  between  the  several  power  companies  which, 
in  effect,  is  practically  equivalent  to  one  contract  covering  all  the  rail- 
way's requirements  for  the  electrified  section.  The  Railway  Company  is, 
therefore,  depending  not  on  the  individual  power  resources  of  these  several 
companies,  but  on  their  combined  resources,  as  the  generating  stations  of 
the  companies  are  so  many  and  so  completely  tied  together  as  to  insure  an 
uninterrupted  supply  for  the  entire  electrified  section.  The  eighteen  or  twenty 
generating  stations  supplying  power  under  these  contracts  extend  over  a  terri- 
tory from  Central  Montana  to  Puget  Sound,  a  distance  of  more  than  650  miles, 
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with  a  north  and  south  width  of  nearly  200  miles.  The  drainage  areas  supply- 
ing these  powers  not  only  cover  a  much  larger  territory,  but  they  also  differ 
greatly  as  to  climatic  and  topographic  conditions,  a  factor  which  it  is  believed 
insures  a  reliability  of  power  supply  under  the  most  extreme  conditions.  The 
combined  capacity  of  these  stations  is  more  than  360  000  kw.  Within  this  area, 
and  adjacent  to  it,  are  many  undeveloped  water  powers.  There  can  be  no 
question  but  that  this  combination  of  ample,  reliable,  and  cheap  power,  sup- 
plied under  long-term  contracts,  at  a  low  price,  is  an  important  factor  in 
justifying  this  extensive  railway  electrification. 

The  other  factors  justifying  the  electrification  were  the  remoteness  from 
fuel  supplies,  the  long  stretches  of  steep  gradients,  the  character  of  freight 
traffic,  which  permitted  it  to  be  concentrated  in  large  train  units,  the  consid- 
erable mileage  of  railway  electrified,  and  last,  but  not  least,  the  fact  that  the 
railway  company  would  be  able  to  control  the  flow  of  traffic  over  the  electrified 
sections  in  such  manner  as  largely  to  eliminate  extreme  peak  loadings.  All 
these  last  named  considerations,  of  course,  would  apply  more  or  less  equally  to 
an  electrification  using  steam-generated  current. 

In  this  connection,  it  is  interesting  to  note  that  this  railway  prior  to 
electrification  used  oil  for  locomotive-fuel  purposes  exclusively  for  the  main 
line  and  for  the  branches  from  Deer  Lodge  to  the  Pacific  Coast,  the  oil  being 
shipped  by  water  from  the  Southern  California  fields.  At  that  time  and  for 
a  period  of  several  years,  oil  was  cheaper  for  the  railway  than  coal,  and  had 
the  further  advantage  of  minimizing  fire  risks,  an  important  consideration 
because  the  line  crosses  several  forest  reservations.  Later,  for  those  sections 
of  the  railway  that  were  not  electrified,  it  was  necessary  to  change  ftom  fuel 
oil  to  coal. 

Of  the  various  electrifications  of  steam  railroads  in  the  United  States,  the 
majority  are  using  steam-generated  current.  The  several  electrifications  cen- 
tering in  and  about  New  York  City,  the  Pennsylvania  Railway,  at  Philadel- 
phia, Pa.,  and  its  West  Jersey  and  Sea  Shore  Railway,  the  Norfolk  and 
Western  Railway,  the  Detroit,  Sarnia,  Hoosac,  and  Baltimore  Tunnels  are 
all  operated  by  steam-generated  current.  Both  steam-generated  and  hydro- 
electric currents  are  used  for  the  Canadian  National  Railway  Tunnel  at 
Montreal,  Que.^  Canada,  mostly  the  latter,  whereas  for  the  Great  Northern 
Railway  Tunnel  in  Washington  only  hydro-electric  current  is  used.  The 
Butte,  Anaconda  and  Pacific  Railway  (which  carries  a  heavy  freight  traffic) 
and  the  Spokane  and  Inland  Empire  Railroad  lines  use  hydro-electric  power 
exclusively,  the  former  being  supplied  by  the  Montana  Power  Company. 

The  abundance  and  cheapness  of  hydro-electric  power,  especially  as  com- 
pared with  steam-generated  power,  have  probably  been  more  the  controlling 
factors  in  the  electrification  of  steam  railroads  in  foreign  countries  than  in 
the  United  States.  This  is  shown  in  the  official  reports  made  to  the  Inter- 
national Railway  Congress  held  in  Rome,  Italy,  in  the  early  part  of  1922. 
As  to  Sweden  and  Norway,  Mr.  Ofverholm,  Chief  of  the  Electrical  Depart- 
ment of  the  Swedish  State  Railways,  and  Official  Reporter  to  the  Congress, 
states : 
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"Sweden,  Norway,  and  Denmark  have  not  the  necessary  quantity  of  home- 
produced  coal.  The  coal  fields  that  exist  in  the  south  of  Sweden  are  quite 
inadequate,  and  the  coal  is  of  poor  quality.  On  the  other  hand,  Sweden  and 
Norway  have  plenty  of  water  power,  though  this  is  not  the  case  with  Denmark. 
In  the  first  two  countries,  railway  electrification  on  a  large  scale  has  been  con- 
templated, in  order  to  utilize  water  power  instead  of  depending  on  imported 
coal.  In  Denmark,  owing  to  the  lack  of  water  power,  no  such  schemes  are  in 
existence. 

"The  desire  to  make  the  railways  independent  of  foreign  coal  has  been 
entertained  in  Sweden  for  a  long  time." 

Later  in  the  report,  where  the  program  for  electrification  is  being  con- 
sidered, he  states: 

"The  chief  point  is  to  make  the  railways  independent  of  foreign  coal ;  there- 
fore, the  lines  that  have  the  highest  coal  consumption  should  be  the  first  to  be 
electrified.  *  *  *  The  research  work  carried  out  in  connection  with  the 
electrification  has  included  an  investigation  of  the  total  amount  of  hydraulic 
power  available." 

The  reporter  for  Italy,  Mr.  Alfredo  Donati,  states : 

"The  new  program  for  the  extension  of  electric  traction  in  Italy  which 
was  drawn  up  by  the  Administration  of  the  Italian  State  Railways  in 
common  with  the  Government,  anticipates  the  electrification  of  about  2  800 
miles  of  railway  which  has  been  selected  with  care  from  amongst  those 
which,  owing  to  their  gradients  and  their  heavy  traffic,  now  consume  the 
greatest  quantity  of  coal." 

It  was  stated  that  this  program  when  completed  will  effect  an  annual  saving 
of  about  1  250  000  tons  of  coal  and  a  consumption  of  about  600  000  000  kw-hr. 
of  current  per  annum,  the  greater  part  of  which  will  be  generated  by  water 
power.  This  program,  however,  is  not  altogether  to  save  coal,  for,  later,  it  is 
stated  that,  on  certain  of  the  lines  to  be  electrified,  the  limit  of  traffic  which 
could  be  carried  by  steam  traction,  had  been  attained,  and  electrification  had 
become  necessary  for  increasing  the  carrying  capacity  of  the  lines;  also,  that, 
on  a  number  of  Italian  lines,  electrification  has  been  hastened  on  account  of 
the  difficulties  of  steam  operation  through  the  numerous  tunnels. 

The  Federal  Railway  Commission  of  Switzerland,  reporting  to  the  Interna- 
tional Congress,  concludes  with  the  following  statement : 

"The  electrification  of  the  Federal  Railways  is  an  economic  necessity,  and 
ought  to  be  brought  about  if  regular  working  at  all  times  and  under  all  con- 
ditions is  to  be  assured.  We  must  not  forever  remain  dependent  on  foreign 
countries,  which  may  withhold  their  coal,  or  at  any  rate  dictate  their  prices 
without  consideration  for  us.  Of  the  total  imports  in  1920  (approximately 
991700  ton),  303  914  ton,  or  30.5%,  came  from  England,  and  553  986  ton,  or 
55.9%,  from  America,  while  our  former  principal  sources,  Belgium,  the  Sarre 
Territory,  and  the  Ruhr  Valley,  only  delivered  to  us  altogether  65  500  ton,  or 
6.6  per  cent.  This  fact  shows  on  what  casual  conditions  our  coal  supply  and, 
consequently,  the  working  of  our  railways,  depends,  without  taking  into 
account  the  disturbing  factors  arising  out  of  strikes,  transport  difficulties,  etc." 

France,  according  to  M.  Sabouret,  Chief  Engineer,  Technical  Department 
of  the  Orleans  Railway,  Reporter  to  the  International  Congress,  has  an  am- 
bitious electrification  program.  In  addition  to  some  electrification  already 
completed,  and  the  program  for  the  State-owned  railways,  the  Orleans  Rail- 
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way  Company  has  a  program  for  the  electrification  of  1  240  miles  of  railroad, 
the  Midi  Railway  for  1  680  miles,  and  the  Paris-Lyons-Mediterranean  Com- 
pany for  a  considerable  mileage. 

The  Orleans  Railway  will  use  largely  hydro-electric  power  supplemented 
with  some  steam-generated  current  from  a  station  near  Paris;  the  Midi  Rail- 
way will  use  largely,  if  not  exclusively,  hydro-electric  power ;  the  Paris-Lyons- 
Mediterranean  Company  will  obtain  its  principal  sources  of  current  from 
hydro-electric  plants  on  the  Upper  and  Middle  Rhone  River.  All  three  rail- 
ways will  develop  their  own  power,  and,  in  some  cases,  the  developments  will 
be  made  jointly  with  the  State-owned  railways.  These  three  railways  have 
under  consideration  a  plan  for  the  joint  development  of  hydro-electric  power 
on  the  Truyere  River,  in  which  the  development  would  exceed  200  000  h.  p., 
the  supply  being  exceptionally  regular.  The  plan  is  to  divide  the  power 
between  them  in  such  a  manner  as  to  supplement  for  each  railway  the  mini- 
mum power  from  its  own  stations  during  periods  of  low  water.  The  reporter 
says: 

"The  flow  of  the  watercourses  of  the  Central  Plateau  is  complementary  to 
those  of  the  Alps  and  Pyrenees ;  the  Truyere  will  feed  the  Rhone  and  Garonne 
basins  during  the  winter,  and  the  Central  Region  during  the  summer.  This 
large  programme  of  the  organization  of  hydro-electric  energy  shows  clearly  the 
obligation  imposed  on  the  three  companies  of  associating  themselves  in  a  work 
of  unification  required  in  the  National  interest  and  to  promote  the  linking 
up  of  the  three  great  producing  districts." 

These  references  are  illustrative  of  the  development  of  the  electrification 
of  railroads  in  other  countries;  they  appear  to  indicate  the  probability  that 
hydro-electric  power,  by  virtue  of  its  cheapness  and  other  qualities,  has  been 
more  of  a  factor  in  extending  electrification  in  foreign  countries  than  it  has 
been  in  the  United  States. 

The  Pacific  Coast,  with  its  vast  hydro-electric  power  potentialities,  seems 
to  present  favorable  conditions  for  the  electrification  of  steam  railroads.  The 
power  possibilities  are  probably  in  excess  of  commercial  and  industrial  needs 
and  are  likely  so  to  continue,  whereas  coal  and  fuel  oil  supplies  are  becoming 
more  costly  and  less  certain.  The  topography  of  much  of  the  country  trav- 
ersed by  the  railroads  and  the  extent  and  character  of  the  traffic  result  in 
railroad-operating  conditions  which  probably  could  be  met  more  economically 
by  electrification  than  by  steam. 

In  the  case  of  new  railroad  construction,  assuming  that,  in  spite  of  exces- 
sive and  oftentimes  conflicting  regulation  of  the  railroads  by  Federal  and 
State  authorities,  capital  for  new  railroad  construction  can  be  found,  elec- 
trification would  offer  advantages  for  such  lines  as  have  promise  of  a  rea- 
sonable volume  of  traffic.  The  saving  in  first  cost  of  water  and  fuel  facilities 
and  in  the  fewer  engine  terminals  required  would  be  considerable,  and  it  is 
probable  that  the  location  of  the  line  and  the  ruling  gradients  adopted  would 
be  such  as  to  reduce  the  cost  of  construction  as  compared  with  a  road  intended 
to  be  operated  by  steam. 

It  is  possible  that  the  requirements  of  the  Federal  Water  Power  Act  may 
make  it  impossible  to  contract  for  power  for  periods  longer  than  fifty  years  at 
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the  most,  and  together  with  State  regulation  of  public  utility  rates,  may  make 
uncertain  the  permanency  or  uniformity  of  power  rates  extending  over  long 
periods;  if  so,  the  progress  of  railroad  electrification  may  be  somewhat 
retarded. 

The  subject  of  this  paper  has  been  covered  in  such  a  brief  and  general 
manner  that  no  conclusions  are  warranted.  However,  it  would  seem  reason- 
ably safe  to  assume  that  hydro-electric  power  would  be  an  important  factor  in 
steam-railway  electrification  under  the  following  conditions : 

(a). — When  cheap  and  available  over  such  an  extended  area  as  would 
include  a  large  main-track  mileage  for  the  individual  railroad  under  con- 
sideration. 

(&). — When  supplied  from  several  sources  tied  together  so  as  to  insure 
reliability. 

(c). — When  it  can  be  contracted  for  long  periods. 

(d). — When  its  cost  reduced  to  terms  of  locomotive  tractive  effort,  is 
cheaper  than  that  of  steam-generated  power. 
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WATEK  POWEK  POTENTIALITIES  OF  THE  PACIFIC  COAST 
By  Frederick  Hall  Fowler,*  Assoc.  M.  Am.  Soc.  C.  E. 


Synopsis 


This  paper  approaches  the  water-power  potentialities  of  the  Pacific  Coast 
from  the  standpoint  of  market  demand  for  their  future  development.  It 
gives  the  outputs  from  water-power  and  fuel-burning  plants  in  the  seven 
States  within  the  Pacific  drainage  for  1920  and  1921  and,  from  more  exten- 
sive records,  it  computes  the  rate  of  growth  in  the  seven  principal  market 
centers  within  this  area  during  the  last  decade  and  forecasts  the  loads  in 
the  same  markets  for  1930  and  1940.  These  market  demands  are  shown  to 
scale  on  a  map  (Fig.  28)  of  the  Pacific  drainage,  on  which  also  are  shown,  to  the 
same  scale,  the  flat  load  power  capacities  and  approximate  locations  of  many  of 
the  more  important  undeveloped  water-power  projects  or  sites.  The  general 
conditions  on  the  principal  water-power  streams  are  outlined  in  the  text. 

The  paper  is  not  intended  as  a  complete  inventory  of  all  undeveloped  water 
jKJwers  of  the  Pacific  drainage,  but  the  study  has  been  carried  far  enough  to 
show  the  general  relation  between  present  and  future  demand  and  supply.  No 
attempt  has  been  made  to  cover  the  market  in  the  relatively  small  parts  of 
Montana,  Wyoming,  Colorado,  and  New  Mexico  within  the  Pacific  drainage. 


Market  Conditions  and  Growth  of  Load 
Interest  in  potential  water  power  is  measured  largely  by  present  and  pro- 
spective power  needs  and  the  relative  expense  of  producing  energy  by  various 
well  established  methods.  If  in  any  region  there  is  an  urgent  present  and  pro- 
spective power  demand,  some  source  of  energy,  usually  that  which  at  the  time 
is  cheapest,  will  be  developed.  It  may  turn  out  later  that  the  original  condi- 
tions are  changing  and  to  the  extent  of  that  change,  the  trend  of  development 
will  change.  It  is  reasonable,  therefore,  to  consider  the  potential  water  powers 
in  the  streams  west  of  the  Continental  Divide  in  relation  to  the  demand  for 
their  utilization  in  competition  with  power  developed  by  fuel. 

Four  types  of  fuel  have  been  used  within  this  territory  for  the  commercial 
generation  of  power:  Oil,  coal,  natural  gas,  and  wood,  listed  in  the  order  of 
magnitude  of  their  use. 

Oil,  supplied  chiefly  from  California  fields,  is  practically  the  only  fuel 
utilized  for  the  development  of  power  in  steam-electric  stations  over  a  large 
area  in  the  Western  States.  The  greatest  use  of  fuel  oil  is  in  California  where 
5  600  000  bbl.  were  burned  in  1920  and  3  300  000  bbl.  in  1921.  It  is  used  to  a 
more  limited  extent  in  Arizona,  Washington,  and  Oregon.  Immediately  after 
the  World  War,  when  the  price  of  fuel  oil  advanced  rapidly,  there  was  a 
tendency  for  Colorado  and  Wyoming  coal  to  be  shipped  westward  and  to  dis- 
place the  use  of  oil  on  the  railroads,  but  only  a  long  continued  rise  in  the 
price  of  oil  would  displace  oil  in  steam  stand-by  stations  on  the  hydro-electric 
systems. 

*  Civ.  Engr.,  San  Francisco,  Calif. 


WATER   POWER   POTENTIALITIES    OF    THE    PACIFIC    COAST  837 

A  readily  available  supply  of  good  steam  coal  is  found  in  only  limited 
areas  west  of  the  Rocky  Mountains.  It  so  happens,  however,  that  in  the  areas 
where  coal  is  found,  water  power  is  also  abundant  and,  for  the  West,  unusually 
cheap.  It  is,  therefore,  a  strong  competitor  for  the  power  market.  Washington 
is  the  only  one  of  the  seven  States  in  which  coal  has  been  used  to  any  great 
extent  for  the  generation  of  electric  power. 

Increased  labor  costs  and  difficulties  of  mining  coal  and  the  growing  demand 
for  oil  for  purposes  other  than  fuel  (coupled  with  the  marked  tendency  of 
every  oil  field  to  drop  rapidly  in  rate  of  production  from  the  day  that  it  is 
first  brought  in)  will  doubtless  put  these  two  sources  of  energy  at  an  increased 
disadvantage  as  primary  sources  of  power. 

Natural  gas  is  available  in  only  a  few  comparatively  restricted  areas  in 
California.  The  most  important  area  of  this  type  is  in  the  southwestern  side 
of  the  San  Joaquin  Valley  where  one  of  the  operating  electric  companies  is 
now  generating  steam  power  from  gas,  not  only  for  use  in  its  own  system,  but 
for  transmission  southward  to  the  companies  serving  the  power  market  in  and 
around  Los  Angeles. 

Wood  has  been  used  for  fuel  in  electric  generation  only  to  consume  the 
waste  of  some  of  the  largest  lumber  mills  in  Oregon,  Washington,  California, 
and  Idaho. 

The  relative  importance  of  the  various  types  of  fuel  may  be  seen  by  refer- 
ence to  Table  16  which  is  transcribed  from  the  general  compilations  of  the 
U.  S.  Geological  Survey. 

In  the  future,  as  in  the  present  and  past,  steam  stand-by  stations  using  oil 
or  coal  for  fuel  will  play  an  important  part  in  the  hydro-electric  systems  of 
the  West,  but  from  present  indications,  a  constantly  decreasing  percentage  of 
the  total  output  from  steam  power  and  an  increasing  percentage  from  water 
power  may  be  expected. 

Most  of  these  facts  have  long  been  common  knowledge  to  those  directly 
engaged  in  Western  water-power  development,  but  are  presented  here  for  the 
benefit  of  those  who  have  not  been  in  close  contact  with  Western  power 
problems. 

Few  persons  realize  that  even  now  inter-connecting  transmission  systems 
extend,  except  for  minor  breaks,  from  Eastern  Idaho  and  Central  Utah  west- 
ward and  northward  through  the  Columbia  and  Snake  River  Valleys  to  the 
Pacific  Coast  in  the  Puget  Sound  region  and  thence  southward  through  Wash- 
ington, Oregon,  and  California,  to  the  Mexican  line  and  Western  Arizona. 
The  lines  in  west  Central  Nevada,  now  isolated,  are  soon  to  be  connected  with 
Central  California,  and  short  connections  only  will  be  necessary  to  unite  the 
systems  of  Southern  California  and  Arizona,  Utah  and  Colorado,  Idaho  and 
Eastern  Montana,  and  Idaho  and  Oregon,  On  the  completion  of  these  ties  the 
entire  inhabited  country  of  the  Pacific  drainage  will  be  served  by  an  inter- 
connecting network.  Some  of  the  present  inter-connections  are  weak,  but 
they  may  be  strengthened  at  relatively  small  cost  as  market  conditions  warrant. 
The  large  investment  in  existing  systems  will  naturally  have  a  marked  effect 
on  the  order  of  development  of  new  projects. 
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As  a  basis  for  comparing  the  load  carried  by  the  systems  serving  the  Pacific 
drainage  with  the  total  load  for  the  United  States,  the  figures  of  the  U.  S.  Geo- 
logical Survey  are  of  great  value.  For  1921,  the  survey  reported  40  97G  000  000 
kw-hr.  for  the  entire  country,  of  which  14  970  000  000  kw-hr.,  or  36.5%, 
was  produced  by  water  power,  and  the  remainder  by  fuel.  The  total  power 
output  of  the  seven  States  (Arizona,  California,  Idaho,  Nevada,  Oregon,  Utah, 
and  Washington)  entirely  within  the  Pacific  drainage  was  6  467  000  000  kw-hr., 
or  15.77%  of  the  total  for  the  country,  and  the  water  power  output  in  these 
seven  States  was  5  537  000  000  kw-hr.,  or  85.62%  of  the  total  production  within 
the  group  of  States,  and  36.98%  of  the  water-power  output  for  the  entire 
country.    The  detailed  figures  by  States  for  the  group  are  give  in  Table  16. 

The  outputs  reported  by  the  U.  S.  Geological  Survey  check  closely  the 
1920  and  1921  outputs  available  from  other  sources,  and  these  independent 
records  extend  back  for  a  full  decade;  they  are  in  varying  detail,  in  different 
sections  of  the  West,  but  in  all  sections  are  sufficiently  complete  and  accurate 
to  furnish  a  basis  for  computations  of  past  growth  in  demand  for  power,  and 
afford  also  the  only  logical  basis  for  forecasting  the  loads  of  the  future.  On 
the  rate  of  growth  of  these  future  loads  will  depend  the  demand  for  the 
potential  water  powers.  The  following  paragraphs  outline  the  past  growth 
in  output,  and  on  Fig.  28  are  shown  in  simple  graphic  form: 

(a)  The  actual  load  at  seven  given  market  centers  in  1921  and  the  esti- 
mated loads  at  the  same  points  in  1930  and  1940;  and 

(&)  Some  of  the  important  undeveloped  i)owers  that  are  now  scheduled 
for  construction  by  public  utilities  and  municipalities  or  that  have 
been  investigated  in  more  or  less  detail  by  Federal  or  State  authorities. 

Both  loads  and  power  capacities  are  shown  on  the  same  scale  so  that  they 
may  be  readily  compared,  and  arcs  have  been  described  around  the  various 
load  centers  to  show  the  approximate  transmission  distances. 

This  diagram  is  not  intended  as  a  catalogue  of  potential  power,  and  a  short 
study  will  show  that  many  important  sites  that  have  not  been  fully  investi- 
gated, or  for  which  there  is  small  prospective  demand,  have  been  omitted. 
Enough  power  possibilities  have  been  recorded,  however,  to  show  several  out- 
standing facts,  among  which  may  be  mentioned  the  wonderful  potential  powers 
of  the  Columbia  River  (so  large  in  many  instances  as  not  to  be  economically 
feasible  unless  new  industries  are  established  to  utilize  their  output) ;  the  im- 
portance of  the  California  sites  still  remaining  undeveloped;  and  the  avail- 
ability of  the  southernmost  of  these  sites  in  competition  with  the  principal 
sites  on  the  Colorado,  that  have  recently  received  much  publicity. 

In  some  instances,  the  so-called  "markets"  are  definite  centers  and,  in 
others,  are  broad  territories.    They  may  be  classified,  or  described,  as  follows. 

Puget  Sound  Market. — This  market  includes  the  territory  on  the  shores  of 
Puget  Sound  and  eastward  to  the  crest  of  the  Cascade  Range,  from  the  Cana- 
dian line  southward  to  the  Columbia  water-shed,  with  Seattle,  Wash.,  as  the 
principal  load  center.  The  combined  output  of  the  most  important  municipal 
and  public  utility  systems  serving  this  territory  shows  an  increase  from 
238  600  000  kw-hr.  in  1911  to  716  400  000  kw-hr.  in  1921  and,  approximately, 
750  000  000  kw-hr.  for  1922;  the  rate  of  growth  from  1911  to  1922,  therefore,  was 
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11%  compounded  annually.  Future  growth  has  been  forecasted  on  the  follow- 
ing decreasing  rates  compounded  annually:  1922  to  1925,  11%;  1926  to  1930, 
10%;  1931  to  1935,  9%;  and  1936  to  1940,  8  per  cent.  The  following  actual 
load  for  1921,  and  the  estimated  loads  for  1930  and  1940,  are  plotted  on 
Fig.  28: 

Equivalent 
Year.  Kilowatt-hours.  mean  horse-power. 

1921 716  400  000  109  600 

1930 1  656  700  000  253  400 

1940 3  745  500  000  572  900 

Eastern  Washington  Market. — This  market  includes  the  central  part  of  the 
Columbia  Basin  and  the  territory  eastward  to  the  State  boundary,  with  the 
principal  load  center  at  Spokane,  Wash.  The  combined  output  of  the  most 
important  public  utility  systems  shows  an  increase  from  150  600  000  kw-hr. 
in  1910  to  430  200  000  kw-hr.  in  1921  and  about  442  600  000  kw-hr.  in  1922 ;  the 
rate  of  growth  from  1910  to  1922,  therefore,  was  9.5%  compounded.  Further 
growth  has  been  forecasted  on  the  following  decreasing  rates  compounded 
annually:  1922  to  1925,  9%;  1926  to  1930,  8%;  1931  to  1935,  7%;  and  1936  to 
1940,  6  per  cent.  The  following  actual  load  for  1921  and  the  estimated  loads 
for  1930  and  1940,  are  plotted  on  Fig.  28: 

Equivalent 
Year.  Kilowatt-hours.  mean  horse-power. 

1921 430  200  000  65  800 

1930 844  600  000  129  200 

1940 1  585  400  000  242  500 

Idaho-Utah  Market. — This  territory  includes  the  Snake  River  Valley  in 
Southern  Idaho,  from  the  western  nearly  to  the  eastern  boundary  of  the  State, 
and  the  Ogden  and  Salt  Lake  City  regions  in  Utah.  To  date,  there  has  been 
a  break  in  the  center  of  the  territory  (between  two  divisions  of  a  single  sys- 
tem), and  the  inclusion  of  the  entire  territory  in  one  market  with  a  load  center 
north  of  Ogden  is  purely  arbitrary;  lines  that  will  actually  consolidate  the 
system  are  now  contemplated,  however,  so  that  the  arbitrary  classification  seems 
to  be  warranted.  The  combined  output  of  the  most  important  public  utility 
systems  serving  the  market  shows  an  increase  from  188  000  000  kw-hr.  in  1910 
to  316  900  000  kw-hr.  in  1914,  670  200  000  in  1921,  and  about  641  600  000  in 
1922.  The  growth  from  1914  to  1921  was  at  the  rate  of  11%  compounded,  with 
wide  variation  from  the  curve  in  certain  years,  due  probably  to  fluctuations  in 
mining  demand.  Future  growth  has  been  forecasted,  starting  with  the  actual 
output  of  1921,  on  the  following  decreasing  rates  compounded  annually:  1921 
to  1925,  10%;  1926  to  1930,  9%;  1931  to  1935,  8%;  and  1936  to  1940,  7  per 
cent.  The  following  actual  load  for  1921  and  the  estimated  loads  for  1930 
and  1940,  are  plotted  on  Fig.  28 : 

Equivalent 
Year.  Kilowatt-hours.  mean  horsepower. 

1921 670  200  000        102  500 

1930 1  509  800  000        230  900 

1940 3  112  300  000        476  100 


843  WATER    POWER   POTENTIALITIES    OF    THE    PACIFIC    COAST 

Portland  Market. — This  market  includes  the  territory  in  Northwestern 
Oregon  and  Southwestern  Washington  having  a  definite  commercial  and  load 
center  at  Portland,  Ore.  The  combined  output  of  the  most  important  public 
utility  systems  shows  an  increase  from  152  200  000  kw-hr.  in  1911  to  411  500  000 
kw-hr.  in  1921,  the  rate  of  growth  during  the  period,  therefore,  was 
10.5%  compounded  annually.  Further  growth  has  been  forecasted  on  the  fol- 
lowing decreasing  rates  compounded  annually:  1921  to  1925,  10%;  1926  to 
1930,  9%;  1931  to  1935,  8%;  and  1936  to  1940,  7  per  cent.  The  following 
actual  load  for  1921,  and  the  estimated  loads  for  1930  and  1940,  are  plotted 
on  Fig.  28: 

Equivalent 
Year.  Kilowatt-hours.  mean  horse-power. 

1921 411 500  000  62  900 

1930 927  000  000  141 800 

1940 1  910  400  000  292  200 

Northern  California  Market. — This  market  includes  the  populated  territory 
in  California  north  of  Monterey  on  the  coast  and  Merced  in  the  Central  Valley, 
and,  in  addition,  the  territory  in  and  around  Reno  in  Western  Nevada,  which 
is  to  be  joined  to  the  California  systems.  The  networks  of  the  operating  com- 
panies extend  over  a  wide  area,  but  a  combined  load  center  may  be  fixed  in  the 
vicinity  of  Port  Costa  on  the  eastern  side  of  San  Francisco  Bay. 

The  combined  output  of  practically  all  public  utilities  and  municipal  sys- 
tems shows  a  uniform  growth  from  1  241  400  000  kw-hr.  in  1914  to  1  999  800  000 
kw-hr.  in  1920,  and  a  falling  off  to  1  986  600  000  kw-hr.  in  1921;  the  rate  of 
growth  from  1914  to  1921  was  7%  compounded.  Future  growth  has  been  fore- 
casted on  the  following  decreasing  rates  compounded  annually:  1921  to  1925, 
7% ;  1926  to  1930,  6% ;  and  1931  to  1940,  5  per  cent.  It  will  be  noted  that  the 
estimated  percentage  was  not  decreased  in  1936  as  in  other  estimates;  this  is 
because  the  rate  was  already  very  low.  The  following  actual  load  for  1921  and 
estimated  loads  for  1930  and  1940  are  plotted  on  Fig.  28 : 

Equivalent 
Year.  Kilowatt-hours.  mean  horse-power. 

1921 1  986  600  000  303  900 

1930 3  485  400  000  533  200 

1940 5  677  500000  868  500 

Southern  California  Market.- — This  market  includes  the  populated  territory 
in  California  south  of  Monterey  on  the  coast,  Merced  in  the  interior  valley,  and 
Mono  Lake  Basin  east  of  the  Sierra,  as  well  as  the  mining  region  of  South- 
western Nevada.  The  chief  load  center  is  in  the  vicinity  of  Los  Angeles,  but 
a  secondary  center  of  great  importance  is  in  the  San  Joaquin  Valley;  never- 
theless, on  the  map  (Fig.  28),  the  entire  load  for  the  market  is  centered  at 
Los  Angeles. 

The  combined  output  of  practically  all  public  utility  and  municipal  systems 
shows  a  steady  growth  from  854  100  000  kw-hr.  in  1913  to  1  025  800  000  kw-hr. 
in  1916,  and  then  a  steady  growth,  at  an  increased  rate,  to  2  002  600  000  kw-hr 
in  1921.    The  rate  of  growth  from  1916  to  1921,  14.4%  compounded  annually 
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is  phenomenal.  Future  growth  has  been  forecasted  on  the  following  decreasing 
rates  compounded  annually:  1921  to  1925,  13%;  1926  to  1930,  12%;  1931  to 
1935,  10% ;  and  1936  to  1940,  8  per  cent.  Objection  may  be  raised  to  the  fair- 
ness of  decreasing  the  rate  in  this  estimate  by  2%  in  each  of  the  last  three 
5-year  periods,  instead  of  1%  every  5  years,  as  in  other  estimates  (or  even  main- 
taining a  flat  rate  for  the  last  10  years,  as  in  the  Northern  California  market). 
Several  factors  demand  a  more  rapid  rate  of  decrease:  (a)  the  astonishing  rate 
of  growth  has  been  maintained  only  since  1916;  (&)  the  cumulative  effect  of 
compounding  at  so  high  a  rate  would  pre-suppose  a  rate  of  growth  in  popula- 
tion and  industry  that  has  never  been  equalled  for  any  very  long  period;  and 
(c)  the  rapidly  developing  territory  in  the  Central  San  Joaquin  Valley,  that 
might  well  be  classified  with  the  Northern  California  market  (and  has  actually 
transmitted  power  to  the  northern  market)  has  contributed  to  the  high  rate  of 
growth  recorded  for  the  Southern  California  market.  For  these  reasons,  the 
speaker  believes  the  sliding  scale  adopted  is,  if  anything,  more  than  ample. 
The  following  actual  load  for  1921,  and  estimated  loads  for  1930  and  1940  are 
plotted  on  Fig.  28: 

Equivalent 
Year.  Kilowatt-hours.  mean  horse-power. 

1921 2  002  600  000  306  300 

1930 5  754  300  000  880  200 

1940 13  616  800  000  2  083  000 

Central  Arizona  Market. — This  market  includes  the  mining  and  agricul- 
tural territory  in  Arizona,  extending  from  Prescott  and  Jerome  southward  to 
Phoenix,  and  thence  eastward  to  Miami,  Globe,  and  Clifton.  Part  of  the  min- 
ing load  in  this  district  is  not  now  carried  by  electric  power.  The  heaviest 
general  load  is  in  and  near  Phoenix,  but  on  account  of  a  prospective  increase 
in  the  mining  region  eastward  and  northward  the  load  center  has  been  fixed 
arbitrarily  at  Miami.  The  future  growth  of  load  is  problematical  and  depends 
largely  on  the  mining  industry.  An  estimate  of  the  future  growth  of  load  by 
Col.  William  Kelly,  Corps  of  Engineers,  U.  S.  A.,  M.  Am.  Soc.  C.  E.,  Chief 
Engineer  of  the  Federal  Power  Commission,  has  been  published  in  the  Second 
Annual  Report  of  the  Commission.  This  estimate  is  based  on  more  detailed 
data  concerning  mining  load  than  are  available  to  the  speaker,  and,  therefore, 
has  been  adopted  as  a  whole. 

Col.  Kelly  estimates  a  public  utility  mean  load  of  30  000  kw.  and  a  mining 
load  of  56  000  kw.  in  1926.  He  assumes  that  the  public  utility  load  will  increase 
at  9%  until  1925,  8%  until  1930,  7%  until  1935,  and  6%  until  1940;  also, 
that  the  mining  load  will  increase  at  5.2%  until  1935,  and  at  4%  thereafter. 
On  these  rates,  and  with  his  1926  figures  as  a  basis,  the  loads  in  1921,  1930, 
and  1940,  have  been  plotted  on  Fig.  28,  as  follows: 

Equivalent 
Year.  Kilowatt-hours.  mean  horse-power. 

1921 539  000  000         82  400 

1930 957  500  000        146  500 

1940 1610100  000        246  300 
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The  figures  for  1921  include  the  actual  load  on  existing  electric  systems 
and  also  the  raining  load. 


Power  Resources 

The  only  comprehensive  estimate  giving  the  total  potential  power  in  all  the 
streams  in  the  Pacific  drainage  (as  well  as  elsewhere  in  the  United  States)  is 
that  prepared  by  the  U.  S.  Geological  Sun'ey  in  1908.  This  general  estimate 
has  been  republished  several  times  and  with  certain  revisions.  It  was  made 
on  a  theoretical  program  with  total  fall  and  estimated  stream  flow  as  its 
principal  basis,  without  reference  to  the  engineering  features  of  the  power 
sites  along  the  streams.  The  plant  efficiency  adopted  in  the  original  esti- 
mate was  much  higher  than  is  attained  under  present  practice.  A  revision 
published  later*  and  on  a  more  conservative  plant  efficiency,  credits  the  seven 
States  entirely  within  the  Pacific  drainage  with  a  maximum  of  31 437  000 
h.p.,  or  58.32%  of  the  total  water  power  of  the  entire  country.  The  figures 
by  States  are  given  in  Table  17.  • 

TABLE  17. — Estimates  of  the  Minimum  and  Maximum  Potential 

Water    Power    Eesources    of    the    Seven    States 

Entirely  Within  the  Pacific  Drainage 


Total  Potential  Watbr  Power. 

state. 

Minimum. 

MaximuiD. 

Horse-power. 

Percentage  of 

total   United 

States. 

Horse-power. 

Percentage  of 

total   United 

States. 

893  000 
3  424  000 

2  362  000 
172  000 

3  148  000 

743  ono 

4  932  000 

3.20 
12.23 

8.45 

0.62 
11.27 

2.66 
17.65 

1  698  000 

7  818  000 

5  067  000 
276  000 

6  613  000 

1  318  ono 

8  647  000 

3.15 

14.50 

9.40 

0.51 

12.27 

Utah 

2.45 

16.04 

Total 

15  674  000 

56.10 

31  4.S7  000 

58.32 

In  addition  to  many  large  developments  already  under  Government  permit 
at  the  date  of  the  Federal  Power  Act,  the  Federal  Power  Commission  has 
received  applications  aggregating  millions  of  horse-power  throughout  the 
country.  As  some  of  these  applications  have  not  been  finally  reported  on  (and 
estimates  of  their  power  capacities  are,  therefore,  somewhat  indefinite)  and 
there  are  conflicts  between  others,  it  is  difficult  to  ascertain  exactly  the  net 
horse-power  they  represent.  A  rough  estimate  with  conflicts  or  duplications 
eliminated  gives  for  the  projects  in  the  seven  States  in  the  Pacific  drainage 
the  following  approximate  power,  available  90%  of  the  time: 


•  Table  2,  Senate  Dpc.  316,  64th  Cong.,  Second  Session. 
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Arizona 3  650  000  h.  p. 

California 2  600  000     " 

Idaho   100  000     " 

Nevada  

Oregon    700  000  h.  p. 

Utah    1400000      " 

Washington    1 050  000     " 

Total   9  500  000  h.  p. 

The  most  important  divisions  of  the  800  000  sq.  miles  of  the  United  States 
west  of  the  Rocky  Mountains,  as  regards  water  power,  are: 

(a)     The  Columbia  Eiver  drainage,  259  000  sq.  miles. 

(&)     The  Colorado  Eiver  drainage,  244  000  sq.  miles. 

(c)     The  coast  drainages,  comprising  in  order  southward: 

(1)  The  area  tributary  to  Puget  Sound,  14  300  sq.  miles. 

(2)  The    coast    areas    in    Washington    and    Oregon,    and    in 

California  north  of  San  Francisco  Bay,  tributary  di- 
rectly to  the  Pacific  Ocean,  44  700  sq.  miles. 

(3)  The  Sierra  Nevada  streams  draining  into  San  Francisco 

Bay,  or  into  the  closed  basins  of  Tulare  and  Kern  Lakes, 
the  entire  area  in  the  Great  Yalley  embracing  59  800  sq. 
miles ;  also  Owens  Lake  Basin. 

Few  important  power  sites  are  to  be  found  in  the  200  000  sq.  miles  embraced 
within  the  arid  mountain  ranges  and  desert  valleys  of  the  Great  Basin  ex- 
tending eastward  from  the  base  of  the  Sierra  Nevada  through  Nevada  and 
Utah  to  the  base  of  the  Wasatch  Range,  and  thence  southeastward  through  the 
plateau  region  north  of  the  Grand  Canyon.  Fortunately,  this  region  is  as 
destitute  of  power  demand  as  it  is  of  power  resources. 

Few  power  sites  are  found  on  the  coast  streams  emptying  into  the  Pacific 
Ocean  south  of  San  Francisco  Bay,  and  such  as  there  are  have  been  almost 
completely  utilized  by  existing  plants. 

For  the  reasons  just  stated,  little  study  need  be  given  to  the  Great  Basin 
and  South  Pacific  drainages,  and  attention  may  be  concentrated  on  the 
Columbia,  the  Colorado,  and  the  Coast  drainages  south  to  San  Francisco  Bay. 

Columbia  River  Drainage. — The  drainage  area  of  the  Columbia  above  its 
mouth  (including  34  700  sq.  miles  in  Canada  on  the  main  stream  and  several  of 
its  tributaries)  is  259  000  sq.  miles.  Of  this  total,  237  000  sq.  miles  are  above 
The  Dalles,  where  the  stream  breaks  through  the  Cascade  Range,  and  32  000  sq. 
miles  are  embraced  within  the  drainage  of  the  main  stream  below  The  Dalles, 
and  several  tributaries,  of  which  the  most  important — the  Willamette  and 
Cowlitz — drain  large  valleys  lying  between  the  Coast  Range  and  the  Cascades, 
south  and  north  of  the  Columbia.* 

*  For   a    map    sbowlr(g   the    areas    of   various    divisions   of    the   Columbia    drainage,    see 
Pig.  29. 
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The  Columbia  River  rises  in  Canada,  flowing  first  nearly  northward  and 
then  southwestward,  and  crossing  the  International  Boundary  in  the  extreme 
northeastern  corner  of  the  State  of  Washington.  Near  the  mouth  of  Spokane 
Eiver,  the  Columbia  turns  west  along  the  base  of  a  secondary  mountain  system 
extending  eastward  from  the  Cascades.  At  the  mouth  of  the  Okanogan,  the 
stream  again  turns  southward,  and  then  eastward  to  the  mouth  of  Snake  River,  • 
where  it  again  turns  abruptly  to  the  west,  finally  to  break  through  the  Cascades 
and  discharge  into  the  Pacific  Ocean.  Eastward  and  northward  from  the 
great  loop  of  the  river  (extending  from  the  mouth  of  the  Spokane  to  the 
mouth  of  the  Snake)  is  a  series  of  great  lava  flows  that  cover  the  floor  of 
the  basin  eastward  to  the  mountains  of  Idaho  and  northward  nearly  to  the 
Canadian  Boundary.  Much  of  this  lava  is  covered,  in  the  lower  parts  of  the 
main  basin  and  on  the  tributaries,  with  deep  sedimentary  soils.  Clark  Fork 
(the  principal  head-water  tributary  of  the  Columbia  in  the  United  States) 
encircles  the  north,  and  Snake  River  encircles  the  south,  of  the  mountain 
ranges  of  Central  Idaho,  which  are  a  western  extension  of  the  Rockies.  Rain- 
fall in  the  Columbia  Basin  ranges  from  8  to  80  in.,  or  more;  the  head- waters 
of  the  main  stream  and  many  of  its  principal  tributaries  are  well  forested. 

The  most  important  tributaries  of  the  Columbia  in  total  potential  water 
power,  taken  in  order  dovsm  stream,  are  Clark  Fork,  Snake  River,  and  the 
Deschutes.  Clark  Fork  should  be  listed  after  Snake  River  if  the  streams  are 
arranged  in  the  order  of  magnitude  of  potential  power.  Tributaries  with 
smaller  power  possibilities  will  be  mentioned  subsequently. 

The  Rockies  on  the  eastern  boundary  of  the  Columbia  drainage  reach 
elevations  of  10  000  ft. ;  elevations  in  the  detached  ranges  of  Idaho  are  rarely 
more  than  8  000  ft.;  elevations  in  the  mountains  north  of  the  basin  (along  the 
Canadian  Boundary)  are  rarely  more  than  5  000  ft.,  and  elevations  to  the 
southward  near  the  heads  of  the  Owyhee,  John  Day,  and  Deschutes  are  from 
6  000  to  7  000  ft.  The  highest  elevations  in  the  Columbia  drainage  are  along 
its  western  boundary  in  the  Cascade  Range  through  which  the  Columbia  has 
broken  its  way  to  the  sea.  The  backbone  of  the  Cascades  in  Oregon  is,  in 
general,  more  than  6  000  ft.  in  elevation,  with  peaks  from  8  000  to  11  225  ft.; 
in  Washington,  the  general  elevation  of  the  ridge  is  from  4  000  to  6  000  ft.,  or 
more,  with  peaks  from  10  000  to  14  363  ft.  As  a  result  of  these  topographic 
features,  the  tributaries  of  the  Columbia  draining  the  Cascades  have,  in  gen- 
eral, heavier  gradients  and  smaller  drainage  areas  than  its  eastern  tributaries. 

Where  the  Columbia  crosses  the  International  Boundary  the  elevation  is 
about  1  340  ft.  above  sea  level,  and  the  distance  from  the  mouth  of  the  river 
is  about  685  miles;  at  the  "Cascades",  the  lowest  power  site  on  the  main  stream, 
the  elevation  is  6  ft.  above  sea  level,  and  the  distance  is  143  miles  from  the 
mouth;  the  fall  in  the  542  miles  between  these  two  points,  therefore,  averages 
only  2.5  ft.  per  mile.  The  gradient  of  the  stream,  however,  is  by  no  means 
uniform,  and  most  of  the  drop  is  concentrated  at  rapids  or  low  falls,  few  of 
which  are  very  pronounced.  The  great  potential  power  of  the  stream  is  due 
to  its  high  discharge  rather  than  its  rapid  fall. 


tVATEK    POWER   POTENTIALITIES    OF    THE    PACIFIC    COAST  847 

The  power  sites  that  have  been  most  carefully  investigated  to  date  are, 
in  order  down  stream:  Kettle  Falls,  Priest  Rapids,  Grand  Coulee,  Umatilla 
Rapids,  The  Dalles,  and  the  Cascades. 

The  site  at  Kettle  Falls,  now  under  permit  from  the  Federal  Power  Com- 
mission to  Washington  Water  Power  Company,  is  unusual  in  that  it  can  be 
developed  serially  in  six  stages  that  will  bring  the  power  capacity,  successively, 
to  about  13  000,  25  000,  49  000,  74  000,  98  000  and  123  000  h.  p.  The  invest- 
ment in  the  project,  in  a  measure,  will  be  proportionate  to  the  successive  steps, 
which  should  be  of  great  advantage. 

A  dam  has  been  planned  near  the  head  of  Grand  Coulee  to  furnish  power 
for  the  so-called  Columbia  Basin  pumping  project  (an  alternative  for  the 
development  of  the  Clark  Fork  storage  and  gravity  canal)  to  irrigate  1  753  000 
acres  of  land  in  that  part  of  the  basin  bounded  on  the  west  by  the  Colimabia 
and  on  the  south  by  the  Snake. 

The  important  site  at  Priest  Rapids  is  now  xmder  permit  from  the  Federal 
Power  Commission  to  Washington  Irrigation  and  Development  Company. 
The  rapids  at  this  point  fall  90  ft.  in  9  miles,  and  the  dam  and  power  plant 
are  to  be  built  at  the  foot  of  the  rapids.  The  Company  states  that  the  average 
flow  during  the  low-water  period  is  50  000  sec-ft.  and  during  the  summer 
months  the  discharge  is  more  than  400  000  sec-ft.  The  dam  will  be  90  ft.  high 
and  about  2  miles  long.  Primary  power  at  the  site  has  been  variously  esti- 
mated to  a  maximum  of  400  000  h.  p.,  with  an  additional  300  000  secondary 
h.  p.  available  chiefly  during  the  irrigation  season.  The  supporters  of  the  pro- 
ject have  made  extensive  investigations  of  various  natural  resources  of  the 
region,  that  may  be  developed  through  the  construction  of  the  plant. 

The  State  Engineer  of  Oregon  made  preliminary  investigation  of  the  site  at 
Umatilla  Rapids  and  found  that  a  head  of  35  ft.  with  a  minimum  flow  of 
40  000  sec-ft.  was  available  and  estimated  that  120  000  h.  p.  could  be  developed 
continuously,  and  320  000  h.  p.  for  the  irrigation  season,  at  a  cost  estimated,  in 
1916,  at  $20  500  000  based  on  the  320  000  h.  p.  capacity.  This  estimate,  how- 
ever, would  have  to  be  adjusted  to  present  prices. 

A  much  more  detailed  study  of  The  Dalles  by  the  State  of  Oregon  showed 
an  available  head  ranging  from  45  to  105  ft.,  depending  on  the  stage  of  the 
river,  with  a  minimum  flow  of  50  000  sec-ft.,  480  000  h.  p.  available  continu- 
ously, 120  000  h.  p.  additional  for  11  months,  100  000  h.  p.  further  additional 
for  10  months,  and  100  000  h.  p.  still  further  for  8  months,  giving  a  total  of 
800  000  h.  p.  available  for  8  months  or  more,  at  a  total  estimated  cost  of 
$50  000  000,  with  prices  as  in  1916. 

A  rather  careful  preliminary  study  of  a  site  at  the  Cascades,  4  miles  below 
Cascade  Locks,  was  also  made  by  the  State  and  showed  a  head  of  44  ft.,  at 
minimum  flow  of  50  000  sec-ft.,  with  an  estimated  capacity  of  200  000  h.  p. 
continuous,  90  000  additional  h.  p.  for  11  months,  120  000  h.  p.  additional 
for  10  months,  and  220  000  h.  p.  additional  for  8  months,  making  a  total  of 
420  000  h.  p.  available  for  8  months  or  more  at  a  cost  of  $11  000  000,  exclusive 
of  the  dam  for  which  there  were  no  trustworthy  data. 
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Snake  River. — This  river,  the  most  important  tributary  of  the  Columbia, 
both  in  area  drained  and  in  potential  power  possibilities,  rises  in  the  moun- 
tains north  of  Jackson  Lake  in  Northwestern  Wyoming,  flows  first  in  a 
southerly  and  then  in  a  westerly  direction  to  a  junction  with  the  Columbia 
River  in  Central  Washington,  300  miles  above  its  mouth.  The  drainage  area 
of  Snake  Eiver  is  108  600  sq.  miles.  Several  power  sites  in  Idaho  have  already 
been  developed,  and  the  stream  is  used  extensively  for  irrigation.  Further 
development  of  storage  in  the  head-waters  for  irrigation  and  power  are  con- 
templated, and  power  development  in  that  part  of  the  stream  in  Central  Idaho 
will  be  largely  dependent  on  the  flow  available  after  irrigation  needs  are  sup- 
plied. The  discharge  of  springs  and  important  tributaries  in  Western  Idaho 
below  the  largest  irrigation  diversions  increase  the  supply  available  for  power 
purposes,  and  the  most  important  future  power  developments  will  probably  be 
on  that  section  of  the  Snake  along  the  boundary  between  Oregon  and  Idaho 
and  thence  down  to  its  mouth. 

Profiles  of  the  central  section  of  the  Snake  River  from  Minidoka  Dam  to 
Enterprise,  Idaho  (southwest  of  Boise),  show  a  total  fall  from  Elevation  4  195 
to  Elevation  2  232,  or  1  963  ft.  in  242  miles,  or  a  mean  of  8  ft.  per  mile.  The 
mean,  however,  has  little  significance  as  long  stretches  of  moderate  grade  are 
followed  by  shorter  stretches  with  rapid  fall.  The  most  rapid  drops  (certain 
of  which  are  partly  developed)  are  at  Minidoka,  65  ft.  in  i  mile;  Milner,  200  ft. 
in  4  miles  below  the  crest  of  Milner  Dam;  from  the  crest  of  Dry  Creek  Falls  to 
the  crest  of  Twin  Falls,  410  ft.  in  14.2  miles;  from  the  crest  of  Twin  Falls  to 
the  crest  of  Shoshone  Falls,  155  ft.  in  2.9  miles;  from  the  crest  of  Shoshone 
Falls  to  the  foot  of  Pilar  Falls,  210  ft.  in  1.7  miles;  in  the  2.8  miles  above 
Rock  Creek,  a  fall  of  140  ft. ;  from  the  crest  of  Upper  Salmon  Falls  to  the  foot 
of  Dolman  Rapids,  92  ft.  in  2.2  miles;  and  at  the  Lower  Salmon  Fails,  35  ft. 
in  0.1  mile. 

Lower  Salmon  Falls  is  141  miles  above  Enterprise  and,  therefore,  about 
100  miles  below  Minidoka.  The  entire  fall  from  Minidoka  to  Lower  Salmon 
Falls  is  1  450  ft.  which  leaves  only  a  fall  of  513  ft.  in  the  141  miles  of  the  sec- 
tion of  the  river  extending  down  to  Enterprise.  Power  plants  are  in  operation 
at  Lower  Salmon  Falls,  Shoshone  Falls,  and  Minidoka,  as  well  as  at  American 
Falls  and  Idaho  Falls  up  stream  from  Minidoka. 

Salmon  River,  the  most  important  tributary  of  the  Snake,  has  a  compara- 
tively r^ular  profile  on  a  grade  broken  by  a  series  of  small  drops  rather  than 
long  flat  sections  with  rapid  drops,  as  on  the  Snake.  Profiles  show  that 
from  Salmon,  Idaho,  to  Riggins  at  the  mouth  of  Little  Salmon  River,  the 
stream  falls  from  Elevation  3  935  to  Elevation  1  705,  or  2  230  ft.  in  173  miles. 
The  fall  in  the  Salmon  below  Riggins  to  the  junction  with  the  Snake  is  815 
ft.  in  86.6  miles. 

Power  investigations  made  by  E.  W.  Kramer,  Hydro-Electric  Engineer, 
U.  S.  Forest  Service,  showed  three  sites  with  a  combined  capacity  of  more  than 
100  000  h.  p.,  on  the  section  of  the  Salmon  between  the  mouths  of  the  Middle 
Fork  and  Little  Salmon. 
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Rather  careful  preliminary  investigation  of  six  power  sites  on  a  part  of 
Snake  River  were  made  by  the  State  Engineer  of  Oregon.*  These  projects, 
taken  in  order  down  stream,  are  Salmon  River  Tunnel,  Mountain  Sheep,  Cherry 
Creek,  Coon  Hollow,  Asotin,  and  Palouse  Rapids. 

The  Coon  Hollow  and  Cherry  Creek  sites  may  be  considered  as  alternative 
locations  to  utilize  nearly  the  same  fall  as  that  available  at  the  Mountain  Sheep 
site.  The  maximum  water  surface  elevation  above  the  dams,  and  the 
mininum  water  surface  elevation  for  the  tail-races  of  the  three  developments 
are,  as  follows:  Mountain  Sheep,  1135  and  915  ft.;  Coon  Hollow,  1104  and 
884  ft. ;  Cherry  Creek  lies  between  the  other  two.  The  tail-water  of  the  Salmon 
Tunnel  site  is  Elevation  1 160. 

The  Salmon  River  Tunnel  project  contemplates  the  diversion  of  Salmon 
River  through  a  narrow  ridge  to  a  drop  on  Snake  River  about  80  miles  above 
Lewiston,  Idaho.  The  net  head  available  would  range  from  505  to  530  ft.  The 
normal  minimum  flow  would  be  4  000  sec-ft.  producing  200  000  continuous  h.  p., 
estimated,  at  1916  costs,  to  total  $19  215  000,  or  an  average  of  $96.08  per  h.  p. 
The  installation  could  be  increased  to  300  000  h.  p.,  giving  an  additional  100  000 
h.  p.  from  April  to  October,  with  a  total  cost  of  $25  320  000,  or  $84.40  per  h.  p. 
This  estimate  and  the  following  estimates,  as  in  the  case  of  those  on  the 
Columbia,  would  have  to  be  adjusted  to  present-day  prices. 

Mountain  Sheep  site  is  55  miles  above  Lewiston,  Idaho,  on  Snake  River, 
and  3  miles  above  the  mouth  of  Salmon  River.  The  net  head  would  range  from 
200  to  220  ft.,  the  flow  from  6  000  sec-ft.  minimum  to  10  000  sec-ft.,  with  the 
addition  of  Salmon  River  through  the  diversion  tunnel  mentioned  previously, 
or  by  storage  as  mentioned  subsequently  for  the  Coon  Hollow  project.  The 
discharge  could  be  increased  to  15  000  sec-ft.  with  both  the  Salmon  River 
diversion  and  the  Coon  Hollow  storage.  It  was  estimated  that  100  000  h.  p. 
could  be  made  available  continuously,  200  000  h.  p.  with  either  of  the  alterna- 
tive supplementary  water  supplies,  and  300  000  h.  p.  with  both  the  supple- 
mentary supplies.  The  estimated  cost  for  the  development  of  200  000  h.  p., 
exclusive  of  the  cost  of  supplementary  supplies,  was  $14  000  000,  or  $70  per 
h.  p.,  and  the  cost  of  300  000  h.  p.,  on  the  same  basis,  was  $16  400  000,  or  $54.70 
per  h.  p. 

Cherry  Creek  site  is  on  the  Snake  River,  51  miles  above  Lewiston,  1  mile 
below  the  mouth  of  Salmon  River.  The  head  is  200  ft.,  the  minimum  discharge 
10  000  sec-ft.,  or  15  000  sec-ft.  for  an  average  of  11  months;  it  was  estimated 
that  200  000  continuous  h.  p.  could  be  developed,  at  a  cost  of  $13  600  000,  or 
$68  per  h. p.;  and  that  300  000  h. p.  could  be  developed  with  storage  at  an 
estimated  cost  of  $18  100  000,  or  $60.35  per  h.  p. 

Coon  Hollow  site  is  45  miles  above  Lewiston;  the  available  head  is  from 
200  to  220  ft.  and  the  water  supply  the  same  as  that  for  the  Cherry  Creek 
project.  It  was  estimated  that  200  000  continuous  h.  p.  would  cost  $15  200  000, 
or  $76  per  h.  p.;  and  that  300  000  h.  p.  would  have  been  available  for  11  months, 
or  300  000  h.  p.  continuous  with  the  possible  use  of  the  existing  storage. 

•  "Oregon's  Opportunity  in  National  Preparedness",  Bitlletin  5,  Office  of  State  Engineer 
Salem,  Ore.,  February,  1916. 
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The  Asotin  site  is  above  Asotin,  Wash.,  the  head  being  60  ft.  and  the  mini- 
mum stream  flow,  10  000  sec-ft.  With  storage,  15  000  sec-ft.  could  be  obtained. 
On  the  basis  of  the  minimum  flow,  54  000  h.  p.  could  be  developed  at  an  esti- 
mated cost  of  $5  400  000,  or  $100  per  h.  p.,  and  with  storage,  80  000  h.  p.  could 
be  developed  at  an  estimated  cost  of  $6  600  000,  or  $82.50  per  h.  p. 

The  Palouse  Rapids  site  is  7  miles  below  Riparia,  Wash.  The  head  is 
32  ft.,  the  minimum  flow  12  000  sec-ft.  and  the  flow  with  storage,  17  000  sec-ft. 
It  was  estimated  that  50  000  h.  p.  could  be  developed,  corresponding  to  a  greater 
flow  than  the  minimum,  because  the  irrigation  load  comes  during  the  high 
water.    The  estimated  cost  was  $4  500  000,  or  $90  per  h.  p. 

Clark  Fork  of  the  Columbia. — Clark  Fork,  the  most  important  head-water 
branch  of  the  Columbia  in  the  United  States,  rises  on  the  western  slope  of 
the  Continental  Divide  just  west  of  Butte,  Mont.,  and  flows  in  a  westerly 
and  then  a  northerly  direction,  finally  emptying  into  the  Columbia  a  short 
distance  north  of  the  Canadian  boundary.  The  total  length  of  the  stream 
is  420  miles,  and  its  drainage  area  at  the  mouth  is  25  800  sq.  miles.  Altitudes 
within  its  basin  range  from  1  346  ft.  above  sea  level  at  the  mouth  to  more  than 
8  000  ft.  at  the  summit  of  some  of  the  highest  peaks.  From  the  boundary  to 
the  mouth  of  the  river,  the  fall  is  about  400  ft.  in  16  miles,  so  that  where  it 
crosses  into  Canada  the  elevation  is  1  746  ft.  above  sea  level. 

The  flow  of  Clark  Fork  is  subject  to  the  natural  regulative  effect  of  several 
large  lakes  that  in  the  future  may  be  greatly  increased.  These  lakes  are 
Flathead  Lake  (Elevation  2  881)  on  Flathead  River,  the  principal  tributary, 
Lake  Pend  Oreille  (Elevation  2  059)  on  the  main  stream,  and  Priest  Lake 
(Elevation  2  439)  on  the  head- waters  of  Priest  River,  a  tributary.  There  is 
only  one  important  power  site  on  Clark  Fork  above  the  mouth  of  Flathead 
River  (Elevation  2  482)— the  so-called  "Fish  Creek  Site"  of  about  20  000 
h.  p.  Mr.  Kramer  has  made  a  preliminary  study  for  the  development  of 
Flathead  River  and  Clark  Fork  down  to  Lake  Pend  Oreille,  for  power  pur- 
poses, and  finds  that,  in  addition  to  the  existing  developments,  621  000  h.  p. 
is  available  in  eight  sites,  with  complete  regulation  of  Flathead  Lake.  Between 
Lake  Pend  Oreille  and  the  border,  the  most  important  sites  are  at  Albany 
Falls,  Metaline  Falls,  and  Z  Canyon.  The  Federal  Power  Commission  has 
received  application  for  a  project  at  Z  Canyon  that  will  develop  195  000  h.  p. 
The  construction  of  a  high  dam  at  Z  Canyon  would  cause  back  water  to  Albany 
Falls. 

The  completion  of  the  so-called  Columbia  Basin  Gravity  Project  would 
develop  two  sources  of  power:  (a)  the  power  at  the  canal  drops  on  the  project 
itself;  and  (h)  the  power  on  the  Flathead  and  Clark  Fork  Rivers  regulated 
by  storage  in  Flathead  Lake  for  irrigation  in  the  Columbia  Basin.  The  former 
would  be  seasonal  power  available  in  varying  amounts  from  April  to  October 
of  each  year  and  reaching  a  maximum  of  189  955  h.  p.  in  August,  with  a 
mean  of  132  889  h.  p.  for  the  seven  months,  of  which  a  mean  of  122  650  h.  p. 
would  be  available  for  general  sale  and  the  remainder  would  be  used  in  irri- 
gation pumping  on  the  project  itself.  The  latter  would  give  year-roimd  power 
in  the  820-ft.  fall  between  Flathead  Lake  and  Pend  Oreille  Lake,  varying, 
according  to  past  records,  between  a  maximum  of  333  800  h.  p.  (1910)  and  a 
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minimum  of  132  970  h,  p.  (1920).  The  mean  for  the  period,  1908  to  1920.  was 
257  205  h.  p.;  about  190  000  h.  p.  would  have  been  available  for  90%  of  the 
time.  As  shown,  such  a  development  in  connection  with  irrigation  would 
reduce  the  total  output  below  that  available  with  the  stream  developed  for 
power  alone. 

Investigations  made  by  the  Commission  of  Conservation  of  Canada  show 
an  important  site  on  Clark  Fork,  immediately  above  its  junction  with  the 
Columbia,  where  a  head  of  100  ft.  and  a  continuous  output  of  73  000  h.  p.  may 
be  secured. 

Deschutes  River. — Deschutes  River  and  one  of  its  principal  tributaries, 
Metolius  River,  draining  the  east  side  of  the  Cascades  in  Central  Oregon  and 
emptying  into  the  Columbia  near  The  Dalles,  are  very  important  streams  in 
total  power  available  and  for  the  reason  that  they  are  comparatively  near 
existing  markets  and  the  sites  are  such  that  development  can  be  made  in 
moderate  sized  units,  following  market  demand.  Sites  on  both  streams  have 
been  investigated  by  the  State  Engineer  of  Oregon  and  by  the  Federal  Power 
Commission.  The  report  of  the  Commission  shows  fifteen  sites  in  a  stretch 
of  111  miles  above  the  mouth  of  the  Deschutes,  with  heads  ranging  from  a 
minimum  of  32  ft.  to  a  maximum  of  270  ft.  and,  in  general,  from  approxi- 
mately 70  to  140  ft.  The  capacities  of  the  sites  ranged  from  11  300  to  83  500 
h.  p.,  but  were  in  general  from  25  000  to  50  000  h.  p.  The  costs  ranged  from 
$92  to  $205  per  h.  p.,  as  estimated,  for  85%  load  factor  and  delivered  to  the 
Columbia.    The  costs  of  many  of  the  projects  range  from  $95  to  $175  per  h.  p. 

Estimates  for  four  sites  on  Metolius  River  showed  heads  of  75,  260,  400, 
and  300  ft.,  respectively,  power  capacities  from  9 100  to  35  500  h.  p.,  and 
unit  costs  from  $116  to  $252  per  h.  p. 

Willamette  River. — The  most  important  tindeveloped  power  sites  in  the 
Willamette  Basin  are  on  its  tributaries,  the  Clackamas,  Santiam,  and 
McKenzie.  On  the  Clackamas,  Portland  Railway,  Light  and  Power  Com- 
pany has  begun  a  progressive  development  and  is  operating  two  power  plants. 
A  continuous  capacity  of  about  143  000  h.  p.  may  be  developed  at  six  other 
sites  for  utilization  in  Portland  and  vicinity  as  the  demand  increases;  the 
development  of  other  tributaries  will  probably  be  completed  later. 

Other  THhutaries  of  the  Columbia. — The  estimates  just  given  in  the 
Columbia  drainage  are  based  on  rather  careful  investigations  of  specific 
sites.  Theoretical  computations  of  horse-power  available  on  other  tributaries* 
are  as  follows:  Yakima  River  and  tributaries,  34  000  h.  p. ;  ISTatches  River, 
57  530  h.p;  Klickitat  River,  154  000  h.p.;  White  Salmon  River,  105  000  h.p.; 
Little  White  Salmon  River,  8  550  h.  p. ;  Lewis  River,  78  000  h.  p. ;  Toutle 
River,  44  000  h.p.;  and  Cowlitz  River,  175  000  h.p.  On  account  of  topo- 
graphic or  other  difficulties,  it  will  probably  be  found  that  not  all  the  capacity 
of  these  streams  can  be  developed. 

Coast  Drainages 
Puget  Sound. — The  streams  running  from  the  Cascades  westward  into 
the  east  side  of  Puget  Sound  and  from  the  Olympic  Mountains  eastward 

*  "Water  Powers  of  the  Cascade  Range",  U.  S.  Geological  Survey,  Water  Supply  Papers 
Nos.  253,  SIS,  w4  S69, 
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into  the  Sound  and  northward  into  the  Strait  of  Juan  de  Fuca,  afford  many 
opportunities  for  economical  power  development  in  units  of  moderate  size. 
The  drainage  basins  of  these  streams  are  comparatively  small,  the  largest 
being  that  of  the  Skagit  River  with  about  2  500  sq.  miles  at  a  point  below 
all  important  power  sites;  the  total  drainage  area  tributary  to  the  Sound  is  only 
14  700  sq.  miles.  The  elevations  in  the  Sound  drainages  range  from  sea 
level  to  a  maximum  of  14  3G3  ft.  at  the  crest  of  Mount  Ranier.  The  rain- 
fall ranges  from  40  or  50  in.  along  the  shore  of  the  Sound  to  a  maximum 
of  about  150  in.  near  the  crest  of  the  Olympic  Mountains.  The  geological 
structure  is  volcanic.  Lakes  are  numerous,  and  the  stream  flow  is  compara- 
tively abundant  and  regular.  The  gradients  of  the  streams  are  far  steeper 
than  in  large  rivers  like  the  Snake  and  Columbia.  Most  of  the  existing 
and  proposed  developments  are  of  the  low  or  moderate  head  type. 

The  City  of  Tacoma  is  about  to  start  active  construction  of  a  large 
development  on  the  Skokomish,  and  its  system  should  have  an  ultimate  flat 
load  capacity  of  80  000  h.  p. 

On  the  north  end  of  the  Olympic  Peninsula,  applications  have  been  filed  for 
several  sites  on  the  Soleduc  and  Elwha  Rivers.  These  developments  should 
have  a  flat  load  capacity  of  70  000  h.  p.,  or  more. 

Skagit  River  has  claimed  much  attention  since  the  City  of  Seattle  deter- 
mined on  its  utilization  for  municipal  power  purposes.  An  excellent  storage 
site  at  the  head  of  a  series  of  three  projects  will  permit  the  development 
of  158  000  continuous  h.  p.,  and  10  000  h.  p.  additional  is  available  on  the 
Cascade  River,  a  tributary  in  the  vicinity  of  the  system  on  the  main  stream. 
Additional  important  sites  are  available  on  other  tributaries. 

Other  streams  flowing  into  the  east  side  of  the  Sound  are  important  sources 
of  power  in  various  stages  of  development.  Theoretical  computations*  give 
the  following  power  capacities :  Nisqually  River,  35  700  h.  p. ;  Puyallup  River, 
40  400  h.  p. ;  White  River,  102  000  h.  p. ;  and  Cedar  River,  37  870  h.  p. 

North  Pacific. — The  coast  streams  in  Washington,  and  in  Oregon  and 
California  from  the  Columbia  southward  to  San  Francisco  Bay,  drain  an 
area  of  about  44  700  sq.  miles  lying  entirely  on  the  west  side  of  the  Olympic, 
Coast,  and  Cascade  Ranges,  with  the  exception  of  the  head-waters  of  Klamath 
River  which  drain  some  territory  in,  and  to  the  east  of,  the  Cascades.  The 
largest  single  drainage  basin  is  that  of  the  Klamath,  which  has  an  area  of 
about  16  000  sq.  miles  above  the  mouth.  The  next  streams  in  size  and  im- 
portance are  Rogue  River  and  Umi>qua  River.  Elevations  within  the  Klamath 
Basin  vary  from  sea  level  to  about  9  000  or  10  000  ft.  at  the  summit  of 
several  peaks  in  the  head- waters  basin  and  a  maximum  of  more  than  14  000 
ft.  on  Mt.  Shasta ;  elevations  in  the  Rogue  River  basin  range  up  to  10  000 
ft.  The  highest  point  in  the  Umpqua  Basin  is  about  8  000  ft.  All  the  basins 
are,  in  general,  well  forested  and  have  mean  annual  precipitations  of  from  40 
to  100  in.,  or  more,  except  the  inland  parts  of  the  Klamath  Basin,  which  are 
cut  off  from  the  ocean  by  intervening  ridges  that  reduce  the  rainfall  to  10  in., 
or  even  less,  in  the  extreme  eastern  part  of  the  drainage. 

*  V-  B,  Geological  Survey,  Water  Supply  Paper  No.  SIS. 
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Although  both  Klamath  and  Rogue  Rivers  are  far  from  the  important 
load  centers  of  Central  California  and  the  Portland  District  in  Oregon, 
plants  of  The  California  Oregon  Power  Company  on  both  streams  are  now 
transmitting  power  north  and  south  to  these  markets,  in  addition  to  serving 
local  demands.  The  future  use  of  the  Klamath  River  may  be  considerably 
affected  by  irrigation  development. 

Umpqua  River,  draining  into  the  ocean  in  Central  Oregon,  although  an 
important  power  stream,  is  as  yet  practically  untouched.  Careful  estimates 
by  Mr.  Kramer  show  that  with  head-waters  storage,  a  continuous  output 
of  220  000  h.  p.  may  be  obtained  at  fifteen  different  sites,  seven  of  which, 
with  a  combined  capacity  of  161  000  h.  p.,  are  known  to  be  very  desirable. 
The  sites  are  of  low  or  medium  head. 

On  Ro^ue  River,  two  sites  controlled  by  The  California  Oregon  Power 
Company  were  reported  by  the  State  Engineer  of  Oregon  to  have  heads 
of  about  100  ft.,  and  continuous  capacities  of  12  000  and  13  000  h.  p.  The 
unit  costs  were  $70  and  $130,  respectively,  at  prices  prevailing  in  1916. 
These  two  sites  and  the  partly  developed  sites  do  not  comprise  the  total  power 
on  the  stream. 

Klamath  River  affords  many  opportunities  for  the  development  of  jwwer 
in  the  255  miles  between  Klamath  Lake  in  the  head-waters  basin  and  the 
ocean.  The  total  fall  in  this  distance  is  about  4  100  ft.,  and  the  gradient 
of  the  stream  is  comparatively  regular,  most  of  the  drop  being  in  rapids 
rather  than  falls.  Two  low-head  plants  are  already  in  operation  below 
the  outlet  of  Klamath  Lakes  Basin. 

There  are  many  dam  sites  throughout  the  canyon  and  the  height  to 
which  future  dams  are  built,  or  the  number  of  projects  to  be  developed, 
will  depend  largely  on  market  conditions.  Of  the  power  capacities  plotted 
on  Fig.  28,  the  square  at  the  mouth  of  the  Salmon  represents  67  500  h.  p.  in 
three  projects;  and  the  square  above  the  mouth  of  Shasta  River  represents 
three  proposed  developments  and  one  site  with  a  combined  capacity  of  42  000 
h.  p.  There  are  other  opportunities  on  the  middle  river  for  the  development 
of  at  least  70  000  h.  p. 

Central  California  Streams. — The  Great  Valley  of  California  is  drained 
by  the  Sacramento  and  San  Joaquin  Rivers  (the  San  Joaquin  joining  the 
Sacramento  just  above  the  point  where  the  latter  empties  into  San  Francisco 
Bay),  and  by  several  streams  discharging  into  Tulare  and  Kern  Lake  Basins. 
The  total  area  above  the  outlet  into  the  Bay  (including  the  Kern  and  Tulare 
Lake  Basins  at  the  south  end  of  the  San  Joaquin  Valley,  but  not  naturally 
tributary  to  this  river)  is  59  500  sq.  miles.  In  this  area  only  the  streams 
draining  the  western  slope  of  the  Sierra  ITevada,  and  the  extreme  southern 
end  of  the  Cascade  Range,  have  important  power  possibilities.  The  most 
important  of  these  in  order  southward  are  Pit  River,  Feather  River,  Yuba 
River,  and  American  River,  all  tributaries  of  the  Sacramento,  and  Mokelumne 
River,  Tuolumne  River,  Stanislaus  River,  Merced  River,  San  Joaquin  River, 
Kings  River,  and  Kern  River,  all  tributaries  of  the  San  Joaquin,  or  draining 
into  jthe  Tulare  and  Kern  Basins.    Power  sites  of  minor  importance  are  found 
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on  the  head-waters  of  the  Sacramento  River,  Deer  Creek,  Mill  Creek,  Kaweah 
River,  and  Tule  River. 

The  power  possibilities  of  nearly  all  the  streams  mentioned  have  been 
at  least  partly  developed.  The  elevation  of  the  canyon  mouths  of  most 
of  the  streams  is  between  500  and  750  ft.  above  sea  level  and  the  elevation 
of  the  head-waters  becomes  progressively  greater  to  the  south.  The  only 
one  of  these  streams  that  drains  the  territory  east  of  the  Cordillera  is 
Pit  River,  which  heads  in  the  interior  basin  in  the  Warner  Mountains  in 
Northeastern  California  and  breaks  through  the  southern  end  of  the  Cas- 
cades between  Mount  Shasta  and  Lassen  Peak.  Feather  River  drains  a 
large  mountain  valley  that  can  hardly  be  classed,  however,  as  part  of  the 
interior  basin.  The  Feather  River  drainage,  although  usually  assumed  to 
be  wholly  in  the  Sierra  Nevada,  is  really  the  dividing  line  between  the 
Cascades  and  the  Sierra.  The  difference  in  structure  between  the  two  ranges 
is  well  marked  in  the  northern  and  southern  parts  of  the  basin,  Lassen 
Peak  on  the  northern  boundary  being  a  typical  volcanic  cone  of  the  Cascades 
and  the  peaks  of  the  southern  part  of  the  basin  are  granite,  the  distinguishing 
formation  of  the  backbone  of  the  Sierra  Nevada.  This  granite  backbone  ex- 
tends south  through  the  entire  length  of  the  range  to  the  spurs  south  of 
Mount  Whitney,  and  is  flanked  in  the  foothill  belt  to  the  west  by  andesites 
and  shales;  at  only  a  few  points,  as  in  the  Mono  Lake  region,  is  there  any 
volcanic  formation  such  as  is  typical  of  the  Cascades. 

The  stream  flow  characteristics  change  toward  the  south,  being  affected 
not  only  by  geology,  but  by  topography  and  by  changes  in  rainfall.  Pit 
River  and  the  North  Fork  of  Feather  River  are  spring-fed  streams  of  the 
general  character  found  in  the  Cascades.  The  Middle  Fork  of  Feather 
River  is  more  nearly  typical  of  the  streams  of  the  Sierra  in  its  flow  than 
those  of  the  Cascades,  and  the  general  tendency  to  the  south  is  toward  well 
marked  low-water  and  flood  seasons.  The  yield  per  square  mile  also  has  a 
general  tendency  to  decrease  toward  the  south,  particularly  from  Kings  River 
to  the  end  of  the  range.  The  heaviest  rainfall  is  in  the  head-waters  of  the 
North  Fork  of  Yuba  River,  where  the  annual  mean  is  about  80  in.  Toward 
the  south,  the  rate  of  rainfall  decreases,  first  rather  rapidly  and  then  more 
slowly  to  a  mean  of  not  more  than  15  or  20  in.  in  the  head-waters  of  the 
South  Fork  of  the  Kern  and  10  in.  or  less  in  the  foothills  of  the  Kern. 

The  flow  of  streams  that  head  on  the  main  ridge  of  the  Sierra  is  sus- 
tained by  melting  snows  at  the  higher  elevations,  but  those  streams  that  do 
not  penetrate  to  the  higher  regions  (or  touch  the  main  ridge  only  at  one 
or  two  points,  such  as  the  Merced)  must  depend  to  a  greater  extent  on 
storage.  The  most  flashy  of  the  Sierran  streams  are  probably  those  heading 
on  the  west  face  of  some  of  the  secondary  ridges  to  the  west  of  the  main 
ridge.  Tule  River,  heading  on  the  west  side  of  the  Great  Western  Divide, 
is  an  example  of  this  class.  The  rapid  gradient,  the  large  areas  of  exposed 
granite,  and  the  relatively  small  size  of  its  drainage  area  combine  to  give 
it  a  particularly  rapid  run-off,  with  only  little  high  country  to  maintain 
the  low  flow  from  melting  snow. 
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In  few  sections  of  this  country  are  the  benefits  of  water  storage  so  well 
exemplified  as  in  some  of  the  secondary  drainages  of  the  Southern  Sierra. 
Big  Creek  of  the  San  Joaquin  drainage  may  be  cited  as  an  example  where 
construction  of  storage  has  made  possible  a  series  of  plants  now  partly  com- 
pleted. Before  the  storage  was  constructed  the  minimum  flow  *of  Big  Creek 
was  less  than  3  sec-ft.,  corresponding  to  about  1  000  h.  p.  with  4  000-ft.  fall. 
With  storage,  two  plants  with  a  combined  head  of  nearly  4  000  ft.  out  of  a 
total  of  5  000  ft.  ultimately  available,  and  reservoirs  only  partly  developed  have 
an  average  annual  output  of  nearly  40  000  h.  p. 

Pit  River  and  its  principal  tributary,  the  McCloud,  offer  excellent  op- 
portunity for  the  development  of  power.  Both  streams  are  spring-fed  and 
power  plants  may  be  operated  successfully  without  storage.  Most  of  the 
sites  are  of  the  low-head  type,  but  the  largest  has  a  head  of  about  800  ft. 
Within  the  past  two  years,  two  plants  have  been  built  on  Hat  Creek  and  one 
on  the  main  Pit  by  Mount  Shasta  Power  Corporation,  a  subsidiary  of 
Pacific  Gas  and  Electric  Company,  as  the  first  steps  in  a  series  of  seven 
plants,  five  of  which  are  to  be  on  the  main  river.  Two  additional  projects 
are  under  permit  from  the  Federal  Power  Commission  to  the  Pit  River 
Power  Company  and  three  sites  on  the  Pit  and  McCloud  near  the  junction 
of  the  two  streams  have  been  filed  on  or  are  under  permit  to  individual 
applicants.  The  total  continuous  power  of  the  undeveloped  sites  is  more  than 
465  000  h.  p. 

Feather  River  shares  with  the  Pit  a  pre-eminent  value  for  the  develop- 
ment of  water  power.  Two  plants  and  a  large  reservoir  on  the  North  Fork, 
a  spring-fed  stream,  form  the  first  steps  in  a  serial  development  of  that  branch 
by  Great  Western  Power  Company  of  California.  As  planned,  this  series 
will  consist  of  six  plants.  Surveys  are  already  under  way  for  the  construc- 
tion of  a  combined  power  and  irrigation  storage  and  a  series  of  power  plants 
on  the  Middle  Fork  of  the  Feather  River.  It  is  uncertain,  however,  what  the 
final  arrangement  of  this  system  will  be.  In  addition  to  the  development  of 
the  main  branches  of  Feather  River,  there  are  attractive  opportunities  for 
the  development  of  their  principal  tributaries,  and  500  000  continuous  h.  p. 
is  a  conservative  estimate  of  the  undeveloped  energy  in  the  basin. 

Of  the  three  branches  of  Yuba  River,  North,  Middle,  and  South  Forks, 
the  South  Fork  is  utilized  largely  by  the  existing  developments  of  Pacific 
Gas  and  Electric  Company,  which  company  also  owns  one  plant  diverting 
from  North  Fork.  Undeveloped  sites  on  North  and  Middle  Forks  have  been 
applied  for  by  two  power  companies  and  an  irrigation  district.  When  the 
present  conflicts  between  the  various  applicants  have  been  disposed  of,  and 
an  allowance  has  been  made  for  sites  on  South  Fork,  the  total  capacity  of 
undeveloped  sites  in  the  basin  will  be  about  265  000  h.  p. 

The  canyon  of  the  North  Fork  of  American  River  is  cut  too  deeply  to 
afford  attractive  power  sites  without  storage.  From  time  to  time,  the  develop- 
ment of  Middle  Fork  has  been  proposed  by  various  companies,  but  at  present 
this  project  seems  to  be  dormant.  On  South  Fork  and  its  tributaries,  operat- 
ing companies  and  individuals  have  filed  on  three  projects  with  a  combined 
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capacity  of  about  80  000  h.  p.  and  on  one  of  the  developments  construction  is 
under  way.  Minor  developments  have  been  in  operation  on  this  stream  for 
many  years. 

Mokehnnne  River  has  been  utilized  for  many  years  by  one  plant,  and  above 
this  plant  and  below  the  reservoirs  used  in  its  operation,  are  undeveloped 
sites.  The  three  plants  proposed  by  present  applicants  would  have  a  con- 
tinuous combined  capacity  of  50  500  h.  p. 

Tuolumne  River  is  widely  known  as  the  source  of  the  Hetch  Hetchy  power 
and  water  supply  system  of  the  City  of  San  Francisco.  Only  three  very 
small  water-power  developments  have  hitherto  been  in  operation  on  the 
stream  or  its  tributaries.  In  the  near  future,  the  city  will  complete  its 
Moccasin  Creek  plant  with  a  continuous  capacity  of  70  000  h.  p.  and,  in  subse- 
quent years,  will  develop  a  plant  between  Hetch  Hetchy  Reservoir  and  Early 
Intake  of  the  aqueduct  and  another  plant  utilizing  the  water  supply  diverted 
from  Cherry  Creek  and  Eleanor  Creek  to  a  permanent  plant  on  the  north 
bank  of  the  river  near  Early  Intake.  A  power  company  has  applied  to  the 
Federal  and  State  authorities  for  permission  to  develop  storage  and  power  on 
the  South  Fork  of  the  Tuolumne.  The  combined  continuous  capacity  of  all 
these  plants,  when  completed,  will  be  170  000  h.  p.,  in  addition  to  which 
Turlock  and  Modesto  Irrigation  Districts  will  develop  considerable  seasonal 
power  at  their  Don  Pedro  Irrigation  Dam  on  the  lower  river.  The  iwwer  here 
available  has  not  been  included  on  Fig.  28. 

San  Joaquin  River  is  the  most  important  power  stream  in  the  south 
central  part  of  the  Sierra  I^evada.  The  lowest  power  development  will 
probably  be  at  a  proposed  irrigation  dam  at  about  Elevation  450;  the  tail 
water  of  the  only  existing  plant  on  the  main  river  is  at  Elevation  650  and  the 
total  drainage  area  above  the  lowest  power  plant  will  be  1  640  sq.  miles.  Eleva- 
tions range  from  11  000  ft.  to  more  than  13  000  ft.  along  the  crest  of  the  Sierra 
in  the  head-waters.  Much  of  the  basin  is  well  forested.  With  one  exception, 
the  developments  to  date  have  been  on  secondary  streams  such  as  the  North 
Fork  of  the  San  Joaquin,  which  is  occupied  by  a  series  of  plants  of 
San  Joaquin  Light  and  Power  Corporation,  and  Big  Creek,  which  is  utilized 
by  another  series  belonging  to  Southern  California  Edison  Company.  The 
latter  company  proposes  large  extensions  of  its  present  system  both  on  the 
main  stream  and  on  the  principal  tributaries.  Although  the  locations  now 
proposed  are  not  final,  it  appears  that  projects  of  the  series,  as  yet  undeveloped, 
will  furnish  a  continuous  output  of  500  000  h.  p. 

Kings  River,  second  only  to  the  San  Joaquin  for  potential  power  in  the 
southern  part  of  the  Sierra,  is  as  yet  undeveloped.  As  on  the  San  Joaquin, 
the  lowest  power  development  will  probably  be  at  an  irrigation  dam  where  the 
stream  leaves  the  foot-hilL«.  The  drainage  area  above  that  point  is  about 
1 700  sq.  miles,  and  elevations  range  up  to  about  those  found  in  the  head- 
waters of  the  San  Joaqiiin.  The  drainage  area  is  much  more  rugged  and 
good  forest  cover  is  found  chiefly  in  the  secondary  basins  such  as  that  of 
the  North  Fork.  This  branch  of  the  river  is  of  the  same  character  as  Big 
Creek  of  the  San  Joaquin,  the  stream  dropping  at  a  tremendous  gradient 
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from  a  plateau  basin  to  the  main  river  and  offering,  as  on  Big  Creek,  feasible 
heads  of  2  000  ft.  The  series  of  plants  will  depend  largely  on  storage.  A 
complete  plan  of  development  for  the  North  Fork  has  been  made  by  San 
Joaquin  Light  and  Power  Corporation.  On  the  two  principal  branches 
of  the  stream,  Middle  and  South  Forks,  the  City  of  Los  Angeles  has  made 
preliminary  plans  for  a  series  of  developments;  minor  branches  of  these  two 
streams  would  probably  furnish  additional  power.  A  conservative  estimate  for 
all  contemplated  developments  on  Kings  River  shows  a  continuous  output  of 
not  less  than  400  000  h.  p.,  providing  certain  upper  storage  sites  prove  to  be 
feasible. 

Kaweah  River,  south  of  the  Kings,  drains  the  western  slope  of  secondary 
ridges  of  the  Sierra,  cut  off  almost  entirely  from  the  main  Divide  by  the 
head-waters  of  South  Fork  of  Kings  and  the  North  Fork  of  Kern  River.  The 
stream,  therefore,  does  not  receive  so  great  a  benefit  from  melting  snows  and 
natural  storage  in  small  lakes.  Much  of  the  Middle  Fork  area  is  well  forested. 
The  few  attractive  power  sites  are  developed  at  present  almost  entirely  by 
existing  systems  of  Southern  California  Edison  Company. 

On  Tule  River,  the  only  potential  powers  still  undeveloped  are  extensions 
of  an  existing  plant  owned  by  San  Joaquin  Light  and  Power  Corporation. 
The  stream,  therefore,  is  of  little  future  potential  value. 

Kern  River,  the  southernmost  of  the  important  streams  draining  from 
the  Sierra  Nevada,  has  a  total  area  of  more  than  2  000  sq.  miles  above 
the  mouth  of  the  canyon,  ranging  in  elevation  from  850  to  14  500  ft.  Much 
of  the  drainage  area  is  dry  mountain  country  lying  in  the  foot-hills,  or  in  the 
comparatively  arid  ridges  in  the  South  Fork  Basin.  The  most  important 
power  sites  are  on  North  Fork  and  on  the  main  river  below  the  junction  of 
North  and  South  Forks.  Southern  California  Edison  Company  has  under 
contemplation  and  construction  a  complete  system  for  the  utilization  of 
North  Fork  and  the  main  river.  Three  of  its  plants  and  one  belonging  to 
San  Joaquin  Light  and  Power  Corporation  utilize  a  considerable  part  of  the 
total  fall.  The  continuous  power  capacity  of  the  remaining  sites  of  the 
series  and  two  projects  applied  for  by  the  City  of  Los  Angeles  on  South 
Fork  amount  to  approximately  62  500  h.  p.  Future  development  of  the  stream 
will  probably  be  delayed  pending  the  completion  of  more  attractive  develop- 
ments on  other  drainages,  and  the  final  program  may  be  affected  by  the 
proposed  construction  of  a  large  storage  reservoir,  primarily  for  use  in  irri- 
gation, at  the  junction  of  the  South  and  Middle  Forks. 

Owens  River  drains  part  of  the  eastern  slope  of  the  Sierra.  The  develop- 
ment of  the  principal  sites  on  Owens  River  and  its  tributaries  has  been 
planned  by  the  City  of  Los  Angeles  in  connection  with  its  aqueduct  and 
municipal  water  and  power  system.  The  most  important  sites  are  at  Owens 
River  Gorge  below  the  proposed  Long  Valley  storage  reservoir  of  340  000  acre- 
ft.  capacity.  The  total  fall  in  the  gorge,  not  all  of  which  is  controlled  by  the 
city,  is  2  300  ft.  With  complete  regulation,  about  56  000  h.  p.  could  be 
developed  in  a  series  of  plants  utilizing  the  entire  fall.     Other  developments 
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on  minor  streams  (of  small  drainage  area,  but  very  rapid  gradients)  would 
bring  the  total  continuous  output  for  the  Owens  Valley  region  to  80  000  h.  p. 

On  the  east  side  of  the  Sierra,  there  are  only  a  few  streams,  aside  from 
Owens  River,  that  are  of  great  power  importance.  Truckee  River  is  already 
well  developed,  Leevining  and  Rush  Creeks  emptying  into  Mono  Lake  are 
in  process  of  development  and  proposals  have  been  made  to  develop  the  minor 
sites  on  Carson  and  Walker  Rivers. 

Colorado  River  Basin. — Few  streams  have  received  so  much  recent  pub- 
licity as  the  Colorado  River,  which  drains  parts  of  Colorado,  Wyoming,  Utah, 
Arizona,  New  Mexico,  Nevada,  and  California.  The  stream  is  extremely 
valuable  as  a  source  of  supply  for  both  irrigation  and  power.  It  is  naturally 
divided  into  three  sections:  The  head-waters  basin,  above  the  mouth  of  the 
San  Juan;  the  canyon  r^ion,  from  that  point  down  to  the  mouth  of  Virgin 
River  where  the  Colorado,  after  flowing  in  a  general  southwesterly  direction, 
turns  almost  due  south;  and  the  valley  region,  from  the  mouth  of  Black 
Canyon  southward  to  the  Gulf  of  California.  The  entire  drainage  area 
above  Yuma  is  244  000  sq.  miles.  Of  the  entire  flow  at  Laguna  Dam  which 
is  above  the  mouth  of  the  Gila  (the  principal  tributary  in  Arizona),  more 
than  90%  originates  above  the  Grand  Canyon.  The  most  important  potential 
powers  are  between  the  mouth  of  the  San  Juan  and  the  mouth  of  Black 
Canyon,  the  total  fall  between  the  two  points  being  about  2  500  ft.  There 
are,  however,  large  water  powers  in  the  upper  basin  on  the  two  branches, 
particularly  on  Green  River. 

Estimates  of  the  proposed  capacity  of  the  various  power  projects  on  the 
Colorado  River  are  greatly  complicated  by  conflicts  and  by  different  programs 
for  river  regulation.  At  certain  points  as  many  as  three  projects  are  pro- 
posed for  the  utilization  of  a  given  fall.  In  showing,  on  Fig.  28,  the  power 
available  at  some  of  the  most  important  sites,  the  capacities  in  the  upper 
basin  are  those  reported  by  the  Federal  Power  Commission;  the  capacities 
from  the  mouth  of  the  Green  to  Diamond  Creek,  inclusive,  are  on  an  assumed 
ultimate  regulation  of  10  000  sec-ft.  through  the  approximate  heads,  and 
the  power  capacities  from  Lower  Boulder  Canyon  to  the  Parker  site,  inclu- 
sive, are  on  the  assumed  final  power  regulation  to  15  000  sec-ft.  through  the 
available  heads. 

These  assumptions  should  be  kept  in  mind  in  comparing  the  power  of 
these  sites  with  that  made  available  by  any  other  program  of  regulation  or 
development. 

The  Colorado  River  Prohlem  and  the  California  Power  Supply. — The 
Colorado  River  problem  has  a  marked  bearing  on  the  power  situation  through- 
out California. 

Early  in  their  history  the  operating  companies  in  Southern  California  had 
to  go  far  north  into  the  Southern  Sierra  Nevada  for  their  hydro-electric 
supply;  similar  conditions,  although  not  so  acute,  also  caused  the  companies 
of  Central  California  to  develop  plants  north  of  their  market.  The  general 
trend  of  transmission  in  the  State  is,  therefore,  from  north  to  south. 
This  condition  may  be  changed  by  the  building  of  a  single  plant  on  the 
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Colorado,  by  the  Federal  Government,  municipality,  or  public  utility.  A 
large  block  of  power  will  be  made  available  in  a  single  step,  and  the  utilities 
and  mines  of  Arizona  will  be  able  to  absorb  only  a  small  part  of  this  power. 
The  utilities  and  municipal  systems  of  Southern  California  will  be  the 
only  other  prospective  purchasers.  The  companies  and  the  City  of  Los 
Angeles  have  already  acquired  rights  on  the  streams  of  the  Sierra  and  have 
outlined  programs  that  are  in  various  stages  of  development.  Some  pro- 
grams, in  their  initial  stages,  are  complicated  by  conflicts  with  established 
rights,  and  promise  high  unit  cost;  these  developments  may  well  be  dropped 
with  little  loss,  and  with  no  thought  of  taking  them  up  in  the  future.  Others 
are  well  toward  completion  (at  least,  in  part)  and  must  be  placed  in  opera- 
tion at  the  earliest  possible  date  in  order  to  avoid  enormous  financial  loss; 
once  in  operation  their  output  must  be  absorbed  into  the  market.  Others,  as 
yet  only  in  initial  stages,  are  to  be  completed  under  State  or  Federal  grants 
that  will  lapse  unless  the  systems  are  placed  in  operation  within  a  limited 
time.  With  the  lapse  of  such  grants  adverse  titles  (particularly  for  the  use 
of  water)  will  become  established,  and  will  further  complicate  the  plans  for 
power  development  if  resumed  at  a  later  date.  In  short,  a  hydro-electric  system 
operating  under  conditions  that  now  exist  in  California  must  plan  for  years 
in  advance  not  only  its  construction  program  but  also  its  campaign  to  secure 
and  maintain  rights  for  the  use  of  water  and  public  lands;  it  is  not  in  the 
relatively  simple  position  of  the  steam-generating  utility,  that  has  only  to 
add  a  new  unit  to  its  plant  when  the  load  increases.  It  appears,  therefore, 
that  even  if  Colorado  River  power  is  made  available  in  Southern  California  at 
a  lower  switchboard  cost  than  that  immediately  available  from  the  Sierra, 
the  problems  just  mentioned  will  affect  the  rate  at  which  it  is  absorbed  by 
the  existing  systems.  Most  of  the  questions  may  be  solved  on  some  practical 
basis,  and  doubtless  their  solution  will  be  accelerated  by  the  recognized  benefit 
that  will  result  from  the  final  control  of  the  Lower  Colorado  River. 

It  is  to  be  anticipated  that  on  the  introduction  of  Colorado  River  power 
in  the  southern  part  of  the  State  the  amount  of  power  transmitted  southward 
from  the  Sierra  will  be  greatly  reduced  and  that  some  of  the  systems  now 
transmitting  both  north  and  south  from  the  San  Joaquin  drainage  will  send 
all  their  power  to  the  north;  the  flow  of  power  southward  will  certainly  be 
reduced,  and,  under  certain  conditions,  may  be  completely  reversed. 

Ge2seral  Summary 

Granting  that  the  previously  discussed  estimates  of  increase  in  power 
demand  of  various  markets  are  approximately  correct,  it  is  certain  that  within 
the  next  20  years  there  will  be  no  shortage  of  power  in  the  Pacific  States. 
The  only  territory  in  which  the  power  demands  will  exceed  the  local  power 
resources  is  in  Southern  California  and  there  the  local  shortage  can  be 
remedied  by  power  transmitted  from  the  central  part  of  the  State,  unless  in 
the  meantime  part  of  the  great  potential  power  of  the  Colorado  is  developed. 

Colorado  River  power  will  not  be  absorbed  into  the  California  market 
merely  because  of  a  slightly  lower  market  price.  The  price  will  have  to  be 
reduced  sufficiently  to  justify  the  operating  systems  in  abandoning  exten- 


860 


WATER    POWER    TOTENTTALITIES    OF    THE    PACIFIC    COAST 


sive  development  programs  now  under  way.  Until  such  time  as  Colorado 
River  power  is  made  available  in  Southern  California,  the  trend  of  power 
transmission  in  that  State  will  be  (as  in  the  past)  toward  the  south,  but, 
thereafter,  the  resources  of  the  Southern  Sierra  may  be  utilized  in  markets 
lying  to  the  northward. 

Early  construction  at  the  major  sites  on  the  Columbia  River  itself  is 
dependent  chiefly  on  the  development  of  new  industries,  as  the  initial  block  of 
power  that  would  be  brought  in  by  any  of  these  projects  (except  that  at 
Kettle  Falls),  is  greater  than  would  be  warranted  by  ordinary  growth  of  the 
present  market;  all  ordinary  demands  in  the  Columbia  drainage  can  be  met 
through  the  construction  of  projects  on  its  tributaries  (such  as  those  shown  on 
Fig.  28,  or  at  smaller  sites  too  numerous  to  be  covered  in  this  paper). 

Although  there  is  ample  potential  power  throughout  the  West  to  supply 
the  needs  for  many  years,  complications  between  power  and  irrigation  are 
constantly  increasing,  and  close  study  of  the  various  problems  on  the  most 
important  streams  should  be  undertaken  at  the  earliest  possible  date  if  the 
best  plans  for  their  ultimate  development  are  to  be  secured. 
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DISCUSSION 


J.  M.  HowELLS,*  M.  Am.  Soc.  C.  E. — In  reference  to  hydro-electric  devel- 
opment in  California,  the  speaker  wishes  to  point  out  certain  fortuitous 
geological  changes  of  a  striking  character  in  the  northeastern  part  of  the  State. 
The  greater  part  of  such  changes  took  place  just  prior  to  the  Age  of  Man  and 
have  played  an  important  part  in  arranging  for  the  recent  great  developments 
in  that  locality.  The  study  by  Dr.  J.  S.  Diller  and  that  recently  made  by 
Professor  W.  O.  Crosby  at  the  instance  of  John  E.  Freeman,  Past-President, 
Am.  Soc.  C.  E.,  have  furnished  the  geological  data  for  a  better  understanding 
of  the  happenings  of  such  great  import  in  connection  with  the  present  work. 

The  Pit  Eiver  development  of  the  Pacific  Gas  and  Electric  Company  and 
the  North  Fork  development  of  the  Feather  River  of  the  Great  Western  Power 
Company  occupy  this  territory.  Had  the  topography  remained  as  it  was  in  the 
beginning  of  the  Tertiary  period,  the  great  underground  water  storage  of  the 
Upper  and  Central  Pit  River  Basin  and  the  great  surface  water  storage  site 
at  the  head-waters  of  the  North  Fork  of  the  Feather  River  would  not  have 
existed  to  attract  the  pioneers  in  hydro-electric  development.  About  a  mile 
south  of  the  Big  Meadows  Dam,  now  forming  Lake  Ahnanor,  a  water-shed 
marked,  in  those  days,  the  head-waters  of  the  North  Fork.  North  of  this,  in- 
stead of  the  present  high  mountains,  the  land  lay  in  the  form  of  low  gently 
rolling  hills  that  led  the  drainage  north  and  northwesterly  to  the  Sacramento 
River.    The  surface  or  country  rocks  of  this  section  were  mostly  sedimentary. 

Epoch-making  events  which  marked  the  late  Tertiary  period  moved  the 
boundary  of  this  water-shed  north  until  more  than  500  sq.  miles  of  additional 
area  became  tributary  to  the  North  Fork  of  the  Feather  River  and  to  the 
site  of  the  Lake  Ahnanor  Dam.  Great  eruptions  in  the  Lassen  Peak  District 
caused  this  change,  and  imperfectly  fluid  lava  built  up  high  mountains  there, 
thus  forming  the  high  Lassen  Peak  Ridge  and  adding  its  eastern  and  southern 
slopes  to  the  Feather  River  drainage.  Thus,  not  only  was  additional  area 
furnished,  but  also  heavy  precipitation  and  run-off  were  assured  by  virtue  of 
the  resulting  lofty  elevations.  The  great  reservoir  site  of  Big  Meadows,  how- 
ever, was  not  formed  until  extensive  and  repeated  floods  of  fluid  basaltic  lava, 
emerging  from  many  vents,  had  covered  not  only  a  large  part  of  the  500  sq. 
miles  of  the  new  drainage  basin,  but  also  200  000  to  300  000  sq.  miles  farther 
north.  Subsequent  faulting  depressed  the  Big  Meadows  section  below  the  general 
plain  and  formed  a  natural  lake  of,  perhaps,  25  000  acres,  which  was  furnished 
with  an  impervious  lining,  by  erosion  from  the  surrounding  country.  Erosion 
continued  until  a  notch  was  cut  in  the  basaltic  dam  of  the  lake.  This  notch 
has  been  restored  recently  by  comparatively  feeble  human  effort,  and  Lake 
Almanor  has  resulted. 

From  this  reservoir  site,  the  Sierra  Nevada  Mountains  extend  to  the  south- 
east and  the  Cascade  Mountains  to  the  northwest,  Lassen  Peak  being  the 
southernmost  of  the  latter  and  Lake  Almanor  forming  the  dividing  line,  sepa- 
rating the  two  great  mountain  ranges.     The  Cascades,  or  water-falls  them- 

*  Cons.  Hydr.  Engr.,  San  Francisco,  Calif. 
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selves,  from  wliich  the  range  takes  its  name,  were  caused  by  the  hard  basalt 
which  generally  lines  the  beds  of  the  streams  of  this  district  and  refuses  to 
yield  readily  to  erosion,  thus  causing  their  flow  to  fall  in  cascades. 

To  the  north  and  northeast  of  Lassen  Peak  lay  the  basin  of  the  Pit  River, 
its  northern  boundary  being  just  south  of  the  Oregon  line  and  reaching  from 
Mt.  Shasta  on  the  west  almost  to  the  Nevada  line  on  the  east.  This  drainage 
area  is  in  large  part  a  basaltic  plain  and,  where  sealed  by  the  deposits  of  ero- 
sion, furnishes  reservoir  sites.  Many  of  these  sites,  however,  are  so  large  as  to 
be  out  of  proportion  to  their  water  supply,  and,  therefore,  are  more  useful  for 
agriculture  than  for  water  storage.  Reservoirs  of  another  form  are  abundant, 
namely,  the  great  natural  underground  reservoirs  which  equalize  the  flows 
of  such  tributaries  of  the  Pit  River  as  Hat  Creek  and  Fall  River.  Over  great 
areas  and  along  these  streams,  basaltic  lava  lies  as  if  it  had  cooled  only  yes- 
terday. It  is  shattered  and  barren  and  stores  all  precipitation  as  fast  as  it 
falls  and  conveys  other  streams  as  well.  Entrapped  water  sinks  to  some  im- 
pervious stratum  and  finally  issues  in  great  springs  of  remarkably  even  flow. 
The  importance  of  this  for  hydro-electric  purposes  may  be  better  understood 
when  one  realizes  that  at  the  point  where  Hat  Creek  enters  the  Pit  River,  it 
has  a  mean  flow  of  about  650  sec-ft.,  that  Fall  River  has  a  flow  of  1  400  sec-ft., 
and  that  the  maxima  and  minima  flows  of  these  streams  differ  by  less  than 
15%  from  the  mean  flows.  With  such  a  great  and  evenly  delivered  water  sup- 
ply and  a  fall,  in  about  60  miles  of  river,  of  more  than  2  000  ft.,  one  can 
understand  what  inspired  this  development  by  the  Pacific  Gas  and  Electric 
Company. 

The  Pit  River  plants  will  include  three  additional  developments  on  the 
main  stream,  all  possessing  a  greater  minimum  flow  than  the  combined  flow 
of  Hat  Creek  and  Fall  River,  but  as  these  developments  take  their  water  from 
the  main  stream  below  those  tributaries,  they  also  partake  of  the  unregulated 
flood  flow  of  the  greater  Pit  River  basin  which  is  not  so  fortunate  in  under- 
ground storage,  but  which  possesses  opportunities  for  surface  storage. 

The  drainage  area  to  the  south,  which  the  Tertiary  period  made  tributary 
to  the  North  Fork  of  the  Feather  River,  also  possesses  ground-water  storage, 
so  that  the  normal  low  flow  from  the  new  500  sq.  miles  of  area  is  at  least  40% 
of  the  entire  river  at  Oroville,  Calif.,  where  3  600  sq.  miles  of  drainage  area 
reaches  the  plane  of  the  Sacramento  Valley.  In  addition  to  this  large  flow 
of  ground-water,  a  large  flow  of  surface  water  is  yielded  by  the  new  basin. 
Both  supplies  now  feed  Lake  Almanor,  the  main  storage  reservoir  of  the  Great 
Western  Power  Company.  This  reservoir  has  a  present  capacity  of  300  000 
acre-ft.  and,  by  a  40-ft.  addition  to  the  dam,  a  contemplated  capacity  of 
1  250  000  acre-ft.  It  has  an  ultimate  proposed  spillway  level  of  4  500  ft.  above 
the  sea  and  is  expected  to  serve  eight  successive  power  sites,  the  tail-race  of 
the  lowest  being  only  160  ft.  above  sea  level.  Thus,  there  is  a  total  gross  drop 
between  lake  surface  and  final  tail-race  of  more  than  4  300  ft. 

This  new  drainage  basin  with  its  auxiliary — Butt  Creek — when  both  are 
regulated  by  the  ultimate  dam,  will  yield  a  constant  flow  of  1 195  sec-ft. 
When  used  in   conjunction  with  the  greater  unregulated  basins  which  are 
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tributary  to  the  five  lower  river  sites,  this  regulated  water  supply  finds  its 
highest  value. 

Of  the  eight  plants  proposed.  Plant  No.  7  is  nearly  completed.  Although 
occupying  only  about  one-tenth  of  the  total  drop,  this  plant,  since  the  com- 
mencement of  operation  in  1908,  has  led  in  size  any  hydro-electric  plant  west 
of  the  Mississippi  River.  Pit  River  Plant  No.,  1  which  has  recently  been 
completed,  however,  by  the  Pacific  Gas  and  Electric  Company,  exceeds  by 
nearly  10%  the  size  of  Plant  No.  7.  At  Site  No.  2,  the  Great  Western  Power 
Company  has  begun  an  ultimate  installation  of  135  000  kw.,  40  000  kw.  of 
which  is  in  operation. 

M.  M.  O'Shaughnessy,*  M.  Am.  Soc.  C.  E. — The  first  power  plant  in 
Northern  California  was  built  more  than  32  years  ago  by  the  Sacramento  Gas 
and  Electric  Company,  under  the  management  of  Mr.  H.  B.  Livermore.  A 
canal  built  by  prisoners  from  Folsom  Prison,  diverted  water  from  the  American 
River  so  that  a  head  of  55  ft.  was  obtained.  The  transmission  plant  was  com- 
pleted from  Folsom  to  Sacramento,  a  distance  of  22  miles,  and  power  was 
delivered  on  September  1,  1895. 

In  the  same  year,  the  second  plant,  consisting  of  two  375-kw.  generators 
wound  for  5  500  volts,  was  undertaken  on  the  South  Yuba  River  about  5  or  6 
miles  above  Nevada  City,  to  supply  power  to  the  mines  at  Grass  Valley  and 
Nevada  City.  Since  that  time,  the  power  industry  has  received  a  marked 
impetus,  so  that,  in  1921,  the  four  largest  companies  furnished  power,  as 
follows : 

Kilowatt-hour 

sales.  Revenue. 

Pacific  Gas  and  Electric  Company 1  021  820  689  $22  898  046 

Great  Western  Power  Company 340  060  361  5  947  710 

San  Joaquin  Light  and  Power  Corporation.  313  791  835  5  084  780 

Southern  California  Edison  Co 840  081  210  15  074  480 

Total 2  515  754  095     $49  005  016 

This  power  is  retailed  to  consumers  at  an  average  rate  of  1.95  cents  per 
kw-hr.,  or,  deducting  the  amount  paid  in  taxes,  1.75  cents  per  kw-hr. 

The  total  hydro-electric  horse-power  in  operation  by  the  two  municipalities 
of  Los  Angeles  and  San  Francisco,  at  present  (1922),  is  88  450  and  by  thirteen 
private  companies,  911  465,  making  a  total  of  999  915. 

There  are  under  construction,  at  present  (1922),  an  additional  142  660  h.  p. 
by  municipalities  and  irrigation  districts  and  228  150  h.  p.  by  private  com- 
panies, or  a  total  of  370  810  h.  p.,  all  of  which  will  be  installed  within  2  years, 
and,  at  that  time,  vjdll  make  a  grand  total  for  the  State  of  1  370  725  h.  p. 

The  possible  developments  of  power  companies,  which  are  financially 
feasible  within  the  next  20  years,  include  about  4  000  000  additional  h.  p.  These 
developments  will  not  exhaust  all  the  possibilities  of  the  State,  which  may  be 
closely  estimated  at  from  8  000  000  to  9  000  000  h.  p. 

♦  City  Engr.,  San  Francisco,  Calif. 
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The  uses  of  the  water  of  the  State  may  be  considered  in  the  following  order: 
1. — Domestic  use  for  the  inhabitants. 
2. — Irrigation  uses  for  farm  lands  and  orchards. 
3. — Use  of  water  for  hydro-electric  power  purposes. 
In  some  fortunate  instances,  the  combination  of  all  three  uses  may  be  obtained 
from  the  same  drainage  area. 

The  physical  topography  of  the  high  mountains,  with  the  limited  reservoir 
basins  and  steep  gradients  of  the  river  beds,  makes  the  problem  of  selection  of 
effective  reservoirs  difficult.  The  few  natural  lakes  in  the  Sierra  Nevada 
Mountains  suggest  the  most  feasible  sites.  They  possess  the  advantage  of 
freedom  from  silting  which  is  incidental  to  foot-hill  reservoirs.  The  climatic 
and  topographical  features  of  the  State  regulate  the  run-off  of  the  streams 
quite  differently  from  any  of  those  in  the  Mississippi  or  Eastern  Coast  drainage 
areas. 

Tuolumne  River  has  an  average  annual  flow  of  2  040  000  acre-ft.  from  a 
drainage  area  of  1  548  sq.  miles.  This  drainage  area  extends  from  an  eleva- 
tion of  300  ft.  easterly,  for  a  distance  of  80  miles,  to  an  elevation  of  10  000  ft. 
On  the  higher  level,  above  4  000  ft.,  there  are  numerous  natural  lakes  hemmed 
in  by  granite.  The  floods  in  the  lower  reaches  to  an  altitude  of  3  000  ft.  are 
developed  by  vpinter  and  spring  rains  which  occur  from  November  to  March. 
The  second  series  of  floods  occur  in  May  and  June,  and  are  caused  by  the 
melting  snow,  which  may  be  as  much  as  15  to  20  ft.  deep  on  the  6  000-ft.  level. 
The  5  000-ft.  contour  is  the  approximate  zone  of  maximum  precipitation  which 
diminishes  at  the  crest  of  the  Sierra  Nevada  Mountains. 

The  first  development  in  this  basin  was  made  by  the  Turlock  and  Modesto 
Irrigation  Districts.  A  concrete  dam  127  ft.  high  was  constructed  at  La 
Grange  to  elevate  the  water  in  the  river  bed  and  divert  it  by  two  canals  to  the 
irrigated  areas  of  165  652  acres  inside  the  Districts,  extending  from  Elevation 
300  to  Elevation  40,  on  the  San  Joaquin  River.  Heretofore,  only  two  reser- 
voirs with  a  storage  capacity  of  76  000  acre-ft.  were  in  use  along  the  canals  to 
balance  the  flow  of  the  river.  A  new  dam  at  Don  Pedro  is  now  being  con- 
structed to  create  a  reservoir  with  a  capacity  of  more  than  250  000  acre-ft.  to 
supplement  the  supply. 

Since  1914,  the  City  of  San  Francisco  has  been  actively  constructing  storage 
works  in  the  higher  levels,  including  the  Hetch  Hetchy  Dam,  with  an  initial 
storage  of  206  000  acre-ft  and  ultimate  storage  of  348  000  acre-ft.,  and  Lake 
Eleanor  Reservoir,  with  an  initial  capacity  of  28  000  acre-ft.  and  ultimate 
capacity  of  168  400  acre-ft.  Even  with  those  projected  works  completed,  there 
will  be  only  about  800  000  acre-ft.  in  storage  for  a  river  that  fluctuates  annually 
between  a  minimum  of  895  000  acre-ft.  and  a  maximum  of  3  700  000  acre-ft. 
A  consistent  effort,  however,  has  been  made  to  develop  storage  on  this 
drainage  area,  in  favorable  contrast  to  the  Merced  River,  immediately  south, 
which  passes  through  the  Yosemite  National  Park,  with  an  average  annual 
run-off  of  1  228  000  acre-ft.,  and  has  storage  for  only  one-third  of  1%  of  its 
average  flow,  and  the  Stanislaus  River,  immediately  north,  with  an  average 
run-off  of  1  380  000  acre-ft.  and  only  about  10%  of  this  volume  in  storage. 
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Only  three  of  perhaps  forty  rivers  in  California  have  been  mentioned  that 
are  capable  of  economic  development.  This  situation  discloses  the  great  oppor- 
tunity for  the  hydraulic  engineer,  the  financier,  the  philanthropist,  and 
perhaps  the  State,  to  undertake  the  conservation  of  waters  so  that  the  greatest 
good  can  be  accomplished  to  the  10  000  000  acres  of  land  capable  of  irriga- 
tion in  California,  of  which  only  G  000  000  acres  have  been  brought  under 
irrigation.  A  solution  of  these  problems  is  being  sought  by  the  so-called  Water 
and  Power  Act  to  bond  the  State  for  $500  000  000  for  this  purpose.  There  are 
fundamental  objections  to  this  Act,  which  make  it  a  dangerous  measure  to 
adopt,  but  the  speaker  has  hopes  that  from  the  discussion  of  it,  a  sane  measure 
will  be  evolved,  which  will  do  justice  to  the  future  of  California  and  increase 
the  prosperity  which  is  now  being  developed  from  its  civic,  manufacturing, 
and  agricultural  activities. 

J.  B.  LiPPiNCOTT,*  ]\I.  Am.  Soc.  C.  E. — The  Colorado  Kiver  is  the  great 
undeveloped  water  resource  of  the  Southwest,  and  its  greatest  importance  is 
the  irrigation  of  the  2  000  000  acres  of  arid  land  below  the  Grand  Canyon, 
The  basic  feature  governing  the  liberation  of  the  water  of  the  Colorado  from 
these  reservoirs  should  be  for  the  benefit,  primarily,  of  irrigation.  Second  in 
importance  is  the  prevention  of  flood  overflow  of  the  ribbon-like  valleys  below 
the  Grand  Canyon,  and  the  delta,  including  about  800  000  acres  in  the  Imperial 
Valley.  There  is  also  an  equally  great  area  of  delta  land  on  the  Colorado 
River  in  Mexico,  that  is  being  rapidly  developed,  and  protection  of  these 
lands  from  flood  destruction  is  essential. 

The  entire  late  summer  flow  of  the  Colorado  River  near  Yuma,  Ariz.,  is 
now  diverted,  and  the  time  has  come  when  it  is  desirable  to  hold  flood  waters 
for  periods  of  drought.  It  is  hoped  that  the  engineers  of  the  U.  S.  Reclama- 
tion Service  will  be  able  to  proceed  with  their  policies  of  building  dams  along 
the  Lower  Colorado  River  for  the  impounding  of  flood  waters  for  irrigation, 
land  protection,  and  power  development.  Private  capital  is  willing'  and  ready 
to  undertake  these  necessary  enterprises  in  case  Congress  does  not  see  fit  to 
make  the  appropriations  for  their  construction.  These  reservoirs  are  essential 
to  the  reclamation  of  the  deserts  and  to  the  protection,  both  from  flood  and 
famine,  of  the  50  000  people  who  are  already  settled  there. 

If  Congress  does  not  soon  act  favorably  on  the  recommendations  of  the 
engineers  of  the  U.  S.  Reclamation  Service  pertaining  to  the  Colorado  River, 
as  outlined  and  referred  to  by  Mr.  Davis,  and  under  such  Federal  regulations 
as  those  described  by  Mr.  Merrill,  the  Government  should  authorize  others  to 
proceed  with  these  great  reclamation  works  under  a  plan  for  construction  and 
operation,  supervised  and  approved  by  the  oflicers  of  the  Federal  Government. 

C.  S.  Jarvis,!  M.  A^[.  Soc.  C.  E. — After  one  of  the  meetings  of  the  Colo- 
rado River  Commission,  during  which  one  of  the  members  held  views  divergent 
from  the  majority,  some  one  spoke  of  the  proponent  of  the  minority  opinion 
as  "the  stubbornest  man  in  seven  States".    He  had  held  out  for  unrestricted 

•  Cons.    Hydr.   Engr.,   Los   Angeles,   Calif. 

t  Highway  Engr.,  U.   S.  Bureau  of  Public  Roads,  Phoenix,  Ariz. 
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development  of  irrigation  projects  near  the  head-waters  of  the  stream,  whereas 
the  prevailing  view  favored  the  priority  of  filings  as  a  basis  of  rights. 
The  basis  of  the  minority  opinion  is  found  in  the  following  claims: 

First. — Reduction  of  the  flood  crest,  with  resulting  benefits  to  the  lower 
projects  now  protected  by  levees. 

Second. — Reduction  of  both  the  total  sediment  load  and  the  percentage  of 
transported  material. 

Third. — Increase  of  humidity  in  the  drainage  basin,  with  a  consequent 
increase  of  precipitation  and  reduction  of  evaporation  losses  along  the  course 
of  the  stream. 

Fourth.- — Return  flow  representing  a  considerable  proportion  of  the  diverted 
waters. 

In  several  instances,  where  investigations  have  been  possible,  the  return 
flow  in  the  Colorado  Basin  and  adjacent  territory  has  amounted  to  30,  or  even 
55  per  cent.  Where  the  lesser  percentage  applies,  it  seems  apparent  that  an 
irrigator  who  diverts  1 000  acre-ft.  from  the  flood  crest,  or  surplus  flow, 
effectively  stores  in  underground  reservoirs  300  acre-ft.,  part  of  which  will  con- 
tribute to  the  river  during  its  low  stages,  and  thus  directly  benefit  the  lower 
projects. 

The  lowest  flow  of  the  Colorado  River  has  been  completely  appropriated, 
so  that  future  development  of  the  water  resources  in  this  Basin  must  be  sup- 
plemented by  storage.  What  is  more  effective  storage  than  the  underground 
reservoir  under  each  irrigated  tract  in  the  uplands  of  this  Basin?  Under- 
ground reservoirs  retain  the  water  without  the  usual  evaporation  losses  to 
which  open  reservoirs  are  subjected,  and  if  their  supply  should  be  interrupted, 
they  will  continue  to  contribute  for  months,  or  even  years,  to  the  continuous 
flow.  It  is  not  unusual  to  note  places  in  the  Colorado  River  Basin,  where  a 
series  of  dry  dams,  maintained  in  a  creek  or  river  channel,  successively  divert 
the  water  supply  for  as  many  projects ;  and  in  extremely  dry  seasons,  the  lowest 
diversion  is  probably  the  most  dependable  supply,  owing  to  the  return  flow 
from  underground  reservoirs. 

The  projects  on  the  head-waters  of  the  Colorado  River,  naturally,  will 
develop  more  slowly  than  those  in  the  lower  valleys,  owing  to  the  difference  in 
climatic  and  soil  conditions,  the  cost  of  diversion  from  the  canyons  and  gorges, 
and  the  inaccessibility  of  the  mountain  districts.  Would  any  one,  therefore, 
retard  the  natural  rate'  of  development  of  these  projects  by  denying  them  a 
right  to  the  primary  flow  of  the  stream,  when  their  diversion  of  flood  waters 
both  protects  and  supplies  the  lower  projects? 

Of  course,  the  speaker's  judgment  is  that  the  minority  view  is  worthy  of 
most  serious  consideration,  and  that  the  most  logical  development  of  produc- 
tion in  minerals,  in  live  stock,  in  agricultural  products,  in  storage  water  for 
the  lower  projects,  and  the  best  growth  of  markets  for  power  and  commercial 
products,  will  follow  an  unrestricted  irrigation  development  in  the  uplands 
of  the  Colorado  River  Basin. 
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D.  C.  Henny,*  M.  Am.  Soc.  C.  E.— The  Coluinbia  River  offers  large  oppor- 
tunities for  the  development  of  power,  which,  as  far  as  the  main  stream  is 
concerned,  are  as  j^et  practically  untouched. 
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Fig.  29. 


The  drainage  area  at  its  mouth  (Fig-.  29)  is  259  000  sq.  miles,  and  its  mean 
flow  is  210  000  sec-ft.  Table  18  permits  comparison  with  a  few  other  well 
known  rivers. 


TABLE   19. 


stream. 

Point  of  measurement. 

Drainage  area, 
in  square  miles. 

Mean  flow, 
in  second-feet. 

Mean  flow,  in 
second-feet,  per 
square  mile  of 
drainage  area. 

Month  

242  000 
254  000 
527  000 
1  262  OOU 
259  0(X) 
300  000 
383  000 

24  000 
73  000 
99  000 
115  000 
210  000 
235  000 
249  000 

0  10 

Eagle,  Alaska 

St  Charles,  Mo 

0.35 

0.18 

Nile  River 

0.11 

Mouth 

0.81 

Mouth 

Ogdensburg,  N.  Y 

0.78 

St.  Lawrence  River. . . . 

0.65 

*  Cons.  Engr.,  Portland,  Ore. 
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The  power  possibilities,  in  conjunction  with  other  uses,  which  may  be  made 
of  the  water  of  the  Columbia  River  have  been  studied  by  a  Board  of  Engi- 
neers appointed  by  the  Federal  Power  Commission.  These  studies  were  con- 
fined to  that  part  of  the  river  above  the  mouth  of  the  Snake  River  which  enters 
the  Columbia  near  Pasco,  Wash.,  and,  of  this  part,  there  was  considered  only 
the  main  river  from  Pasco  to  the  mouth  of  the  Clark  Fork,  a  few  miles  north 
of  the  Canadian  line;  the  Clark  Fork  from  its  mouth,  20  miles  through  Canada, 
then  into  the  United  States,  to  the  mouth  of  the  Flathead  River,  in  Montana ; 
and  the  Flathead  River  from  its  mouth  to  Flathead  Lake,  also  in  Montana, 
the  total  length  along  the  river  channel  from  Pasco  to  Flathead  Lake  being 
740  miles.     The  fall  from  Flathead  Lake  to  Pasco  is  2  570  ft. 

Under  instructions  from  the  Federal  Power  Commission,  and  in  accord- 
ance with  its  general  policy,  the  Investigating  Board,  of  which  Col.  J.  B. 
Cavanaugh,  Corps  of  Engineers,  U.  S.  A.,  was  Chairman,  and  the  speaker, 
one  of  the  members,  made  recommendations  as  to  the  best  uses  which  might 
be  made  of  the  waters  of  the  Columbia  River,  and,  besides  power,  irrigation, 
flood  control,  and  navigation  were  considered. 

In  the  study,  use  was  made  of  previous  investigations,  especially  with 
reference  to  the  probability  of  practicable  dam  sites.  Long  stretches  of  river 
on  which  feasible  sites  were  not  known  to  exist,  were  assumed  as  unutilized 
for  power,  the  results,  therefore,  indicating  minimum  rather  than  maximum 
or  even  probable  power  which  can  be  made  available.  The  figures  presented 
refer  only  to  all-year  or  primary  power,  on  the  basis  of  nominal  flow,  which 
is  the  flow  exceeded  or  maintained  during  90%  of  the  time. 

The  power  possibilities  are  greatly  affected  by  the  large  storage  available 
in  Flathead  Lake  (125  000  acres),  Pend  Oreille  Lake  (75  000  acres)  and  Priest 
Lake  (24,000  acres).  Practicable  storage  in  these  lakes  is  limited  by  consid- 
erations of  local  damage  to  lands  and  improvements.  It  was  estimated,  that 
storage  could  probably  be  obtained,  as  follows: 

Flathead  Reservoir 1  600  000  acre-ft. 

Pend  Oreille  Reservoir 1  750  000      " 

Priest  Lake  Reservoir 600  000      " 

Total   3  950  000      " 

Including  damages,  the  storage  given  can  be  secured  at  low  cost,  probably 
between  $1.00  and  $1.50  per  acre-ft. 

The  power  possibilities  were  determined  on  the  principle  that  all  irrigation 
should  have  preference  as  to  the  use  of  the  water,  and  allowance  was  made  for 
the  probable  future  diminutions  of  flow  for  this  purpose. 

As  to  irrigation,  the  one  outstanding  possibility  is  the  reclamation  of  the 
Columbia  Basin,  in  the  State  of  Washington,  which  contains  between  1  500  000 
and  2  000  000  acres  of  irrigable  land.  The  project  has  been  investigated  by 
the  State  of  Washington,  two  diversions  having  been  considered.  One  is  a 
gravity  diversion  just  across  the  State  line  in  Idaho,  the  other  is  a  pumped 
diversion  at  the  head  of  Grand  Coulee,  the  pumping  to  be  done  by  power 
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developed  at  an  excellent  dam  site,  which  has  been  tested  by  deep  preliminary 
borings. 

These  two  diversions  are  mentioned,  because  a  choice  between  them  mate- 
rially affects  the  power  possibilities.  The  Board  found  that  the  power  possi- 
bilities aggregated,  as  follows: 

Streams  as  at  present,  no  storage  control.  .   1  725  000  primary  e.h.p. 
All  future  irrigation  allowed  for  and  full 
storage  utilized: 
Columbia  Basin  irrigated  by  pumping.  . .   2  443  000       "  " 

"  "  "  "  gravity 1796  000       "  " 

The  primary  power  given  as  available  with  a  Columbia  Basin  pumping 
project  is  additional  to  the  large  amount  of  seasonal  power  required  for  pump- 
ing. 

The  large  power  possibilities  of  Columbia  River,  as  given,  deal  only,  as 
previously  stated,  with  the  main  river  as  far  as  Pasco.  Below  Pasco,  it  is  pos- 
sible that  150  000  and  500  000  primary  e.h.p.  may  be  made  available,  respect- 
ively, at  Umatilla  Rapids  and  Celilo  Falls,  which  may  increase  the  total  main 
river  power  to  about  3  000  000  h.p.  A  considerable  part  of  the  power  in  trib- 
utary streams  like  the  Spokane,  Yakima,  and  Wenatchee  Rivers  has  already 
been  developed,  and  large  additional  possibilities  remain  in  these  and  other 
streams,  notably  the  Deschutes,  Chelan,  and  Kettle  Rivers,  al]  of  which  is 
independent  of  the  great  potentialities  on  the  west  side  of  the  Cascade 
Mountains. 

F.  H.  TiBBETTS,*  M.  Ajr.  See.  C.  E.— Mr.  Matthes  has  shown  so  clearly  the 
scientific  application  of  aerial  photography  to  accurate  mapping,  that  the  many 
uses  of  simpler  airscapes  for  illustrative  purix)ses  are  in  danger  of  being  over- 
looked. Aerial  photography  can  be  of  much  assistance  in  many  widely 
divergent  lines  of  engineering  work,  both  in  the  field  and  in  construction. 
Photographs  for  this  purpose  are  of  two  general  types:  Vertical  views  for 
aerial  mapping,  and  oblique  views  ("bird's-eye  views")  for  descriptive  aids. 

The  vertical  photographs  are  taken  usually  from  an  altitude  of  10  000  to 
12  500  ft.,  with  the  camera  pointing  vertically  downward.  Generally,  they 
have  been  used  in  the  construction  of  mosaic  maps  for  military  purposes. 
Maps  of  the  same  type  have  become  quite  common,  especially  for  city 
mapping  as  an  aid  to  the  study  of  transportation,  traffic,  fire  hazard,  and  similar 
problems,  and  for  land  development,  to  illustrate  cultural  conditions  such  as 
areas  in  swamps,  improved  lands,  brush,  trees,  etc.,  and  to  show  the  position 
and  extent  of  existing  improvements,  roads,  drainage,  buildings,  etc. 

Work  of  this  kind  requires,  however,  special  and  precise  photographic 
apparatus  not  commonly  available  in  the  United  States,  except  through  co- 
operation with  the  military  authorities,  and  is  usually  too  expensive  for  any 
except  important  projects. 

Oblique  or  Bird's-Eye  Views. — The  oblique,  or  bird's-eye  views,  can  be 
taken  by  any  amateur  with  ordinary  commercial  apparatus.  Photographs  of 
*  Civ.  and  Cons.   Engr.,   San  Francisco,  Calif. 
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this  kind  are  of  great  value  in  illustrating  preliminary  reports,  enabling  other 
engineers  who  have  not  seen  the  territory  to  be  covered,  and  particularly  non- 
technical men  interested  in  such  work,  to  visualize  rapidly  and  accurately  the 
proposed  projects.  Aerial  photographs  may  also  be  of  great  value  for  illustrat- 
ing progress  reports.  Executives,  boards  of  directors,  or  public  officials,  are  thus 
enabled  to  appraise  correctly  the  progress  being  made  in  a  fraction  of  the  time 
required  to  read  a  progress  report,  and  with  much  greater  accuracy. 

In  a  study  of  city  traffic  problems,  etc.,  any  practicing  engineer  may  obtain 
photographs  by  means  of  which  he  can,  at  his  leisure,  count  automobiles  or 
other  units  of  vehicular  traffic,  freight  cars,  boats  or  buildings,  or  other  im- 
provements. For  propcjsed  land  development  work,  aerial  photographs  show 
topography  in  relief,  a  result  not  satisfactorily  obtained  by  vertical  views,  and 
thus  enable  those  who  have  not  seen  the  territory  to  understand  correctly  such 
topography,  especially  in  broken  or  mountainous  country.  Simple  photographs 
of  this  kind  also  show  clearly  the  extent  of  forest  or  other  vegetation,  water- 
courses, swamps,  or  lakes,  as  well  as  improvements,  such  as  roads,  etc. 

Good  aerial  photographs  can  be  taken  with  any  ordinary  hand  camera  that 
is  fitted  with  a  shutter  capable  of  operating  at  a  speed  of  ^^^  sec.  Under 
average  conditions  of  goodi^ight,  probably  ^^^  sec.  is  better,  with  which 
timing,  an  aperture  of  F-5.6  to  F-8  will  ordinarily  give  properly  exposed 
negatives.  Care  should  always  be  taken  to  hold  the  camera  free  from  direct 
contact  with  any  part  of  the  aeroplane,  otherwise  vibrations  of  the  machine 
are  more  directly  transmitted  to  the  camera,  with  a  corresponding  loss  in  sharp- 
ness of  the  negatives.  A  camera  with  a  focal  plane  shutter  will  probably  give 
better  results  and  a  sharper  negative  than  one  with  the  more  common,  between 
the  lens,  type  of  shutter.  Ray  filters  will  seldom  improve  results,  even  on  a 
hazy  day.  The  lightest  ray  filter  in  ordinary  commercial  use  requires  about 
three  times  the  normal  exposure,  and  under  conditions  of  light  that  would  indi- 
cate its  use  for  ground  work,  an  ordinary  lens,  without  the  filter,  would  be  nearly 
full  aperture  with  an  exposure  of  J^  sec.  The  use  of  a  filter  to  time  the 
negatives  properly  under  these  conditions,  would  require  an  exposure  so  long 
as  to  preclude  clear  negatives.  Because  they  are  less  sensitive  to  the  vibra- 
tions of  the  machine,  plates  probably  give  better  results  than  films,  although 
they  are  more  difficult  to  use. 

With  aeroplanes  of  the  more  common  types,  the  engineer  or  photographer 
occupies  one  cockpit,  with  his  view  somewhat  obstructed  by  the  wings  or  tail 
of  the  machine.  To  obtain  good  photographs  an  aviator  of  experience  in  this 
kind  of  work  is  required,  or  one  who  has  been  instructed  in  advance  to 
maneuver  his  machine  so  that  the  object  to  be  photographed  can  be  taken  with 
the  camera  pointed  diagonally  away  from  the  machine,  about  half  way  between 
the  wings  and  the  tail.  The  photographs  should  be  taken  when  the  machine  is 
moving  straight  ahead,  as  clearer  views  will  thus  be  obtained.  The  photogra- 
pher, by  pointing,  can  indicate  the  object  that  he  wishes  to  photograph,  and 
the  aviator  should  then  bring  his  machine  into  proper  position.  Ordinarily, 
the  best  results  can  be  obtained  from  an  altitude  of  about  1  000  ft.    The  limits 
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for  such  views,  if  much  detail  is  desired,  are  probably  between  500  and 
1  500  ft. 

The  direct  benefits  to  the  practicing  engineer  of  using  an  aeroplane  for 
reconnaissance  work  should  never  be  overlooked.  Most  engineers  have  had 
considerable  experience  with  the  use  of  the  camera,  and  when  work  of  this 
kind  is  to  be  done  under  their  direction,  can  just  as  well  take  the  photographs, 
being  the  best  judges,  while  in  the  air,  of  the  subjects  which  they  wish  to 
photograph,  and,  at  the  same  time,  secure  the  benefit  of  direct  inspection  and 
study  of  the  territory  in  which  they  are  interested.  When  an  idea  of  a  rough 
mountainous  area  is  desired,  for  example,  more  information  can  be  obtained 
in  a  few  hours  in  an  aeroplane  than  in  as  many  weeks  of  laborious  and  costly 
travel  on  the  ground. 

The  speaker  suggests  as  a  matter  of  general  policy  that  an  engineer's  duty 
is  ordinarily  only  half  completed  when  he  has  obtained  a  correct  solution  of 
the  technical  problem  presented.  The  remainder  of  his  duty  to  himself,  and 
particularly  to  the  public,  is  to  convince  non-technical,  but  vitally  interested, 
persons  of  the  merits  of  the  work  which  he  recommends.  It  is  also  his  duty 
to  keep  the  public  interested  and  informed  concerning  the  progress  of  con- 
struction work  in  which  it  is  vitally  interested.  Aerial  photography  furnishes 
one  of  the  most  promising  fields  for  informing,  educating,  and  interesting  the 
public  in  great  enterprises.  The  progress  of  aviation  in  America  has  been  most 
bitterly  disappointing  to  the  many  men  of  vision  and  of  courage  who  have 
devoted  their  energy  to  its  advancement.  The  conquest  of  the  air  has  been 
a  peculiarly  American  achievement.  Future  air  supremacy  bids  fair  to  be  a 
matter  of  overwhelming  military  importance,  and  the  maintenance  of  a 
trained  aviation  personnel  is  one  of  the  most  certain  methods  of  insuring 
national  safety.  Pride  in  a  great  American  invention,  far-seeing  patriotism, 
and  scientific  interest,  as  well  as  practical  results  in  enabling  the  public  to 
visualize  and  thus  appreciate  great  public  improvements,  should  all  combine 
in  enlisting  the  support  of  the  practicing  engineer  in  the  more  extended  and 
more  general  use  of  the  aeroplane  and  of  aerial  photography. 

Louis  C.  Hill,*  M.  Am.  Soc.  C.  E. — Aerial  surveys  are  of  benefit  when  they 
are  supplementary  to  or  supplemented  by  comprehensive  ground  surveys. 
Under  many  conditions,  however,  the  aerial  survey  can  be  of  estimable  worth 
when  made  independent  of  any  ground  survey  beyond  the  necessary  horizontal 
control. 

In  the  study  of  the  growth  of  cities  and  of  the  factors  affecting  congestion, 
the  great  detail  shown  on  aerial  photographs  can  be  only  little  more  than  that 
indicated  on  maps  of  other  types.  The  aerial  survey  of  the  business  dis- 
trict of  Los  Angeles,  Calif.,  is  a  fine  example  of  the  results  that  can  be  secured. 
The  speaker  is  informed  that  remarkable  accuracy  was  obtained. 

The  real  value  of  the  aerial  survey  is  apparent  in  the  study  of  areas  covered 
by  heavy  brush,  or  that  are  otherwise  inaccessible.  Under  the  speaker's  direc- 
tion, such  a  map  was  made  of  the  Kern  River  just  north  of  Bakersfield,  Calif., 
where  topographic  conditions  are  such  that  some  form  of  protection  from  over- 
♦  Cons.  Engr.   (Qulnton,  Code  &  Hill),  Los  Angeles,  Calif. 
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flow  is  necessary  to  prevent  periodic  inundation  of  that  city.  The  overflow 
areas  were  covered  with  dense  brush.  The  channel  of  the  river  was  divided 
by  many  low  islands  and,  in  many  places,  these  channels  were  restricted  so  as 
to  be  almost  unrecognizable  from  the  ground.  Former  channels  of  which  no 
apparent  trace  remained,  were  clearly  discernible  on  the  aerial  map.  The 
position  and  magnitude  of  the  canals,  the  banks  of  which  form  the  present 
system  of  protection,  were  shown  in  relation  to  the  various  river  channels. 
The  eifect  of  obstructions  in  the  river,  such  as  bridges  and  diversion  weirs, 
became  immediately  apparent,  as  well  as  the  amount  and  character  of  develop- 
ment on  the  areas  to  be  protected.  All  this  was  shown  as  it  actually  existed, 
and  none  of  it  was  affected  by  that  indefinite  factor,  the  personal  equation. 
As  a  consequence,  only  a  relatively  small  amount  of  ground  surveying  had  to 
be  done.  Horizontal  control  was  made  sufficient  to  fix  the  scale  of  the  aerial 
map,  and  levels  were  taken  along  lines  projected  on  that  map.  Little  more 
detail  was  needed  to  supplement  the  aerial  survey. 

Another  survey  is  proposed  of  a  large  reservoir  in  an  inaccessible  region 
where  the  attitude  of  the  Indians  is  such  as  to  make  surveying  an  extremely 
hazardous  undertaking.  Certain  topographic  maps  were  made  several  years 
ago  of  the  probable  dam  site  and  of  the  lower  elevations  of  the  reservoir.  It 
is  felt  that  these  maps  can  be  extended  quite  accurately  from  an  aerial  survey. 
This  is  expected  to  be  especially  valuable  in  the  study  of  the  topographic  and 
geologic  conditions  affecting  the  location  of  the  dam  and  the  spillways. 

C.  H.  BiKDSEYE,*  Assoc.  M.  Am.  Soc.  C.  E. — Mr.  Matthes  has  very  properly 
brought  out  the  point  that  a  rigid  application  of  the  method  of  utilizing 
aerial  photography  is  not  suitable  to  the  survey  of  a  large  area,  such  as  a 
"quadrangle"  as  mapped  by  the  U.  S.  Geological  Survey.  The  topographic 
maps  of  the  Geological  Survey  are  made  in  quadrangular  units,  each  of  which 
is  an  integral  part  of  the  map  of  the  United  States.  These  parts  must  fit 
together  perfectly,  and  cumulative  errors,  such  as  those  that  are  bound  to 
result  in  surveys  not  based  on  accurate  geodetic  control,  cannot  be  allowed. 
Since  the  World  War,  the  U.  S.  Geological  Survey  has  been  using  airplane 
photography  as  an  aid  to  ground  surveys  to  the  fullest  extent  that  its  funds 
and  the  assistance  placed  at  its  disposal  have  permitted.  Its  principal  difficulty 
has  been  in  getting  the  Air  Service  of  the  Government  to  photograph  the 
areas  under  survey.  Limited  personnel  and  equipment  have  prevented  these 
services  from  giving  the  Geological  Survey  their  fullest  co-operation.  The 
methods  used  by  the  Geological  Survey  have  differed  somewhat  from  those 
described  by  Mr.  Matthes,  but  they  have  been  no  less  successful  and  have 
resulted  in  a  large  saving  in  the  expense  of  ground  surveys. 

Aeroplane  photography  was  utilized  in  surveying  the  Schoolcraft  Quad- 
rangle, in  Michigan,  where  273  photographs,  covering  the  area  of  220  sq.  miles, 
were  taken  by  the  Air  Service  of  the  Army.  The  total  time  consumed  was  5 
days,  including  the  round  trip  from  McCook  Field,  Dayton,  Ohio,  The  actual 
photographic  time,  however,  was  only  7  hours,  and  the  total  cost  of  the 
•  Chf.  Topographic  Engr.,  U.  S.  Geological  Survey,  Washington,  D.  C. 
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photographic  work,  exclusive  of  the  salaries  of  the  officers,  was  $712  or  $3.50 
per  sq.  mile. 

The  ground  control  had  already  been  established,  and  the  base  map  pro- 
jection was  made,  on  which  the  control  points  were  plotted  and  the  land-line 
network  adjusted  before  the  photographs  were  used.  Herein  lies  the  difference 
between  the  method  used  by  the  Geological  Survey  and  that  of  Mr.  Matthes. 

The  photographs  were  joined  together  into  small  mosaics,  about  four  pic- 
tures to  a  mosaic.  All  features  on  the  photographs  that  would  aid  the  topogra- 
pher, such  as  roads,  houses,  streams,  swamps,  fence  lines,  and  timbered  areas, 
were  inked  on  these  small  mosaics.  The  mosaics  were  then  bleached,  leaving 
only  the  inked  lines  on  the  scale  of  the  original  photographs,  that  is,  1  :  15  000. 
These  bleached  photographs  were  then  reduced  by  photography  to  the  scale  of 
the  base  map,  that  is,  1  :  48  000.  These  reduced  photographs  were  then  ad- 
justed to  the  control  and  the  land-line  net  laid  down  on  the  base  map,  fence 
lines  being  registered  over  the  section  lines  plotted  on  the  map.  Except 
at  a  few  points,  a  perfect  adjustment  was  obtained.  The  resulting  combination 
of  small  photographs  was  re-photographed  and  printed  in  non-photographic 
blue  on  field  plane-table  sheets  and  sent  to  the  field  for  contour  sketching  by 
the  usual  ground  methods. 

The  cost  of  preparing  these  field  sheets  was  about  $1.50  per  sq.  mile,  making 
the  total  cost  of  the  photographic  work  less  than  $5  per  sq.  mile.  The  wealth 
of  detail  shown  in  the  photographs,  such  as  drainage,  fence  lines,  and  timber 
lines,  enabled  the  topographer  to  make  a  great  saving  in  the  cost  of  the  ground 
survey,  which  was  $20  per  sq.  mile.  The  cost  of  office  drafting  was  $3  per  sq. 
mile,  making  the  total  cost  of  the  survey  $28  per  sq.  mile.  Similar  work  in 
adjacent  areas  by  the  usual  ground-survey  methods  cost  about  $40  per  sq.  mile, 
which  indicates  a  saving  of  $12  per  sq.  mile,  or  30  per  cent. 

The  TJ,  S.  Geological  Survey  has  also  utilized  aeroplane  photographs  in 
making  base  maps  for  the  U.  S.  Bureau  of  Soils,  in  extensive  surveys  of  the 
coast  in  Santo  Domingo  and  Haiti,  and  in  the  revision  of  old  topographic 
maps,  using  somewhat  the  intersection  methods  described  by  Mr.  Matthes, 
except  that  the  photographic  control  obtained  from  the  photographs  is  tied 
to  carefully  executed  ground  control.  The  work  in  Santo  Domingo  and  Haiti 
was  done  in  co-operation  with  the  Navy  Department  and  the  Military  Govern- 
ment, and  a  reconnaissance  map  of  the  entire  coast  of  Haiti  has  been  pre- 
pared from  aeroplane  surveys,  with  no  other  ground  work  except  the  primary 
triangulation. 

Aeroplane  photography  in  topographic  mapping  will  prove  of  greatest  value 
in  the  revision  of  old  surveys.  It  is  obvious  that  a  more  accurate  and  com- 
plete revision  of  the  culture  can  be  made  by  the  use  of  aeroplane  photographs 
than  by  additional  field  work,  which  is  likely  to  be  only  fragmentary. 

Efforts  are  being  made  to  develop  a  process  by  which  relief  can  be  shown 
accurately  by  means  of  the  data  obtained  from  aeroplane  photographs. 
European  scientists  and  the  experts  of  the  U.  S.  Army  Air  Service  at  the  Ex- 
periment Station  at  McCook  Field  are  working  on  this  problem,  but  so  far 
with  very  little  practical  result.     Such  application  of  photographic  data  may 
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yet  be  made,  but  many  years  of  research  and  experimental  work  will  be  neces- 
sary before  a  method  can  be  developed  that  will  be  commercially  feasible. 

In  recent  years,  many  articles  on  aeroplane  photoj?raphy  have  been  pub- 
lished, and  the  layman  has  been  led  to  believe  that  all  that  is  necessary  to 
obtain  an  authentic  map  of  a  rc{?ion  is  to  take  a  few  aeroplane  photographs  and 
paste  them  together.  Such  an  operation  will  give  a  distorted  photograph  of 
the  ground,  which  is  properly  called  a  mosaic.  It  is,  however,  not  a  map  in 
any  sense  of  the  word,  and  unless  the  photographs  are  rectified  and  tied  to  well- 
established  ground  control,  serious  errors  in  both  azimuth  and  distance  will 
result.  Nevertheless,  aeroplane  photography  is  the  most  valuable  aid  to  topo- 
graphic mapping  that  has  been  devised  since  the  plane-table  was  perfected,  and 
the  U.  S.  Geological  Survey  proposes  to  use  it  to  the  fullest  extent  and  to 
assist  as  much  as  possible  in  the  development  of  new  methods  and  new 
instruments. 

Edward  H.  Sargent,*  Assoc.  M.  Am.  See.  C.  E.  (by  letter). — Mr.  Hogan 
is  to  be  congratulated  for  his  able  resume  of  the  water  power  situation  in  New 
York  State.  It  may  be  i)ertinent  to  note  the  availability  of  the  extensive  data 
obtained  as  a  result  of  the  investigations  by  various  State  departments  during 
tlie  past  fifteen  years. 

In  1907,  John  E.  Ereeman,  M.  Am.  Soc.  C.  E.  (now  Past-President,  Am.  Soc. 
C.  E.),  began  the  first  comprehensive  study  of  the  water  powers  of  the  State, 
at  the  direction  of  the  State  Water  Supply  Commission.  However,  the  late 
George  W.  Rafter,  M.  Am.  Soc.  C.  E.,  as  early  as  1895,  made  elaborate  studies 
of  the  needs  and  effects  of  storage  reservoirs,  tentatively  locating  many 
reservoir  sites.  The  investigations  begun  by  the  State  Water  Supply  Com- 
mission in  1907  were  continued  until  1911,  when  that  Commission  was  .suc- 
ceeded by  the  Conservation  Commission.  The  Conservation  Commission  con- 
tinued the  work  until  1921,  when  the  work  was  transferred  to  the  Department 
of  the  State  Engineer,  which  has  since  continued  the  investigations,  using 
therefor  appropriations  made  to  the  New  York  Water  Power  Commission. 

The  results  of  the  surveys,  gaugings,  borings,  etc.,  made  in  the  course  of 
these  investigations,  have  been  embodied  in  many  reports  and  pamphlets, 
most  of  which  are  available.  Moreover,  all  the  maps,  designs,  and  estimates 
which  have  been  made,  are  on  file  in  the  office  of  the  State  Engineer,  and 
may  be  examined  by  any  one  interested.  As  a  result  of  the  investigations  by 
these  various  State  departments,  it  is  believed  that  the  development  of  many 
water  power  and  storage  projects  will  be  facilitated. 

It  is  stated  on  page  737,  that  the  Indian  Lake  and  Salmon  River  Reser- 
voirs "are  the  only  storage  reservoirs  of  any  size,  that  have  been  constructed  in 
New  York  State  for  power  purposes."  Mr.  Hogan  neglected  to  include  the 
Cranberry  Lake  Reservoir  with  a  capacity  of  3  000  000  000  cu.  ft.,  which  is  on 
the  East  Branch  of  the  Oswegatchie  River.  This  was  the  first  large  storage 
reservoir  built  for  power  purposes  in  New  York  State,  it  having  been  con- 
structed in  1867  by  a  commission  of  power  owners.  Mention  also  should  be 
made,  perhaps,  of  the  Delta  and  Hinckley  Reservoirs  which,  although  con- 
*  Chl.,  Bureau  of  Water  Power,  Dept.  of  State  Engr.,  Albany,  N.  Y. 
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structed  primarily  for  water  supply  to  the  Barge  Canal,  nevertheless  are 
operated  so  as  to  exercise  a  great  beneficial  effect  on  the  water  powers  of  the 
Mohawk  River  and  West  Canada  Creek.  These  reservoirs  have  capacities  of 
2  750  000  000  and  3  400  000  000  cu.  ft.,  respectively. 

William  T.  Lyle,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — To  the  writer 
the  leading  thought  in  these  presentations  of  different  aspects  of  the  Water 
Power  Problem  is  expressed  in  the  last  word  of  Mr.  Hogan's  paper,  namely, 
''co-operation".  With  it  might  be  coupled  two  others,  which  he  also  uses, 
in  order  to  bring  out  the  nature  of  the  problem  and  its  bearing  on  the  nation- 
wide problem  of  general  internal  improvements.  These  are  "co-ordination" 
and  "conservation",  and  to  them  the  writer  would  add  still  another,  namely, 
"control". 

If  Engineering  is  to  be  defined,  as  was  Civil  Engineering  in  the  charter  of 
the  Institution  of  Civil  Engineers,  to  wit,  the  "art  of  directing  the  great 
sources  of  i)Ower  in  Nature  for  the  use  and  convenience  of  man  as  the  means 
of  production  and  traffic",  this  definition  must  be  understood  to  possess  a  much 
broader  significance  than  that  attached  to  it  heretofore.  The  modem  engineer 
utilizes  not  only  the  powers  and  materials  of  Nature ;  he  utilizes  human,  social, 
and  legislative  powers  as  well.  He  is  no  longer  content  to  concern  himself  with 
technical  matters  alone ;  he  must  be  more  than  an  administrator  of  other  men's 
determinations ;  he  must  be  more  than  a  counsellor  and  guide ;  he  must  possess 
the  well-rounded  aggressiveness  of  the  successful  business  man  as  well.  These 
qualifications,  in  the  writer's  opinion,  are  especially  true  of  the  water  power 
engineer;  the  water  power  problem  is  of  such  a  nature  as  to  develop  engineers 
of  this  high  type.  In  the  interests  of  National  internal  betterments,  however, 
the  future  will  probably  bring  to  light  engineers  of  still  broader  vision  and 
still  greater  opportunity  in  the  management  of  the  mutually  dependent  mate- 
rial affairs  of  the  nation. 

Co-Operation. — Mr.  Hogan  has  clearly  shown  the  importance  of  a  con- 
nected system  of  water  powers  whereby  a  needful  and  profitable  interchange 
of  power  can  be  made  between  plants  of  different  characteristics;  he  has 
pointed  out  the  value  of  selective  development,  indicated  the  nature  of  a  com- 
munity of  interest,  and  shown  how  available  powers  can  best  be  utilized  to 
secure  a  maximum  economic  return  from  each  stream. 

Co-operation  in  the  water-power  field,  however,  is  not  enough.  The  problem 
should  not  be  limited  to  the  supply  of  existing  demands;  the  demands  also 
may  be  created.  Where  power  is  available,  it  should  be  put  to  use.  This  result 
can  be  brought  about  through  legislation  and  appropriation  which  bring  to- 
gether the  producer  and  the  consumer  to  the  great  advantage  of  both.  No 
better  way  of  accomplishing  this  can  be  found  than  in  the  construction  of 
State  and  National  highways  through  unimproved  country.  This  applies 
especially  to  the  Western  States  where  also  irrigation,  a  concomitant  of  water 
power  development  so  often  is  necessary.  The  extension  of  the  economic 
limits  of  high-voltage  transmission  make  possible  the  opening  of  new  districts 
regardless  of  their  location  with  reference  to  the  source  of  power. 

*  Prof,   of  Civ.   Eng.,  Washington   and  Lee  Univ.,  Lexington,  Va. 
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Co-Ordination. — Power  development,  irrigation,  flood  control,  water  supply, 
canalization,  and  National  parks  are  not  separate  considerations;  they  should 
be  parts  of  one  big  problem  and  should  be  dealt  with  in  their  mutual  depend- 
ence as  interlocking  interests.  Independent  operations  in  these  several  fields 
are  not  productive  to  the  general  public  of  a  full  return  for  the  money  ex- 
pended. 

Conservaiion. — The  development  of  a  water  power  not  only  secures  the 
power  while  it  can  be  had,  but  also  operates  to  conserve  the  National  supplies 
of  coal  and  oil.  As  far  as  conservation  is  concerned,  water  power,  water 
supply,  and  forest  preserves  may  be  grouped  together.  By  conserving  one 
resource,  the  others  may  be  conserved  also. 

Control. — The  harnessing  of  a  stream  for  power  production  involves  a  bene- 
ficial regulation  in  the  interests  of  flood  control,  irrigation,  and  of  water 
supply  farther  down  the  valley.  Among  other  advantages  may  be  mentioned 
the  stabilizing  of  channels,  improved  navigation,  better  sewer  outlets,  more 
advantageous  conditions  for  bridges,  elimination  of  ice  gorges,  and  better  heads 
during  flood  conditions  for  low-head  power  plants  on  the  lower  reaches  of  the 
stream. 

Howard  E.  Farnsworth,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The 
Act  of  Congress  approved  June  10,  1920  (41  Stat.,  1063),  known  as  "The 
Federal  Water  Power  Act"  has  had  more  than  the  usual  allotment  of  troubles 
in  its  operation,  beginning  with  the  tardy  date  of  its  approval  and  continuing 
to  include  the  realization  that  no  adequate  personnel  had  been  provided  in 
order  to  make  the  entire  Act  practically  effective.  In  this  latter  respect,  the 
situation  appears  not  unlike  that  of  the  "Mineral  Land  Leasing  Act"  approved 
February  25,  1920  (41  Stat.,  437),  a  former  Commissionerf  of  the  General 
Land  Office  having  predicted  that  no  doubt  the  personnel  problem  would  prove 
to  be  one  of  the  weaknesses  of  the  oil-leasing  system.  The  Water  Power  Act, 
how'ever,  is  very  comprehensive  in  its  terms  and  was  conceived  generally  in 
sound  judgment.  It  is  to  be  regretted  that  our  lawmakers  did  not  give  as 
careful  attention  to  the  legal  and  administrative  features  as  did  the  engineers 
to  the  technical  sections,  which  are  excellent.  There  is  much  assurance  to  be 
found,  however,  in  the  fact  that  the  Nation  has  as  the  active  administrative 
heads  of  Federal  water-power  development  and  of  reclamation  by  irrigation 
two  engineers  of  outstanding  ability,  who  are  operating  in  their  respective 
fields  with  a  broad  view  looking  to  the  early  development  of  the  water  resources 
of  the  country. 

In  a  description:}:  of  the  newlj^  invented  100-kw.  triode  vacuum  tube, 
Mr.  W.  G.  Housekeeper's  important  new  method  of  making  metal-to-glass 
seals  is  explained.  Dr.  Irving  Langmuir  who,  by  means  of  the  construction 
of  a  series  of  five  20-kw.  vacuum  tubes,  used  in  the  place  of  alternators, 
recently  transmitted  radio  messages  across  the  ocean,  has  also  discovered  new 

•  Member,  Manual  Board,  General  Land  Ofllce,  Washington,  D.  C. 

t  "Oil  Land  Leasing  Law  of  the  United  States",  by  Clay  Tallman,  California  Oil  World, 
Vol.  XIII,  No.   662    (2d  Edition,  May  26,  1921),  p.   78. 

t  By  Dr.  "William  Wilson,  of  the  Western  Electric  Company,  in  the  Wireless  Age  (New 
York)  ;  Literary  Digest^  Vol.  75,  No,  8   (November  25,  1922),  p.  26. 
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processes,  in  conjunction  with  Mr.  J.  H.  Payne,  Jr.,  of  the  General  Electric 
Company,  and  Dr.  A.  W.  Hill,  resulting  in  the  development  of  a  1  000  000-watt 
(1  340  Eng.  e.  h.  p.)  vacuum  tube  which  is  intended  primarily  for  the  eco- 
nomical transmission  of  power  over  great  distances.  This  super-tube  which 
weighs  only  60  lb.,  is  described  as  a  two-electrode  tube,  and  it  acts  as  a  rectifier 
of  current,  and  not  as  an  oscillator,  also  depending,  however,  on  the  perfected 
process  permitting  the  coalescence  of  glass  and  metal.  Dr.  E.  F.  W.  Alex- 
ander, Chief  Engineer  of  the  Radio  Corporation,  is  quoted  in  press  dispatches 
as  stating  that  these  tubes  will  soon  take  the  place  of  alternators  in  power 
transmission,  and  predicting  that  the  transmission  of  electric  power  from 
Niagara  Falls  to  New  York  City  by  means  of  these  tubes  is  a  possibility  of 
the  future.  Dr.  Langmuir  also  states  that  "it  would  be  rash  to  predict  the 
limitation  of  the  ultimate  use  of  vacuum  tubes  in  the  power  field."* 

It  would  be  a  curious  comment  if,  by  the  time  Congress  has  amended  Sec- 
tion 2  of  the  Water  Power  Act  so  as  to  provide  for  adequate  personnel  in 
order  to  make  it  effective,  engineering  inventive  genius  has  created  the  neces- 
sity also  for  the  amendment  of  other  sections  of  the  Act  in  order  to  provide 
for  new  conditions,  of  possible  development  by  science,  in  the  hydraulic  plant. 

The  preliminary  factors  of  safety  essential  in  every  proposed  water-power 
development  include  the  following  considerations : 

1. — Feasibility  of  the  project: 
(a). — Physical:  Proper  physical  conditions  for  the  location  of  the  power 

site;  and, 
(6). — Financial:   Satisfactory  market  load  centers  at  available  transmis- 
sion distances. 

2. — Authority  to  proceed  and  control  of  the  premises. 

The  subjects  proposed  in  Section  1  of  the  foregoing  considerations  have 
been  adequately  covered  by  the  others  participating  in  this  Symposium.  The 
writer  will  discuss  the  questions  raised  in  Section  2,  which  will  immediately 
lead  him  to  certain  requirements  of  the  Federal  Water  Power  Act,  and  he 
will  endeavor  to  set  forth  the  principles,  ignorance  of  which  often  causes  those 
pitfalls  sometimes  encountered  and  which  with  prompt  recognition  may  be 
avoided,  that  are  involved  in  the  "control  of  the  premises",  as  they  are  con- 
strued by  the  Courts  of  last  resort. 

Commerce  Power 
The  Constitution. — Recall,  for  a  moment,  the  period  from  May  to  Septem- 
ber, 1Y87,  when  the  Constitutional  Convention  sitting  at  Philadelphia,  Pa., 
under  the  chairmanship  of  George  Washington,  was  busily  engaged  in  super- 
seding the  inadequate  Articles  of  Confederation  in  favor  of  the  'Virginia 
Plan"  offered  by  Edmund  Randolph,  of  that  State,  which  plan,  after  much 
debate  and  many  modifications,  was  finally  adopted  as  the  Written  Constitu- 
tion of  the  United  States.  One  of  the  radical  changes  effected  in  this  docu- 
ment was  that  delegating  to  Congress  full  power  "to  regulate  commerce  with 

*  N&w  York  Tribune  J  Literary  Digest,  Nov^mljer  25,  192?,  P-  27. 
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foreign  nations,  and  among  the  several  States,  and  with  the  Indian  tribes", 
which  is  to  be  found  in  Article  1,  Section  VIII,  Clause  3,  thereof.  This 
clause  forms  the  basis  for  the  distinctions  which  are  drawn  in  the  ownership 
of  the  bed  and  the  waters  of  navigable  and  non-navigable  streams.  The  sub- 
ject of  commerce  continues,  after  a  period  of  136  years,  to  be  a  paramount 
issue  in  Congress  as  is  evidenced  by  the  so-called  "Ship  Subsidy  Bill"  (H.  R. 
No.  12817,  67th  Congress,  3d  Session),  now  pending  and  in  debate. 

In  Colonial  times,  the  English  Unwritten  Constitution,  common-law  prac- 
tice, and  usage  had  prevailed  in  America,  and  judicial  decisions  were  based 
exclusively  on  precedents  established  in  English  Courts.  The  State  Consti- 
tutions of  the  United  States  continue  to  be  construed  in  the  light  of  this 
common  law,  inasmuch  as  the  common  law  is  regarded  as  having  been  in 
existence  prior  to  the  Constitutions  and  as  remaining  afterward,  limited  only 
by  such  restrictions  as  the  Constitutions  impose.* 

When,  in  1789,  the  new  republic  was  organized  it  became  necessary  to 
modify  the  existing  principles  of  jurisprudence  and  to  adapt  them  to  the 
altered  theory  of  government.  The  confirmation  of  John  Marshall  as  Chief 
Justice  of  the  United  States,  in  1801,  marked  an  epoch  in  the  history  of  the 
Nation,  inasmuch  as  he  immediately  proceeded  to  establish  the  structure  of 
American  law  on  a  firm  and  enduring  basis,  and  for  35  years  he  bequeathed 
to  the  future  a  great  number  of  valuable  decisions,  in  which  the  principles 
of  American  jurisprudence  are  set  forth  with  invincible  logic  and  unvarying 
clearness. 

Robert  Fulton  made  his  trip  up  the  Hudson  River  from  New  York  City 
to  Albany,  N.  Y.,  in  the  Clermont,  in  1807,  and,  for  many  years  thereafter, 
this  first  steamer  continued  to  ply  the  Hudson,  thus  revolutionizing  the  old 
methods  of  river  navigation.  The  Legislature  of  the  State  of  New  York  had 
granted  an  exclusive  right  to  Robert  Livingston  and  to  Fulton  to  navigate 
the  waters  of  that  State  "by  fire  or  steam",  in  consideration  of  their  services 
in  making  the  steamboat  practicable,  and  in  Gibbons  v.  Ogden  (9  Wheaton, 
1),  in  1824,  Chief  Justice  Marshall  delivered  the  opinion  of  the  Court  in  one 
of  the  first  pronouncements  of  the  restrictions  imposed  on  State  authority, 
defining  therein  the  power  exercised  by  Congress  over  interstate  commerce  and 
navigation.  This  decision  continues  to  serve  as  a  standard  in  the  considera- 
tion of  the  questions  raised.f 

The  Relation  to  Water-Power  Development. — In  the  construction  of  water- 
power  projects,  the  dams,  head-races,  diversion  structures,  other  appurtenant 
works,  and  the  primary  reservoirs,  will  invade  the  bed,  the  banks,  and  the 
waters  of  the  stream. 

Section  (4),  Sub- Section  (e)  of  the  Water  Power  Act  provides,  in  part, 
that  before  the  issuance  of  a  preliminary  permit  to  an  applicant  for  a  license, 
the  State  authorities  shall  be  advised  of  the  proposed  action,  and  publication 
thereof  shall  be  broadcasted,  locally,  for  a  period  of  eight  weeks.  Section  (5) 
of  the  Act  states  that  the  sole  function  of  a  preliminary  permit  is  to  secure 

•  state  V.  Noble,  118  Ind.  350  ;  Mattox  v.  United  States,  156,  U.  S.  237. 
t  See,  also,  Pensacola  Tel.  Co.  v.  W.  U.  Tel.  Co.,  96  U.  S.  1 ;  Texas  &  Pac.  R.  R.  Co.  v. 
Interstate  Commerce  Comm.,  162  U.  S.  197. 
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priority  to  the  claimant  in  his  application  for  a  license,  and  to  provide  for 
the  necessary  examinations,  surveys,  maps,  plans,  etc.,  in  order  to  set  forth, 
clearly,  all  the  conditions  which  obtain.  Section  (9),  Sub-Section  (&),  of 
the  Act  requires  the  applicant  for  a  license  to  submit  satisfactory  evidence  so 
as  to  show  proper  compliance  with  the  laws  of  the  State,  with  respect  to  the 
''bed  and  banks  and  to  the  appropriation,  diversion  and  use  of  water  for  power 
purposes,"  etc.  When  the  power  enters  into  interstate  or  foreign  commerce 
a  certain  regulation  thereof  is  stated,  in  Section  (20),  to  fall  within  the  juris- 
diction of  the  Interstate  Committee  under  the  procedure  outlined  in  the  Act 
approved  February  4,  1887,  as  amended  (24  Stat.,  379).* 

It  is  thus  indicated  that  irrespective  of  whether  the  stream  is  navigable  or 
non-navigable,  it  has  always  been  necessary  for  the  promoter  of  a  water-power 
development  to  proceed  in  accordance  with  particular  Federal  and  State  laws 
which  apply  according  to  the  physical  conditions  that  obtain.f 

Factors  Determining  Navigability 

Mr.  Merrill,  has  cited  the  cases  of  the  Saco,  the  Connecticut,  and  the 
Menominee  Rivers  in  the  ISTew  England  and  the  North  Central  States  which, 
although  determined  on  investigation  to  be  technically  navigable,  were  held 
not  to  be  navigable  waters  within  the  definition  of  the  Act,  in  virtue  of  the 
full  protection  afforded  the  existing  interstate  commerce  by  the  laws  of  the 
particular  States.  Federal  licenses  accordingly  were  not  required  for  power 
installations  on  these  streams. 

It  is  fully  recognized  that  the  statement  of  navigability,  as  set  forth 
in  Section  (3)  of  the  "Water  Power  Act,  regulates  the  administration  of  the 
provisions  thereof  and  that,  under  Section  (23),  if  the  Commission  shall  find 
that  substantial  interests  of  interstate  or  foreign  commerce  are  not  affected 
by  the  proposed  construction  of  a  dam  or  other  obstruction  across  a  stream, 
a  Federal  license  to  proceed  is  not  required.  This  fact,  however,  should  not 
be  confused  with  the  classification  and  ownership  of  the  public  or  the  State 
lands  involved,  in  any  of  the  public  land  States,:}:  which  rest  on  the  similar 
conception  of  navigability,  that  which  is  conveyed  in  the  following  definition  :§ 

"The  settled  rule  in  this  country  that  navigability  in  fact  is  the  test  of 
navigability  in  law,  and  that  whether  a  river  is  navigable  in  fact  is  to  be 
determined  by  inquiring  whether  it  is  used,  or  is  susceptible  of  being  used,  in 
its  natural  and  ordinary  condition  as  a  highway  for  commerce,  over  which 
trade  and  travel  are  or  may  be  conducted  in  the  customary  modes  of  trade 
and  travel  on  water." 

•  See,  also,  for  this  subject,  State  Freight  Tax,  15  Wall.  232. 

t  For  State  control  over  domestic  commerce,  see  Walton  v.  Missouri,  91  U.  S.  275 ; 
Veazie  v.  Moor,  14  How.,  568-574;  Cooley  v.  Wardens,  12  How.,  299.  The  police  power  of 
States  over  either  domestic  or  interstate  commerce  is  explained  in  R.  R.  Co.  v.  Husen,  95 
U.  S.  465  ;  Chi  Lung  v.  Freeman,  92  U.  S.,  275  ;  State  Freight  Tax,  15  Wall.  232  ;  Brown  v 
Houston,  114  U.  S.  622;  Lake  Shore  Ry.  Co.  v.  Ohio.  173  U.  S.  285;  License  Cases,  5  How.. 
504;  Munn  v.  Illinois,  94  U.  S.  113;  Commonwealth  v.  Alger,  7  Cush.  (Mass.)  53;  Lawton  v 
Steele.  152  U.  S.  133. 

t  For  public  land  States,  see  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXV   (1922),  p.  573. 

§  The  Daniel  Ball,  10  Wall.  557,  563  ;  The  Montello,  20  Wall.  430,  439  ;  United  States  v  Rio 
Grande  Co.,  174  U.  S.  690,  698;  United  States  v.  Cress,  243  U.  S.  316,  323;  Economy  Light 
&  Power  Co.  v.  United  States.  256  U.  S.  113,  121;  McGilvra  v.  Ross,  215  U.  S.  70,  78; 
McManus  v.   Carmichael,  3   Iowa   1. 
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This  definition  is  distinguished  in  all  the  cases  cited  and  is  enlarged  upon 
in  detail,  especially  in  the  first  two.  The  quotation  itself  is  taken  from  the 
decision  of  the  U.  S.  Supreme  Court  in  Oklahoma  v.  Texas,  United  States 
Intervener,  No.  20  Original,  delivered  on  May  1,  1922.  The  decision  is 
very  comprehensive  and  contemplates  all  phases  of  "navigability  in  fact", 
ownership  of  the  bed  and  banks  and  of  riparian  rights.  It  is  not  yet  pub- 
lished in  the  volumes  of  U.  S.  Reports,  being  found  only  in  the  advance  sheets 
thereof,  the  "Lawyers'  Editions",  and  also  in  pamphlet  form.  All  the  numer- 
ous excerpts,  hereinafter  quoted  up  to  the  Section  headed,  "Meander  Surveys 
and  High-Water  Level",  will  be  understood  to  have  been  taken  from  this 
decision,  or,  where  a  specific  reference  to  it  is  made  again,  the  form  "66  L.  Ed. 
444"  will  be  used.  The  river  under  consideration  in  this  decision  is  the  Red 
River,  and  the  details  of  the  suit  with  photographs  of  the  stream  are  exhibited 
in  a  paper  by  the  writer,  entitled  "A  Review  of  Important  Developments  in 
the  Science  of  Cadastral  Resurveys  as  Executed  by  the  United  States  Govern- 
ment, with  Ethical  Discussion  Thereof."* 

Legal  Inference. — Legal  inference  of  navigability,  which  is  sometimes 
alleged  to  arise  from  the  action  of  surveying  officers  in  closing  official  sur- 
veys on  the  meandered  lines  of  a  stream,  is  held  to  have  "little  significance". f 
A  similar  inference  is  not  attached  to  those  rivers  over  which  Congress,  in 
permitting  the  construction  of  bridges,  has  added  the  precautionary  provision 
that  there  should  be  no  interference  with  navigation.:}:  In  like  manner,  those 
statements  taken  from  early  publications  and  repeated  in  later  ones,  which 
announce  the  fact  of  the  navigability  of  a  stream,  are  not  sufficient  to  estab- 
lish a  legal  inference  :§ 

"These  statements  originated  at  a  time  when  there  were  no  reliable  data 
on  the  subject,  and  were  subsequently  accepted  and  repeated  without  much 
concern  for  their  accuracy.  Of  course  they  and  their  repetition  must  yield 
to  the  actual  situation  as  developed  in  recent  years." 

Decisions  of  State  Courts  are  also  sometimes  referred  to  as  determining 
that  a  river  is  navigable  in  fact :  "The  United  States  was  not  a  party  and  is 
not  bound.  II  There  is  in  the  opinion  no  statement  of  the  evidence,  so  the 
decision  hardly  can  be  regarded  as  persuasive  here." 

The  characteristics  of  a  stream  are  frequently  represented  so  as  to  estab- 
lish that  the  transportation  has  been  and  must  be  exceptional,  and  that  it  is 
confined  to  the  irregular  and  short  periods  of  temporary  high  water:  "A 
greater  capacity  for  practical  and  beneficial  use  in  commerce  is  essential  to 
establish  navigability."^ 

*  rransacticms.  Am.  Soc.  C.  E.,  Vol.  LXXXV   (1922),  p.  546. 

t  Also  see  Barden  v.  N.  P.  R.  R.  Co.  154  U.  S.  288,  320i;  Gauthier  v.  Morrison,  232 
U.  S.  452,  458  ;  Harrison  v.  Fite  148  Fed.  781,  784. 

t  66  L.  Ed.   444. 

§  Also,  see  Missouri  v.  Kentucky,  11  Wall.,  395,  410. 

II  Also,  see  Economy  Light  &  Power  Co.  v.  United  States,  256  U.  S.  113,  123. 

IF  Also  see  United  States  v.  Rio  Grande  Co.,  174  U.  S.  690,  698-699  ;  Leovy  v.  United 
States  177  U  S  621  ;  Toledo  Liberal  Shooting  Club  v.  Erie  Shooting  Club,  90  Fed.  680, 
682;  Harrison  v.  Fite,  148  Fed.  781,  784;  N.  American  Dredging  Co.  v.  Mintzer,  245  Fed, 
297,'  300. 
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Control  of  the  Premises 

Navigable  Waters. — Although  the  United  States  has  the  power  and  author- 
ity to  grant,  for  appropriate  purjioses,  rights  and  titles  below  the  high-water 
mark  along  and  under  navigable  waters  in  the  Territories*  it  is  its  policy 
not  to  do  so,  but.  rather  to  leave  the  bed  and  waters  of  navigable  streams  free 
from  any  easement  of  the  upland  proprietor.f  In  virtue  of  the  constitutional 
rule  of  equality  among  the  States,  each  new  State  becomes,  on  the  date  of 
its  admission  into  the  Union,  the  owner  of  the  navigable  waters  within  its 
boundaries  and  of  the  land  underlying  the  same,:}:  an  ownership  which  was 
reserved  and  retained  by  each  one  of  the  original  States.  The  character  of 
the  State's  ownership  in  the  land  and  in  the  waters  of  navigable  streams  is 
the  full  proprietary  right,  subject,  however,  to  the  primary  control  thereof  by 
the  United  States  over  interstate  commerce  and  navigation.  Whether  a  con- 
veyance by  any  State,  of  land  abutting  on  navigable  streams,  confers  on  the 
grantee  any  right  or  interest  in  those  waters,  or  in  the  land  under  the  same, 
is  a  matter  wholly  of  local  law.§  On  such  questions,  the  provisions  of  the 
Constitution  and  statutes  of  the  particular  State  involved  and  the  decisions 
of  its  highest  Court  are  regarded  as  conclusive.  || 

Thus,  a  State  has  title  to  the  soil  below  ordinary  high-water  mark  along 
navigable  streams,^  and  the  shore  is  considered  rather  a  part  of  the  water 
than  as  land.  The  line  marking  the  true  mean  high-water  elevation  of  a 
stream  is  determined  from  the  river  bed,  and  that  only  is  river  bed  which  the 
river  occupies  long  enough  to  wrest  it  from  vegetation  (Houghton  v.  Railway 
Company  (47  Iowa  370)).**  A  bank  is  defined  as  the  continuous  margin  where 
vegetation  ceases,  and  the  shore  is  designated  as  the  sandy  space  between  it 
and  low- water  mark  (McCullough  v.  Wainwright  (14  Penn.  St.,  59)).**  The 
laws  of  each  State,  therefore,  must  be  investigated  to  determine  the  owner- 
ship of  the  soil  below  mean  high-water  level  along  navigable  streams. 

There  is  no  uniformity  of  State  laws  on  this  subject.  Either  of  three 
different  rules  will  be  found  to  obtain,  namely,  that  the  riparian  owner's  title 
extends  to,  (1)  mean  high- water  mark;  (2)  low- water  mark;  and  (3)  the 
middle  thread  of  the  current.  For  example.  Section  4529  R.  C.  of  the  State 
of  Montana,  1907,  provides  that: 

''Except  where  the  grant  under  which  the  land  is  held  indicates  a  different 
intent,  the  owner  of  the  land  when  it  borders  upon  a  navigable  lake  or  stream, 
takes  to  the  edge  of  the  lake  or  stream  at  low-water  mark    *    *    *." 

On  February  25,  1895,  in  Gibson  v.  Kelley  (15  Montana,  417,  422),  the 
State  Supreme  Court  held  that  rule  always  to  have  been  the  order  in  Mon- 
tana.   In  the  State  of  Michigan,  the  riparian  owner's  title  is  declared  to 

*  Brewer-Elliott  v.  United  States,  270  Fed.  100 ;  Irvine  v.  Marshall,  20  How.  561  ; 
United  States  v.  Winans,   198  U.   S.   371  ;   Prosser  v.   N.   P.   R.   R.,  152  U.   S.   59. 

t  McGilvra  v.  Ross,  215  U.  S.  70-79  ;  Joy  v.  St.  Louis,  201  U.  S.  332 ;  Scranton  v. 
Wheeler,  179  U.  S.  141,  190;  Kansas  v.  Colorado,  206  U.  S.  46,  93. 

t  66  L.  Ed.  444;  Scott  v.  Lattig,  227  U.  S.  229,  242-243;  Pollards  Lessee  v.  Hagan. 
3  How.  213  ;  Weber  v.   Board  of  Harbor  Commissioners,   18  Wall.   57,   and   cases   cited. 

I  Shively  v.  Bowlby,  152  U.  S.  1,  48-58  ;  United  States  v.  Mission  Rock  Co.,  189  U.  S. 
391 ;  U.  S.  Supreme  Court  in  Port  of  Seattle  v.  O.  &  W.  R.  R.  Co.,  January  31,  1921. 

II  St.  Anthony  Falls  Water  Power  Co.  v.  St.  Paul  Commissioners,  168  U.  S.  349. 
f  Goodtitle  v.   Kibbe,  9  How.  471. 

**  For  detailed  definition  of  bed  and  banks,  see  U.  S.  Supreme  Court  in  Okla.  v.  Texas, 
etc.,  January  15,  1923. 
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extend  to  the  middle  thread  of  the  current  of  the  stream,  irrespective  of 
whether  it  is  navigable  or  non-navigable.* 

In  pursuance  of  the  Montana  rule,  it  would  appear  that  in  this  and  in 
other  public  land  States  where  similar  laws  obtain  as  to  the  ownership  of 
the  shores  along  navigable  streams,  and  where  the  United  States  becomes  a 
riparian  owner  to  low- water  mark,  the  right  of  the  Government  to  survey  and 
to  dispose  of  lands  up  to  low-water  mark  would  suggest  itself,  acting  as  a 
trustee  for  its  future  grantee.  The  United  States,  however,  has  wisely 
abstained  from  extending  (if  it  could  extend)  its  surveys  and  grants  beyond 
the  limits  of  ordinary  high  water  (Barney  v.  Keokuk  (94  U.  S.  338)  and 
Frank  Burns  (10  L.  D.,  365)). 

It  is  also  believed  that  there  is  no  instance  in  which  the  United  States 
after  having  disposed  of  the  land  to  ordinary  high-water  mark  has  departed 
from  the  long-established  rule  of  common  law  and,  afterward,  asserted  a  right 
to  dispose  of  the  space  between  that  and  low- water  mark  (The  Mayor  of 
Mobile  V.  Eslava  (9  Porter,  578;  modified  later,  in  (16  Pet.  234)). 

Non-Navigable  Waters. — In  the  case  where  the  United  States  owns  the  bed 
of  a  non-navigable  stream,  in  disposing  of  the  upland  along  one  or  both  of 
its  banks,  it  is,  of  course,  free  when  disposing  of  the  upland  to  retain  all  or 
any  part  of  the  river  bed;  and,  in  any  particular  instance,  the  question  of 
whether  it  has  done  so  is  essentially  a  matter  of  what  it  intended  in  the  dis- 
posal.f  Where  a  contrary  intention  is  not  shown  by  treaty,  statute,  or  by 
the  terms  of  its  patent,  the  United  States  "will  be  taken  to  have  assented  that 
its  conveyance  should  be  construed  and  given  effect,  in  this  particular,  accord- 
ing to  the  law  of  the  State  in  which  the  land  lies.":}: 

On  page  746,  Mr.  Hogan,  has  described  the  difficulties,  formerly  en- 
countered in  the  State  of  New  York,  in  the  development  of  harmonious 
schemes  of  power  development  and  operation,  on  account  of  the  necessity  of 
first  obtaining  unanimous  agreements  of  private  riparian  owners  relative  to 
the  interrupted  flow  of  the  streams.  He  then  explains  the  organization  of 
the  River  Regulating  District  which  is  based  on  a  mutual  understanding 
among  all  the  power  owners  along  a  stream. 

The  common  law  recognizes  certain  rights  of  riparian  proprietors  in  the 
natural  flow  of  a  stream,  and  it  extends  riparian  ownership  along  the  banks 
of  non-navigable  waters  to  the  middle  of  the  stream. §  In  this  regard,  the 
common-law  rule,  although  modified  somewhat,  will  be  found  to  prevail  in 
most  of  the  States,  and  ordinarily  a  riparian  proprietor  along  non-navigable 
rivers  will  take  to  the  filum  aquce,  or  the  center  thread  of  the  stream. 

The  terms,  "middle  of  the  main  channel"  and  "mid-channel,"  are  often 
used  in  defining  the  limit  of  ownership.     When  applied  to  navigable  streams 

•  Butler  V.  G.  R.  &  Ind.  R.  R.  Co.,  85  Mich.,  246.  Also,  see,  comment  on  this  holding 
in  159  U.  S.  87,  91,  96,  relative  to  the  lack  of  a  prior  adjudication  by  the  U.  S.  Land  Depart- 
ment in  respect  of  the  islands  Involved. 

t  Wilcox  V.  Jackson,  13  Pet.,  498,  516-517;  Irvine  v.  Marshall,  20  Hov?.  558;  Gibson  v. 
Chouteau,  13  Wall.  92,  99  ;  Utah  Power  &  Light  Co.  v.  United  States,  243  U.  S.  389,  404  ; 
Kean  v.  Calumet  Canal  Co.,  190  U.  S.  452,  460. 

t  See,  also,  Hardin  v.  Jordan,  140  U.  S.  371,  384 ;  Mitchell  v.  Smale,  140  U.  S.  406, 
413-414  ;  G.  R.  &  Ind.  R.  R.  Co.  v.  Butler,  159  U.  S.  87,  92  ;  Hardin  v.  Shedd,  190  U.  S. 
508,  519 ;  Whitaker  v.  McBride,  197  U.  S.  510,  512,  515-516  ;  and,  see,  Railroad  Co.  v. 
Schurmeir,   7  Wall,   272,   287,  et  seq. 

§  Middleton  v.  Pritchard,  3  Scammon,  510. 
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such  terms  usually  refer  to  the  thread  of  the  navigable  current,  and  if  there 
are  several,  to  the  thread  of  the  one  best  suited  and  ordinarily  used  for  navi- 
gation.* 

In  non-navigable  streams,  however,  which  are  often  without  a  channel  of 
any  permanence  or  a  continuous  or  dependable  flow,  "the  channel  extending 
from  one  cut-bank  to  the  other,  which  carries  the  water  in  times  of  substan- 
tial flow  *  *  *  was  the  only  real  channel  and  therefore  is  the  main 
channel."! 

Riparian  Bights. — The  proprietor  of  lands  bordering  along  the  banks  of 
streams  also  acquires  a  riparian  title  to  land  that  attaches  thereto  by  imper- 
ceptible degrees  as  accretions,  irrespective  of  whether  the  stream  is  navigable 
or  non-navigable,  or  whether  the  additional  frontage  is  the  result  of  the 
deposit  of  suspended  soil  or  of  the  gradual  recession  of  the  stream.  In  pre- 
paring the  plat  of  an  original  official  survey  from  the  field  notes,  the  courses 
of  the  meander  survey  are  represented  thereon  as  the  border  line  of  the 
stream.  It  is  thus  shown  to  a  demonstration,  in  so  far  as  the  original 
meander  survey  restricts  the  title  of  the  grantees  of  the  United  States  along 
navigable  streams,  that  the  watercourse  is  the  boundary,  and  not  the  line  of 
the  meander  survey  at  the  border  of  the  upland.:];  Where,  by  action  of  the 
water,  a  river  bed  has  gradually  changed,  the  ordinary  high-water  mark  also 
changes  and  the  ownership  of  adjoining  land  follows  with  it.§ 

Portions  of  the  bank  of  a  stream  will  often  be  swept  away  in  times  of 
flood  after  the  original  survey  of  the  meander  lines  and  after  the  identification 
of  the  surveyed  units  of  disposal  abutting  them.  Some  of  these  surveyed 
tracts  will  become  thereafter  a  part  of  the  river  bed  and  others  formerly  non- 
riparian  will  become  riparian.  In  the  case  of  non-navigable  streams, 
where  the  law  of  the  State  confers  a  riparian  ownership  to  the  center  thread 
of  the  stream,  even  if  tracts  which  formerly  were  riparian  upland  had  thus 
become  river  bed  before  their  disposal,  the  proprietorship  under  the  disposal 
thereof  would  reach  to  the  middle  of  the  stream,  providing  a  prior  disposal 
had  not  already  been  made  of  the  adjacent  upland  then  actually  riparian. 
When,  however,  the  disposal  of  the  tracts  thus  found  to  be  situated  in  the 
river  bed  is  made  subsequent  to  that  of  the  sub-divisions  adjoining  on  the 
upland  back  of  them,  theretofore  non-riparian,  but  which  had  become  riparian, 
then  the  conveyance  of  these  latter  tracts,  as  a  rule,  will  include  the  owner- 
ship to  the  center  line  of  the  stream.  |I 

Meander  Surveys  and  High-Water  Level 

"Meander  lines  will  not  be  established  at  the  segregation  line  between  dry 
and  swamp  or  overfowed  land,  but  at  the  ordinary  high-water  mark  of  the 

*  Iowa  V.   Illinois,  147  U.   S.   1  ;  Okla.  v.  Texas,  66  L.  Ed.  444. 

t  Oklahoma  v.  Texas,  etc.,  66  L.  Ed.   444. 

t  R.  R.  Co.  V.  Schurmeir,  7  Wall,  272,  286-287  ;  Minto  v.  Delaney,  7  Oregon,  337,  342. 

§  Minto  V.  Delaney,  7  Oregon  337,  343  ;  11  Ohio  314  ;  Steele  v.  Sanchez,  33  NW.  Rep. 
367;  Lockwood  v.  R.  R.  Co.,  37  Conn.  387;  Grant  v.  Fletcher.  283  Fed.  245.  A  gradual 
change  is  sometimes  equivalent  in  law  to  an  avulsion,  see  Kinkaid  v.  Turgeoji,  et  cil,  (109 
N.  W.  Rep.,  744)   Syllabus. 

II  Oklaboma  v.  Texas,  etc.,  66  L,  Ed.  444. 
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actual  margin  of  the  river  or  lake  on  which  such  swamp  or  overflowed  lands 
border."* 

Ordinarily,  all  swamp  and  overflowed  lands  have  been  patented  to  the 
State  under  the  swamp-land  laws  (Sec.  2480,  U.  S.  R.  S.,  Act  of  September 
28,  1850  (9  Stat.,  519)).  These  lands  are  clearly  defined  in  Heath  v.  Wal- 
lace (138  U.  S.  573,  584).  Several  varieties  of  native  forest  trees  are  found 
only  within  the  zone  of  swamp  or  overflowed  lands.  However,  all  timber 
growth  normally  ceased  at  the  margin  of  permanent  water. 

"Mean  high-water  elevation  will  be  found  at  the  margin  of  the  area  occu- 
pied by  the  water  for  the  greater  portion  of  each  average  year;  at  this  level 
a  definite  escarpment  in  the  soil  will  generally  be  traceable  at  the  top  of  which 
is  the  true  position  for  the  surveyor  to  run  the  meander  line."t 

It  is  not  practicable,  however,  in  public-land  s.urveys  to  meander  a  stream 
in  such  a  manner  as  to  reproduce  all  the  minute  windings  of  the  true  mean 
high-water  elevation,  and,  in  practice,  only  the  general  courses  and  distances 
of  these  sinuosities  are  followed. 

Correction  of  Erroneous  Meander  Lines. — When  the  United  States  has 
disposed  of  the  lands  abutting  the  meander  lines  of  streams,  without  reserva- 
tion in  the  conveyance,  it,  as  a  rule,  retains  no  further  jurisdiction  over  the 
stream  area,  irrespective  of  whether  it  is  navigable  or  non-navigable  in  charac- 
ter, provided,  however,  that  the  original  survey  of  the  meander  line  was  rea- 
sonably correctly  established. 

The  Land  Department  of  the  Government  is  charged  with  the  duty  of 
primarily  determining  what  are  public  lands  subject  to  survey  and  disposal 
under  the  public  land  laws.:}:  It  also  has  the  authority  to  correct  erroneous  or 
fraudulent  surveys  wherever  it  is  proved  to  its  satisfaction  that  public  lands 
which  should  have  been  surveyed,  have  been  left  unsurveyed,  either  as  a  result 
of  incompetence,  inadvertence,  mistake,  or  fraud.§ 

The  Secretary  of  the  Interior,  however,  in  the  case  of  The  Marshall  Dental 
Manufacturing  Company  (32  L.  D.,  553),  and  in  numerous  other  departmental 
land  decisions,  has  announced  the  policy  of  the  Interior  Department  to  be 
as  follows: II 

"The  Department  has  the  power  to  correct  surveys  upon  a  proper  showing, 
but,  as  has  frequently  been  said,  the  proper  rule  is  to  refuse  to  disturb  the 
public  surveys  except  upon  the  clearest  proof  of  accident,  fraud,  or  mistake, 
where  a  resurvey  mav  affect  the  rights  or  claims  of  any  one  resting  upon  the 
original  survey."  (Verified  by  U.  S.  Supreme  Court,  in  United  States  v. 
Lane.  January  22,  1923). 

*  "Manual  of  Instructions  for  the  Survey  of  the  Public  Lands  of  the  United  States," 
Gen.  Land  Office,  1894,  p.  57,  and  repeated  in  all  subsequent  editions. 

t  Advance  sheets  of  a  revision  of  the  "Manual  of  Instructions  for  the  Survey  of  the 
Public  Lands  of  the  United  States,"  1919,  p.  213. 

t  Section  453  and  2476,  U.  S.  R.  S.  ;  Kirwan  v.  Murphy,  189  U.  S.  35  ;  Brown  v. 
Hitchcock,  173  U.   S.  473. 

?  Omagin  v'  Powell,  126  U.  S.  691:  Home  v.  Smith.  159  U.  S.  40:  French  Glenn  Live- 
stock Co  V  Springer,  185  U.  S.  47  ;  Miles  v.  Cedar  Point  Club,  175  U.  S.  300  :  Tubbs  v. 
"Wilhoit  138  U.  S.  261  ;  C.  &  D.  Lumber  Co.  v.  St.  Francis  Levee  District,  232  U.  S.  186 ; 
Gauthie'r  v  Morrison,  232  U.  S.  452 ;  Producers  Oil  Co.  v.  Hansen,  238  U.  S.  325 ;  Lee 
Wilson  &  Co.  V.  United  States,  214  Fed.  630  ;  227  Fed.  827 ;  affirmed  by  U.  S.  Supreme 
Court,  November  5,  1917  :  U.  S.  Supreme  Court  in  Jeems  Bayou  F.  &  H.  Club,  et  al.,  v. 
United  States,  January  2,  1923. 

11  This  policy  was  also  applied  on  October  30,  1914.  in  a  ruling  on  an  application 
for  survey  by  the  Klickitat  White  Pine  Co.    (Duluth  011106). 
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Although  the  long-established  rule,  to  the  efFect  that  the  actual  physical 
comers  and  monuments  of  an  original  survey  hold  precedence  over  the  posi- 
tions thereof  as  indicated  in  the  record  field  notes,  is  quite  general  in  its  appli- 
cation, an  instance  will  occasionally  arise  where  an  absurdity  or  a  fraud 
is  developed  in  the  strict  application  of  such  a  principle;  in  which  case,  the 
courses  and  distances  of  the  original  record  may  hold  over  the  original  monu- 
ments.* If  such  a  case  should  arise  or  other  erroneous  conditions  are  devel- 
oped in  the  identification  of  a  false  original  meander  survey,  the  meander 
lines  may  then  be  held  to  have  become  a  strict  boundary.  If  one  should 
desire  to  investigate  the  degree  of  accuracy  of  the  early  meander  surveys 
along  any  stream,  for  the  determination  of  a  possible  irrelation  when  com- 
pared with  a  true  mean  high-water  elevation  which  might  clearly  have  existed, 
g,s  such,  at  the  time  of  the  original  survey,  the  method  of  traverse  adjustment 
will  be  utilized  for  this  comparison,  such  as  is  explained  by  the  writer  in  his 
paper,  previously  mentioned,  covering  the  practice  of  the  Cadastral  Engineer- 
ing Service  of  the  General  Land  Office.f 

The  Survey  of  Islands. — Artificial  lakes  and  reservoirs,  as  a  rule, .are  not 
segregated  from  the  public  lands,  however,  in  the  original  survey  of  the 
mainland  fronting  on  any  non-navigable  body  of  water,  all  islands  opposite 
thereto  ^bove  mean  high-water  elevation  are  subject  to  survey  and  disposal. 

"Even  though  the  United  States  may  have  parted  with  its  title  to  the  adjoin- 
ing mainland,  an  island  in  any  meandered  body  of  water,  navigable  or  non- 
navigable,  known  or  proven  to  have  been  in  existence  above  the  mean  high- 
water  elevation  at  the  date  of  the  admission  of  a  State  into  the  Union,  and 
at  the  date  of  the  survey  of  the  mainland,  if  omitted  from  said  original 
survey,  remains  public  land  of  the  United  States,  and,  as  such,  the  island  is 
subject  to  survey.":}: 

If,  however,  an  island  is  formed  on  the  bed  of  a  navigable  river  subse- 
quent to  the  date  of  the  admission  of  the  State  into  the  Union,  the  title  to 
such  island  is  vested  in  the  State  and  not  in  the  United  States. § 

Extension  surveys,  as  described  in  the  foregoing,  which  are  executed  for 
the  purpose  of  embracing  public  lands  along  bodies  of  water  held  to  have  been 
erroneously  omitted  from  the  original  survey,  are  generally  not  undertaken 
by  the  General  Land  Office  until  after  the  receipt  of  a  formal  application 
therefor,  a  careful  examination  of  the  land  in  question,  and  proper  authoriza- 
tion by  the  Secretary  of  the  Interior  to  proceed. 

Consequences  of  Indiscretion 

It  is  not  the  purpose  of  this  discussion  to  alarm  the  promoter  or  the  owner 
of  any  water-power  project,  inasmuch  as  all  the  laws  which  relate  thereto  are 

*  Security  Land  &  Exploration  Co.  v.  Burns,  193  U.  S.  167-179  ;  Ainsa  v.  United  States, 
161  U.  S.  208,  229  ;  White  et  al.  v.  Luning,  93  U.  S.  514-524  ;  Shlpp  et  al.  v.  Miller's  Heirs, 
2  Wheat.   316. 

t  Transactions,  Am.   See.  C.  E.,  Vol.  LXXXV   (1922).  pp.  544,  545,  F-igs.  9  and  10. 

t  Advance  sheets  of  a  revision  of  the  "Manual  of  Instructions  for  the  Survey  of  the 
Public  Lands  of  the  United  States",  1919,  p.  217.  See,  also,  McManus  v.  Carmichael,  3  Iowa 
1 ;  Wiggenhom  v.  Kountz,  8  Amer.  State  Rep.  150  ;  Hardin  v.  Minn.  No.  Ry.  Co.,  84  Fed. 
287  ;  in  which  it  was  shown  that  the  Government  had  treated  the  islands  involved  as  separate 
property. 

§  Pollard  V.  Hagan,  3  How.  212  ;  Widdicombe  v.  Rosemiller,  118  F'ed,  295  ;  Hardin  v 
Jordan,  140  U.  S.  371. 
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administered  with  the  broad  view  of  encouraging  such  developments.  It  is, 
however,  the  part  of  wisdom  to  know  the  premises  involved  and  to  establish, 
definitely,  the  control  thereof  before  proceeding  with  the  expenditure  of  large 
sums  of  money  in  project  construction,  always  remembering,  where  the  case 
may  apply,  that  a  naked,  unlawful  trespass  cannot  initiate  a  right  to  any  part 
of  the  public  domain,*  and  that  "possession  not  based  on  a  legal  right,  but 
secured  by  violence  and  maintained  by  force  and  arms,  cannot  furnish  the 
basis  of  a  right  enforceable  in  law."t 


80.10 


Fig.  30. 

With  the  foregoing  principles  in  mind,  attention  is  invited  to  Figs.  30 
and  31,  wherein  is  portrayed  the  situation  now  confronting  a  certain  private 
company  which  owns  a  completely  installed  power  unit  of  some  magnitude, 
one  which  is  locally  well  known.  The  physical  conditions  exhibited  in  Fig.  31 
are  identical  with  those  which  are  represented  as  existing.  All  names,  how- 
ever, and  other  means  of  identification  are  fictitious  and  are  purposely  so  on 
account  of  the  pendency  of  the  case. 

This  power  installation  was  completed  in  1907,  whereas  the  control  of  the 
premises  was  not  adequately  considered  until  1922.  The  company  holds  a  fee- 
simple  patent  for  Lots  1,  2,  3,  4,  and  5,  Section  2,  in  the  position  as  shown 
on  the  plat  of  the  original  survey,  Fig.  30.  The  dam  has  been  placed  in  the 
natural  position  for  it  at  the  outlet  of  a  natural  basin  and  at  the  entrance 
to  a  narrow  canyon  which  is  formed  by  the  river.  In  this  position,  however, 
the  east  abutment  may  possibly  be  found  to  rest  on  extant  public  lands  of 
the  United  States,  which  are  subject  to  survey  and  disposal  under  the  public 
land  laws. 

If  the  land  lying  along  the  meridional  mid-section  line  of  Section  2,  inside 
the  erroneous  original  meander  sui-vey,  and  between  the  north  angle-point  of 
the  original  survey  of  Lot  2  (see  Fig.  31)  and  the  true  mean  high-water  level 

•  Swanson  v.   Sears,   224  U.   S.    182. 

t  Lyle  V.  Patterson.  Syllabus,  228  U.   S.   215. 
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of  the  river,  is  determined  to  be  vacant  public  land  of  the  United  States,  then 
the  only  apparent  possibility  that  the  east  abutment  of  the  dam  might  rest 
on  the  company's  property,  would  lie  in  the  circumstance  that  the  exterior  side 
line  of  the  riparian  addition  to  Lot  2  which  extends  westerly  to  the  center 
of  the  stream,  might  fortuitously  intersect  the  east  bank  at  a  point  north  of 
the  dam. 

Point  for 
A        N.,!^  Cor.  Sec.  2 
East  41.89  M.C.  y-JF— — V^   -  vM.f:. 
— r  Jii  iki .-   -I  RQ--.-, 


Fig.  31. 

If  the  company  has  not  already  the  necessary  ownership,  it  may  acquire 
the  title  through  either  a  special  Act  of  Congress,  or  by  proceeding  under 
the  various  land  laws,  or,  if  an  application  for  a  license  is  filed,  under  Sec- 
tions 21,  23,  and  24  of  the  Federal  Water  Power  Act,  immediate  protection 
will  doubtless  be  obtained.  It  is  emphasized,  however,  that  the  initiative  in 
all  these  actions  rests  with  the  power  company.  In  this  particular  case,  the 
past  record  of  apparent  indifference  to  security  does  not  indicate  a  high  degree 
of  understanding  of  such  matters,  or  of  initiation.  Instances  of  similar  im- 
prudence may  exist  elsewhere,  which  are  not  realized  by  the  parties  most 
interested.  These  cases  may  develop  into  situations  of  much  greater  com- 
plexity, with  reference  to  the  inception  of  private  adverse  rights,  before  they 
receive  even  ordinary  consideration. 

A  fully  developed  and  secured  water-power  plan  is  the  greatest  of  all  meas- 
ures for  the  conservation  of  natural  resources,  inasmuch  as  perpetual  benefits 
are  made  available  thereby.     The  enormous  quantities  of  coal,  fuel  oil,  and  all 


888  DISCUSSION   ON   THE    WATER   POWER   PROBLEM 

other  forms  of  fuel  now  being  expended  in  the  generation  of  steam,  may  be 
saved  by  the  hydro-electric  power  developed,  irrigation  of  agricultural  lands 
is  made  possible  by  the  use  of  the  water  leaving  the  power  wheel,  and  the 
possibility  of  destructive  floods  is  reduced  through  the  storage  and  control  of 
water  in  the  reservoirs. 

The  potential  water  power  of  all  the  streams  of  the  United  States  is  not 
a  matter  of  accurate  knowledge.  Total  amounts  will  vary  widely  according 
to  the  particular  basic  assumptions  of  each  estimate.  The  most  comprehen- 
sive survey  of  both  the  developed  and  the  undeveloped  water-power  resources 
of  this  country  is  that  accomplished  by  the  Government,  and  which  is  to  be 
found  in  the  report  of  the  Secretary  of  Agriculture  dated  January  20, 
1916.*  This  report  is  the  result  not  only  of  independent  corrective  investiga- 
tions made  in  1915,  but  also  of  studies  and  additions  accomplished  by  several 
Federal  agencies.f 

From  page  17  of  the  report  made  in  1916  by  the  U.  S.  Forest  Service,  one 
finds  that  the  total  undeveloped  power  resources  of  the  streams  of  the  United 
States  is  conservatively  estimated  at  a  minimum  of  27  943  000  h.  p.,  and  a 
maximum  of  53  905  000  h.  p.  The  minimum  amount  represents  continuous 
power  at  periods  of  lowest  flow,  and  the  maximum,  the  average  pov^er  avail- 
able during  one-half  the  time.  The  use  of  storage  was  not  considered  in  these 
estimates,  and  the  efficiency  of  the  water-wheel  was  assumed  at  75  per  cent. 

In  contrast  with  this  amount,  an  estimate  based  on  other  assumptions 
is  that  repeated  by  Mansfield  Merriman,:}:  M.  Am.  Soc.  C.  E.,  which  states  that 
the  total  potential  water  power  of  the  United  States  is  200  000  000  h.  p.  Mr. 
Hogan  estimates  that  2  000  000  continuous  h.  p.  represents  one-half  the  unde- 
veloped potential  energy  of  the  Niagara  River;  various  other  engineers  con- 
sider that  4  000  000  h.  p.  may  be  developed  at  an  economic  cost  in  the  State 
of  California  alone,  and  Mr.  O'Shaughnessy  believes  that  a  close  estimate  of 
all  the  possibilities  of  that  State  lies  between  8  000  000  and  9  000  000  h.  p. 

A  statement!  has  been  made  that,  in  one  of  the  large  steam  plants  of  New 
York  City,  each  horse-power  developed  now  costs  about  $50  per  operating 
year.  If  this  estimate  is  only  approximately  correct,  it  is  fully  realized  that 
the  development  of  the  power  resources  of  the  streams  is  the  big  problem,  the 
answer  to  which  represents  one  of  the  most  impending  needs  of  this  country. 
The  enactment  of  the  Federal  Water  Power  Act  is  a  long  step  toward  the  solu- 
tion of  this  problem. 

J.  W.  SwAREN,!!  M.  Am.  Soc.  C.  E.  (by  letter). — These  papers  cover  every 
phase  of  the  water-power  problem,  except  the  obtaining  of  funds  and  the  rela- 
tion of  the  investing  public  to  programs  of  extension. 

*  Senate   Document  No.   316,   64th   Congress,   1st   Session. 

t  Report  in  1908,  of  the  Bureau  of  the  Census  to  the  National  Conservation  Commission 
(Senate  Doc'  No.  676,  60th  Cong.,  2d  Session)  ;  report,  in  1908,  of  the  U.  S.  Geological 
Survey  also  submitted  to  the  Conservation  Commission  (Water  Supply  Paper  No.  25^)  . 
report  of  the  Commissioner  of  Corporations,  dated  March  4th,  1912  ;  and  the  report,  in  1916, 
of  the  U.  S.  Forest  Service   (Senate  Doc.  No.  316,  supra). 

t  "Treatise  on  Hydraulics,"   8th  Ed.    (1907),  p.   371. 

§  Dr  Edwin  E.  Slosson,  of  Science  Service,  in  its  Daily  Science  News  Bulletin  (Wash- 
ington, D.  C.)  ;  Literary  Digest,  Vol.  75,  No.  9   (December  2,  1922),  p.  25. 

11  Engr.,  Bureau  of  Internal  Revenue,  Washington,  D.  C. 
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In  his  paper  on  the  "The  Prospective  Competitor  Method  of  Valuation  of 
Property",*  M.  L.  Byers,  M.  Am.  Soc.  C.  E.,  discussed  certain  features  of  the 
rights  of  existing  investors.  Of  equal  or  greater  import  are  the  rights  of 
investors  in  new  projects.  They  should  know  that  the  market  is  large  enough 
to  absorb  the  new  unit  which  their  money  is  developing  and  that  the  future 
growth  of  revenue-producing  load  will  not  be  outstripped  by  increased  com- 
petitive development,  or,  perhaps,  completely  dissipated  before  the  net  rev- 
enues wipe  out  the  early  operating  deficits. 

Rate-making  bodies  are  not  inclined  to  look  with  favor  on  rates  sufficiently 
high  to  re-absorb  such  deficits.  Yet  such  rates  are  as  real  as  interest  on  bonds 
during  the  construction  period  and,  on  the  basis  of  present  worth,  as  amenable 
to  capitalization. 

On  the  other  hand,  programs  on  scales  of  insufficient  size  are  equally  likely 
to  financial  disaster.  Recently,  the  writer  has  observed  a  semi-industrial 
power  station  of  the  usual  efficiency,  which  has,  as  its  only  outlet,  sale  of  power 
to  an  existing  network  with  large  station  capacity.  The  maximum  block  of 
power  which  the  new  station  can  contract,  can  only  be  marketed  at  a  price 
lower  than  operating  expenses.  As  a  result,  more  than  one-half  the  station  is 
idle,  whereas  a  station  of  double  the  size  would  have  a  market,  and  the  dis- 
tributing organization  would  not  be  under  the  necessity  of  increasing  its  gen- 
erating capacity,  as  it  now  is. 

Mr.  Merrill  states  that  certain  activities  are  not  undertaken  because  of 
lack  of  funds  and  insufficiency  of  personnel,  more  particularly  appraisal 
work.  The  writer  would  like  to  draw  his  attention  to  a  rapid  method  of 
appraisal  that  is  proving  successful  where  appraisals  are  necessary  in  deter- 
mining income  taxes.  The  books  of  the  company  are  taken  as  a  basis — 
costs  being  checked  by  auditors — and  a  brief  physical  inspection  is  made 
by  an  engineer  to  determine  the  general  conditions  of  the  original  con- 
struction and  of  present-day  replacement  methods.  Factors  based  on  general 
economic  studies  are  applied  to  determine  present-day  physical  values.  An 
economic  study  is  then  made  of  the  particular  company,  and  curves  of  ex- 
pectancy are  developed.  Net  profits  actually  received  in  subsequent  years  are 
proving  that  accuracy  is  being  obtained  by  these  methods  of  economic 
valuations. 

Amplifications  of  Kelvin's  law  have  been  used  with  success  by  the  writer 
for  economic  predeterminations.  Its  application  to  the  solution  of  general 
engineering  economics  offers  little  more  complication  than  its  application  to 
the  economic  determination  of  a  copper  network. 

The  investor  is  entitled  to  a  careful  study  of  the  market  which  is  to  be 
served,  as  well  as  how  it  is  to  be  served,  preferably  by  a  disinterested  in- 
vestigator, with  a  continuing  experience  of  wide  scope.  The  writer  hopes 
that  Mr.  Merrill  had  such  studies  in  mind  when  he  spoke  of  important,  but 
not  yet  undertaken,  duties.  He  states  that  the  Federal  Commission  is  con- 
cerned largely  with  the  enforcement  of  a  contract  obligation.  Protection  of 
the  general  public,  of  which  he  speaks,  requires  that  the  contractor  be  capable 
*  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXIII   (1919-20),  p.  1313. 
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of  fulfilling  his  contract  throughout  its  life.  The  necessary  investigations  to 
determine  those  features  already  assumed  by  the  Commission  should  supply 
most,  if  not  all,  the  data  to  enable  a  satisfactory  determination  of  expectancy. 
Water-power  securities  should  be  sound  under  all  conditions  of  general 
economic  stress.  Soundness  is  only  possible  when  the  market  is  assured  for 
the  life  of  the  security  at  the  least.  This  can  be  predetermined  by  engineering 
methods,  and  should  be  checked  as  carefully  as  any  other  part  of  the  design. 

J.  P.  JoLLYMAN,*  Esq. — Some  of  the  phases  of  high-voltage  transmission 
and  some  of  its  problems  have  been  discussed  interestingly  by  Mr.  Peek 
and  Professor  Ryan.  The  speaker  will  discuss  this  subject  from  the  stand- 
point of  operating  companies  which  are  confronted  with  increasing  demands 
for  electric  energy,  and  are  finding  their  sources  of  such  supply  being 
utilized  more  and  more  in  the  regions  near  the  load.  They  are  com- 
pelled, therefore,  when  dependent  on  hydro-electric  energy,  to  reach  farther 
and  farther  from  their  load  centers  for  their  supply.  With  this  necessity  for 
transmitting  energy  over  greater  distances,  they  are  forced — if  they  want  to 
keep  their  costs  down — to  the  use  of  higher  voltages.  The  economic  situation 
in  California  has  forced  the  oi)erating  companies  to  the  use  of  220  000  volts 
as  the  most  economical  solution  of  their  problem. 

The  question  of  distribution  of  large  amounts  of  hydro-electric  energy  in 
other  parts  of  the  United  States  has  been  discussed  in  connection  with  this 
subject.  The  water-power  developments  of  Niagara,  and  the  possibilities  of 
the  Colorado  and  the  Columbia  Eivers  have  been  mentioned.  However,  the 
utilization  of  those  powers  and  the  distribution  thereof  to  the  places  where 
there  will  be  a  demand  for  them  will  be  dependent  on  the  use  of  the  highest 
transmission  voltages. 

The  operating  company,  when  confronted  with  the  necessity  of  using  a 
voltage  higher  than  that  which  has  heretofore  been  utilized,  finds  itself  depend- 
ent on  knowledge  that  has  been  acquired  comparatively  recently.  There  is  no 
long  period  of  experience  with  the  highest  operating  voltages.  The  operating 
companies  are  just  arriving  at  that  stage,  and  they  are  dependent  on  the 
technical  knowledge  that  is  acquired  by  the  researches  made  at  the  universi- 
ties, of  men  like  Professor  Ryan,  and  his  students.  The  operating  companies 
can  obtain  experience  with  these  voltages  only  after  they  have  them  in  service. 
They  cannot  and  must  not  invest  millions  of  dollars  in  something  that  is 
unknown  or  untried.  They  must  take  a  step  in  advance,  they  must  be  depend- 
ent on  such  knowledge  as  has  been  accumulated  by  recognized  authorities. 

In  behalf  of  the  operating  companies,  the  speaker  wishes  to  express  his 
appreciation  of  the  time  and  money  that  has  been  expended  in  research  by  the 
manufacturing  companies  and  the  universities.  Only  by  such  means  is  it 
possible  for  the  people  of  the  country  at  large  to  enjoy  the  benefits  of  con- 
tinually increasing  supplies  of  low-cost  energy  which  in  California,  at  least, 
must  be  derived  from  water  power  and  must  be  transmitted  over  continually 
increasing  distances. 

•  Chf.,  Dept.  of  Eng.,  Div.  of  Hydro-Electric  and  Transmission  Eng.,  Pacific  Gas  &  Elec. 
Co.,  San  Francisco,  Calif. 
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F.  P.  Williams,*  M.  Am.  Soc.  C.  E.  (by  letter). — Considering  the  test 
that  the  electric  power  business  has  been  passing  through  during  the  last  few 
years,  in  the  matter  of  taking  care  of  both  the  increased  demand  and  the 
maintaining  of  rates  when  everything  has  advanced  in  price,  it  is  of  especial 
interest  to  note  in  Mr.  Hogan's  paper  the  tendencies  of  water  power  develop- 
ment at  the  present  time,  and  their  possible  effect  on  future  conditions. 

A  study  of  a  score  of  scattered  public  service  companies  operating  in  New 
York  State  during  the  period  from  1910  to  1920,  shows  that  the  average  revenue 
per  kilowatt-liour  for  all  classes  of  service,  has  remained  substantially  the  same. 
It  is  believed  that  the  companies  are  representative,  and  that  the  showing 
noted  is  typical.  This  maintaining  of  rates  has  happened  in  the  face  of  the 
rise  in  cost  of  practically  everything  since  1914. 

An  important  factor  that  has  helped  to  secure  the  record,  especially  in 
regard  to  j*ates,  is  the  increase  in  the  proportion  of  water  to  steam  power.  In 
1910,  the  energy  generated  by  companies  reporting  to  the  Public  Service  Com- 
mission, outside  of  New  York  City,  amounted  to  a  total  of  950  000  000  kw-hr. 
In  1910,  the  hydro-electric  energy  generated  was  4.4  times  the  amount  of  steam- 
generated  energy;  in  1920,  the  total  generated  was  3  200  000  000  kw-hr.,  or  3.4 
times  the  amount  generated  in  1910.  In  1920,  the  hydro-electric  energy 
generated  was  5.2  times  as  great  as  that  generated  by  steam,  indicating  an 
increase  of  0.8  in  the  ratio  of  hydro-electric  over  steam  power.  The  present 
tendencies,  pointed  out  by  Mr.  Hogan,  indicate  how  additional  power  may  be 
available  through  economies  in  practice,  and  by  further  development.  The 
result  will  probably  be  an  increase  in  the  ratio  of  hydro-electric  power  to  steam 
power.  Although  the  conditions  just  noted  have  obtained  in  the  operation  of 
public  service  corporations,  private  steam  plants  have  had  to  face  more  pro- 
nounced increased  operating  costs,  especially  of  fuel.  It  is  of  still  greater 
interest,  therefore,  to  such  power  users  that  additional  hydro-electric  power  be 
developed. 

In  view  of  the  power  conditions  that  have  obtained  during  the  past  few 
years,  it  is  very  desirable  that  the  tendencies  outlined  by  Mr.  Hogan  be  fol- 
lowed for  the  purpose  of  maintaining  that  record  and  improving  it,  if  possible. 

Although  the  fact  that  the  ratio  of  water  power  has  kept  pace  with  the 
steady,  annual  increase  in  the  amount  of  power  required,  has  increased  over 
the  steam  power,  and  has  been  of  great  value  in  maintaining  rates,  there  have 
been  other  economies  helping  toward  the  same  end,  such  as  improvements  in 
machinery,  greater  efficiency  in  transmission,  greater  general  refinements  in 
practice,  and  changes  in  control,  that  have  contributed  to  that  end. 

That  an  increased  proportion  of  water  power  has  not  been  the  sole  element 
tending  to  keep  rates  per  kilowatt-hour  from  rising,  is  shown  by  the  lowering 
of  rates  during  the  past  few  years  in  New  York  City,  a  steam-generating 
center.  The  average  revenue  per  kilowatt-hour,  as  reported  by  the  public 
service  electric  companies,  except  street  railway  companies  of  New  York  City, 
in  1908,  was  6.9  cents.  In  1919,  the  average  revenue  was  4.4  cents.  This  is  all 
steam-generated  energy.     In  1919,  the  amount  sold  was  1 104  406  493  kw-hr. 

*  Secy.,   New  York  Water  Power  Comm.,   Albany,   N.   Y. 
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111  the  case  of  the  city  plants,  the  coal  required  to  generate  1  kw-hr.  in  1908 
was  reported  to  the  Public  Service  Commission  as  4.20  lb.  lu  1919,  it  was  2.38 
lb.,  or  six-tenths  of  the  former  quantity,  showing  a  much  greater  economy  in 
the  use  of  coal. 

Although  a  great  deal  has  been  accomplished  in  keeping  down  costs,  by 
invention  and  refinements  in  operating,  it  does  not  appear  as  safe  to  rely  on 
economies  in  this  direction  in  the  future,  as  to  rely  on  following  the  present 
tendencies  outlined  by  Mr.  Hogan,  especially  in  securing  greater  economies 
through  the  construction  of  storage  reservoirs,  the  inter-connection  of  service, 
etc.  For  example,  the  present  developed  hydro-electric  power  may  be  trebled  by 
the  increase  in  power  that  may  be  secured  in  present  plants  through  river 
regulation,  and  by  the  construction  of  plants  to  use  the  undeveloped  power. 

Storage  reservoirs  for  regulating  stream  flow  hold  promise  of  great  general 
benefits.  Regulation  will  result  in  lessening  flood  damages,  in  increasing 
power  output,  and  in  improving  navigation  in  the  large  streams  by  increasing 
the  low-water  flow.  However,  when  it  is  suggested  that  storage  may  be  carried 
to  a  point  that  will  make  Adirondack  powers  independent  of  steam,  if  desirable, 
it  must  not  be  overlooked  that,  in  the  case  of  this  power,  which  requires  to  be 
transmitted  a  long  distance  to  market,  auxiliary  power  will  always  be  desirable, 
if  for  no  other  reason  than  to  protect  against  interruption  of  service,  to  which 
all  long-distance  lines  are  subjected. 

As  indicated,  the  conservation  of  the  natural  resources  of  New  York  State 
has  been  studied  carefully,  both  by  public  and  private  authorities.  Stream 
flow  records,  forming  the  scientific  basis  for  any  development,  have  been  gen- 
erally maintained.  Although  the  power  record  of  the  past  few  years  has  been 
a  noteworthy  one,  there  appears  to  be  no  doubt  that  the  future  will  give  a  good 
account  of  itself,  if  the  tendencies  outlined  are  advanced  rapidly  enough  to  meet 
conditions.  Fortunate,  indeed,  is  the  State  that  has  ample  coal  deposits. 
Happily,  by  the  advancement  made  in  hydro-electric  art,  and  by  the  careful 
study  and  development  of  their  water  powers,  other  States  may  approximate  the 
coal  advantage  of  their  sister  States. 

G.  B.  Herikgton,*  M.  Am.  Soc.  C.  E.  (by  letter). — Mr.  Matthes'  paper 
is  a  valuable  contribution,  to  the  literature  of  applied  reconnaissance.  The 
use  of  the  aerial  photographic  method  in  river  and  power  surveys  as  described 
has  a  peculiar  value  not  only  in  making  available  a  base  map  that  is  directly 
visible  and  interpretable  as  the  eye  sees  the  subject,  but  it  also  has  a  great 
advantage  in  speed  and  thoroughness. 

Recent  articles,  in  the  technical  press,  on  aerial  mapping  in  cities  have 
brought  out  this  same  feature,  that  is,  making  clearly  and  naturally  visible  an 
infinite  amount  of  related  detail,  without  conventionalizing.  Mr.  Matthes 
describes  the  method  and  its  application  on  an  actual  engineering  recon- 
naissance problem  of  a  high  order.  Further  interest  would  be  added  if  in  his 
closure  he  would  discuss  more  fully  the  use  of  the  stereoscope  and  the  rnanner 
in  which  it  functions,  as  this  seems  to  be  a  very  interesting  feature  of  this 
method  of  mapping. 


*  Portland,  Ore. 
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One  of  the  greatest  difficulties  in  reconnaissance  usually  is  the  necessity 
of  continuous  discrimination — due  either  to  lack  of  time,  funds,  or  force — 
between  what  should  be  mapped  and  what  may  be  mapped  in  a  country  which 
may  be  under  investigation  primarily  for  determining  whether  any  further 
expenditure  for  surveys  is  justified.  The  slower  hand  methods  of  surveying  a 
vast  stretch  of  covmtry  nearly  always  must  be  applied  so  that,  should  further 
work  be  desirable,  the  original  survey  may  serve  as  a  base  for  its  extension, 
thus  avoiding  repetition  and  waste.  Where  reconnaissance  is  made  by  riding 
or  walking  and  taking  such  observations  as  may  be  warranted,  the  investigator 
nearly  always  has  a  feeling  of  limitation  on  account  of  the  personal  horizon. 
He  feels  that  he  should  cover  a  great  deal  more  ground  than  he  can,  in  order 
to  eliminate,  by  positive  conclusions  due  to  actual  examination,  any  possi- 
bility of  errors  of  omission. 

Where  reconnaissance  is  reduced  to  any  form  of  line  or  stadia  measure- 
ment, the  investigation  of  large  areas  may  become  expensive.  It  frequently 
happens  that  reconnaissance  must  be  made  hurriedly,  and  only  as  complete 
a  report  rendered  as  will  be  permitted  by  the  time  and  funds  available  and 
the  character  of  the  territory  to  be  covered. 

Time  and  financial  limitations  which  have  hampered  work  of  this  kind 
seem  to  be  lessened  or  eliminated  by  the  aerial  method. 

During  the  winter  of  1019-20,  a  tornado  worked  havoc  in  certain  timbered 
areas  along  the  coastal  slope  of  the  Olympic  Peninsula  in  Western  Washing- 
ton. This  tornado  seemingly  ricocheted  over  the  vast  timber  area,  recur- 
rently dipping  into  the  timber  and  then  rising  above  it,  along  about  100 
miles  of  its  course.  The  earliest  attempts  to  get  a  preliminary  estimate  of 
the  damage  disclosed  that  the  trails  were  blocked  by  fallen  timber  and  that 
in  some  places  the  tangle  of  timber  trunks  and  tops  was  so  great  that  experi- 
enced woodsmen  and  cruisers  had  difiiculty  in  making  a  mile  a  day  across 
some  of  the  damaged  areas.  In  determining  the  approximate  damage,  a 
large  force  of  cruisers  was  required  for  practically  the  entire  following  year. 
A  large  part  of  this  territory  is  United  States  National  Forest,  and  the 
executives  of  the  Forest  Service  decided  at  an  early  stage  that  aeroplanes 
equipped  for  photographing  could  give  the  earliest  general  information  on 
the  damage.  Arrangements  having  been  made  for  this  service,  photographs 
of  a  series  of  strips  were  taken  along  the  course  of  the  storm.  Although 
some  fog  was  encountered,  the  photographs  showed  the  location  and  nature 
of  the  damage  quite  thoroughly.  It  is  hoped  that  the  Forest  Service  will 
make  public  more  of  the  data  on  the  time,  result,  and  cost  of  this  work. 

The  writer  has  examined  the  photographs  and  has  found  them  peculiarly 
interesting.  The  topographic  features  of  the  country  were  thoroughly  deter- 
minable, and  the  different  'kinds  of  trees  could  be  clearly  distinguished. 
Although  the  flights  were  made  at  a  higher  altitude  than  that  used  in  normal 
mapping,  the  crowns  of  the  trees  could  be  counted  in  the  photographs. 

The  more  progressive  logging  companies  make  their  plans  from  topographic 
maps  prepared  mainly  from  barometric  observations  taken  during  the  close 
cruising  of  the  timber,  the  contour  intervals  being  from  10  to  20  ft.,  and 
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usually  50  ft.  Control  levels  are  generally  run  along  section  lines,  the 
contours  being  sketched  as  the  areas  are  traversed  by  the  cruisers. 

In  studying  Mr.  Matthes'  paper,  the  writer  has  become  impressed  by  the 
fact  that  the  aerial  method  of  photographic  mapping  should  offer  a  wide  field 
in  future  timber  land  surveys,  particularly  those  made  prior  to  the  opening 
of  new  timber  land  areas  for  operation.  The  strip  counting  of  actual  trees, 
which  is  done  in  ordinary  cruising,  may  be  thus  modified  to  some  extent,  and 
the  cruising  tend  more  to  become  an  examination  of  quality  and  of  the 
average  size  of  the  trees,  as  this  cannot  be  determined  from  the  air.  An 
actual  tree  count  of  a  territory  is  thus  rendered  practicable,  and  the  shape 
relation  and  direction  of  topographic  features  are  determined  automatically, 
and  the  location  of  corners  and  land  lines,  and  their  position  on  the  photo- 
graph is  possible  in  any  one  of  several  obvious  ways.  The  necessary  surveys 
can  then  be  best  made  on  photographically  pre-determined  directions,  instead 
of  being  run  over  section  lines,  as  at  present. 

The  present  methods  of  timber  cruising,  however,  will  probably  be  con- 
tinued without  change,  because  certain  practices  have  been  developed,  and 
the  language  of  the  industry  and  the  training  and  special  skill  of  the  cruisers 
is  dependable  and  understood.  The  topographic  mapping,  however,  may  well 
be  removed  from  their  work,  which  would  then  be  more  that  of  judging  the 
quality  and  quantity  of  timber,  in  view  of  the  possible  adaptation  of  the 
better  method  of  base  mapping  which  aeroplane  photography  seems  to  offer. 

The  writer  has  long  contended  that  base  levels  for  contour  work  in  tim- 
bered areas  should  be  run  along  controlling  ridges  and  streams.  This  would 
usually  require  much  less  leveling,  and  the  controls  would  be  where  they 
were  needed.  The  contour  surveying,  thus  becoming  a  separate  function, 
could  be  done,  preferably,  in  advance  of  or  after  the  cruising  of  the  timber 
stand,  and  thus  become  a  groundwork  for  the  subsequent  railway  surveys  and 
logging  layouts. 

The  photographic  mapping  of  an  area  would  give  a  fundamental  base, 
show  detail  far  beyond  hand-mapping  possibilities,  provide  the  base  for  the 
actual  surveys  necessary  in  determining  elevations,  and  could  be  done  in  much 
the  same  manner  as  Mr.  Matthes  describes  for  the  contour  work  on  the  Ten- 
nessee River  survey. 

The  paper  gives  a  cost  of  about  $61  per  sq.  mile  on  a  territory  about  80  lin. 
miles  in  extent.  Timber  cruising  generally  costs  from  30  to  55  cents  per 
acre,  under  contract,  in  the  Northwest,  for  thorough  standard  work.  Topo- 
graphic work,  as  now  done,  adds  to  the  cost  about  20  to  35  cents  per  acre, 
thus  making  the  range  of  present  cost  45  to  85  cents  per  acre.  It  should  be 
possible  on  smaller  areas  to  furnish  basic  photographic  maps  at  $100  to  $150 
per  sq.  mile,  or  at  15  to  20  cents  per  acre,  cruising  at  40  cents  per  acre,  with 
contour  survey  control  at  20  cents  per  acre.  It  will  not  make  a  much  more 
expensive  mapping  process,  but  will  furnish  a  vastly  more  comprehensive  and 
valuable  basic  mapping  of  the  territory  under  study,  as  judged  by  standards 
of  visibility,  ease  of  reading,  and  its  actual  portrayal  of  conditions. 
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Logging  involves  the  application  of  sound  engineering,  planning,  and 
execution,  by  men  of  sound  common  sense  and  experience  who  have  grown 
up  in  the  work,  or  by  technically  trained  engineers.  The  fundamental  pre- 
knowledge  of  the  problems  confronting  the  operator,  as  conveyed  by  its 
mapping,  therefore,  requires  the  best  ix)ssible  standard  of  informative  data 
and  visualization.  The  writer  believes  that  the  application  of  aerial  photo- 
graphic mapping  of  timbered  areas,  properly  done,  will  be  of  great  benefit, 
as  reflected  in  operating  and  air  survey  costs  and  general  results  obtainable. 

The  field  for  this  method  in  irrigation  and  power  investigation  work  is 
enormous.  The  fact  that  an  irrigation  project  covering  a  vast  area  can  be 
quickly  and  informatively  portrayed  on  a  photographic  map  which  will  show 
infinite  flat  detail  and  locate  the  topographical  elements  of  the  whole  area, 
will  act  as  a  base  for  planning  all  the  controls  and  main  final  survey  features 
which  must  be  determined  accurately,  and  will  be  justified  ordinarily  if  used 
for  no  other  purpose.  Heretofore,  no  other  method  has  been  available  for 
getting  so  quickly  and  accurately  a  topographic  problem  in  large  areas  before 
the  engineer  and  the  financier,  who  must  visualize  the  whole  problem.  One  of 
the  greatest  values,  in  such  reconnaissance,  is  the  portrayal  of  the  things 
that  are  not  required  to  be  done,  and  the  better  application  of  effort.  Although 
it  has  been  well  known  that  aeroplane  mapping  has  been  done,  and  much 
progress  made,  the  publication  of  tested  and  workable  methods,  as  applied 
on  an  extensive  survey,  has  marked  a  starting  point  for  the  extension  of 
the  methods  used. 

W.  G.  HoYT*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter).— The  U.  S.  Geological 
Survey  has  recently  filed  for  public  inspection  at  its  office  at  Washington, 
D.  C,  and  at  the  offices  of  its  District  Engineers  at  Boise,  Idaho,  and  San 
Francisco,  Calif.,  manuscripts  of  four  reports  as  follows :    Preliminary  Report 
on  Power  Possibilities  of  Snake  River  between  Weiser  and  Lewiston,  Idaho 
Water  Power  Resources  of  Salmon  River  between  Salmon  and  Its  Mouth 
Water  Power  Resources  of  Snake  River  between  Milner  and  Weiser,  Idaho 
and  Klamath  River  and  Its  Utilization. 

These  reports  were  prepared  by  hydraulic  engineers  of  the  U.  S.  Geological 
Survey,  the  three  first  named  by  the  writer  and  the  last  named  by  E.  C.  LaRue, 
M.  Am.  Soc.  C.  E.  The  reports  are  based  on  extensive  field  investigations  and 
office  studies  and  contain  detailed  information  relative  to  sites  at  which 
2  000  000  h.p.  could  be  developed  at  times  of  low  water. 

Snake  River  Between  Milner  and  Weiser! 

1. — The  geologic  conditions  at  most  of  these  sites  will  pennit  dams  to  be 
constructed  to  the  height  of  economic  feasibility. 

2. — The  flow  from  springs  makes  almost  the  entire  stretch  available  as  a 
source  of  power  regardless  of  any  future  diversions  for  irrigation. 

3. — Practically  all  the  power  available  can  be  developed  without  interfer- 
ing materially  with  existing  structures  or  with  any  other  proposed  development. 

•  Hydr.   Engr.,  U.   S.   Geological   Survey,  Washington,   D.   C. 
t  See  Table  19. 
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4. — Surveys  and  studies  made  at  18  sites  show  that  the  undeveloped  horse- 
power available  at  70%  efficiency  is  as  follows : 

Without  regTilation  of  flow: 

Available  90%  of  the  time 250  700  h.p. 

Available  50%  of  'the  time 724  000  h.p. 

With  regulation  of  flow  (all  flow  above  Milner  to 
be  used  for  irrigation)  : 

Available  90%  of  the  time 260  000  h.p. 

Available  50%  of  the  time 276  400  h.p. 

Snake  River  Between  Weiser  and  Lewiston,  Idaho* 

1. — On  Snake  River  between  Huntington,  Ore.,  and  Lewiston,  Idaho,  there 
is  enormous  undeveloped  power,  which  may  be  utilized  without  interfering 
with  the  use  of  the  water  in  the  upper  stretches  for  irrigation. 

2. — Most  of  this  undeveloped  power  lies  between  Homestead,  Ore.,  and  a 
point  12  miles  up  stream  from  Grand  Ronde  River.  Between  Huntington 
and  Homestead,  the  railroad  and,  to  some  extent,  the  geologic  features, 
prevent  any  large  development  of  power.  In  the  stretch  above  Lewiston,  the 
geologic  features  and  the  small  slope  of  the  river  make  the  possibility  of 
developing  power  extremely  remote. 

3. — Owing  to  the  inaccessibility  and  the  nature  of  the  canyon  through 
which  the  river  flows  and  to  the  great  floods  to  which  the  river  is  subject,  the 
conditions  are  not  favorable  for  the  development  of  what  at  present  is  con- 
sidered cheap  power. 

4. — The  total  undeveloped  horse-power  at  70%  efficiency  is  as  follows: 

Without  regulation  of  flow: 

Available  90%  of  the  time 919  000  h.p. 

Available  50%  of  the  time 1  515  000  h.p. 

With  reg-ulation  of  flow   (all  flow  above   JVIilner 
used  for  irrigation)  : 

Available  90%   of  the  time 800  000  h.p. 

Available  50%   of  the  time 1  130  000  h.p. 

Salmon  River  Between  Salmon  and  MouTHf 

1. — Its  well-sustained  flow,  its  exceptionally  great  slope  in  view  of  its  size, 
and  the  numerous  well-spaced  sites  along  it.  make  Salmon  River  a  valuable 
source  of  power. 

2. — The  flow  of  the  river  may  perhaps  be  increased  by  about  500  sec-ft. 
for  nine  months  of  each  year  by  constructing  one  reservoir  site. 

3. — Twenty-five  well-spaced  dam  sites  have  been  located  and  surveyed. 

4. — The  distance  from  a  railroad,  ranges  from  30  to  102  miles,  and  the  cost 
of  railroad  construction  would  be  high. 

*  See  Table  20. 
t  See  Table  21. 
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5. — At  present  there  is  no  market  for  any  considerable  block  of  power  and 
there  is  none  in  sight,  a  fact  shown  by  the  absence  of  applications  for  pennits 
before  the  Federal  Power  Commission. 

6. — The  total  undeveloped  horse-power  at  70%  efficiency  is  as  follows : 

Without  r^ulation  of  flow : 

Available  90%  of  the  time 387  000  h.p. 

Available  50%   of  the  time 774  000  h.p. 

With  regulation  of  flow  : 

Available  90%   of  the  time 681  000  h.p. 

Available  50%   of  the  time 868  500  h.p. 

Klamath   River* 

1. — Twenty-four  sites  on  Klamath  River  and  its  principal  tributaries  have 
been  examined. 

2. — The  greatest  proportion  of  jiower  will  probably  be  developed  by  means 
of  relatively  low  diversion  dams  from  which  water  will  be  led  in  canals  or 
conduits  to  points  of  use. 

3.— The  amount  of  power  that  can  be  developed  will  depend  to  a  con- 
siderable extent  on  the  quantity  of  water  used,  for  irrigation. 

4. — The  total  undeveloped  horse-power  at  70%  efficiency  is  as  follows: 

By  Plan  1 : 

Available  90%  of  the  time 207  000  h.p. 

Available  50%  of  the  time 687  000  h.p. 

By  Plan  2: 

Available  90%  of  the  time 363  000  h.p. 

Available  50%   of  the  time 660  000  h.p. 

By  Plan  3 : 

Available  90%   of  the  time .        278  000  h.p. 

Available  50%   of  the  time 599  000  h.p. 

The  estimates  of  power  given  in  Tables  19,  20,  21,  and  22,  are  based  on 
the  static  head  and  over-all  plant  efficiency  of  70  per  cent. 

Gerard  H.  MATTHES,t  M.  Am.  Soc.  C.  E.  (by  letter).— The  discussions 
on  this  subject  are  illuminating,  as  they  show  the  wide  range  of  adaptability 
of  aerial  photography  as  a  tool  in  the  hands  of  the  engineer;  also  by  con- 
veying some  conception  of  the  vast  field  of  usefulness  of  this  comparatively 
new  art.  To  the  Engineering  Profession,  the  chief  interest  in  aerial  photog- 
raphy is  now,  and  doiibtless  will  continue  to  be,  centered  in  devising  simpler 
methods  of  constructing  accurate  maps,  whether  of  the  mosaic  or  of  the 
hand-drawn  type. 

Col.  Birdseye  has  set  forth  clearly  the  method  of  utilizing  aerial  photo- 
graphs in  the  mapping  operations  of  the  U.   S.  Geological  Survey,  and  it 

*  See  Table  22. 

t  U.   S.  Asst.  Engr.,  U.   S.  Engr.  Office,  Chattanooga,  Tenn. 
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will  be  noted  that  these  operations  are  quite  different  from  those  used  by 
the  writer.  The  reason  for  this  is  attributable  to  the  fundamentally  different 
principles  which  underlie  the  two  systems  of  mapping.  In  the  Geological 
Survey  mapping,  accuracy  of  geographical  location  is  more  important  than 
accuracy  of  detail,  whereas  in  the  engineer's  map,  as  exemplified  by  the  survey 
of  the  Tennessee  River  described  in  the  writer's  paper,  the  opposite  is  true. 
In  the  Geological  Survey  method,  it  is  not  practicable  to  eliminate  errors  in 
scale  or  discrepancies  caused  by  tilt  or  elevation  displacements  in  individual 
photographs,  because  the  plan  of  procedure  supplies  no  information  that  will 
reveal  the  extent  of  such  local  errors  and  discrepancies.  Reliance  is  placed, 
however,  in  a  rigid  ground  control  that  maintains  the  accuracy  of  the  com- 
pleted map  as  regards  principal  dimensions,  and  the  intervening  detail  is  made 
to  fit  in  by  a  process  of  adjustment  that  eliminates  the  errors  in  scale.  The 
other  discrepancies  referred  to,  which  are  largely  local  in  character,  disappear 
or  become  negligible,  due  to  the  great  reduction  of  the  map  in  being  brought 
to  the  scale  of  publication.  In  the  engineer's  map,  however,  such  a  procedure 
would  not  be  admissible.  The  scale  is  large,  and  the  photographs  are  taken 
as  nearly  as  possible  to  the  scale  of  the  finished  map.  It  is  imperative,  there- 
fore, that  each  photograph  be  tested  for  errors,  and  corrected  before  being 
embodied  in  the  map. 

Mr.  Hill's  remarks  refer  entirely  to  maps  of  the  mosaic  type,  that  were 
supplemented  by  ample  horizontal  control  derived  from  ground  surveys.  The 
writer  has  been  impressed  with  the  high  degree  of  accuracy  that  was  attained 
in  the  maps  described  by  Mr.  Hill.  This  accuracy  was  made  possible  through 
the  use  of  improved  methods  of  rectifying  photographs,  a  process  in  which 
considerable  progress  has  been  made  on  the  Pacific  Coast,  and  which  is 
responsible  for  the  increasing  use  there  of  mosaic  maps  for  engineering 
purposes.  It  is  rapidly  becoming  recognized  as  the  most  efficient  way  of 
locating  power  transmission  lines,  highways,  and  railroads. 

Mr.  Tibbetts'  method  of  taking  oblique  views  is  destined  to  become 
popular  with  engineers,  as  it  requires  no  special  training  or  equipment.  The 
writer  finds  that  with  a  rapid  lens  good  work  can  be  done,  also  with  the 
camera  pointed  at  right  angles  to  the  direction  of  flight.  Excellent  views 
have  thus  been  obtained,  from  an  altitude  of  about  100  ft.,  of  objects  about 
500  ft.  distant.  The  time  of  exposure  was  -^^-^  sec,  and  the  speed  of  the 
aeroplane  about  75  miles  per  hour.  As  stated  by  Mr.  Tibbetts,  plate  cameras 
with  focal  plane  shutters  are  best  adapted  to  taking  oblique  views.  As 
regards  the  indifferent  results  with  ray  filters  reported  by  Mr.  Tibbetts,  it 
should  be  noted  that  haze  caused  by  dust,  forest  fires,  or  soft  coal  smoke,  acts 
as  a  screen  that  cannot  be  combated  with  filters;  but  haze  in  an  undefiled 
atmosphere  is  capable  of  being  clarified  with  astonishing  results  through  the 
use  of  properly  selected  filters.  Experience  is  required  to  decide  what  filter 
should  be  used  under  given  conditions. 

Mr.  Herington's  discussion  of  the  advantages  of  aerial  photography  in 
the  mapping  of  timbered  areas  is  most  timely.  There  is  probably  no  more 
exasperating  undertaking  for  an  engineer  or  surveyor  than  the  preparation 
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of  a  reliable  map  of  a  densely  wooded  region  by  the  older  survey  methods. 
The  physical  obstacles  are  usually  such  as  to  render  only  an  inferior  degree 
of  accuracy  obtainable,  and  that  at  considerable  expenditure  of  time  and 
money.  A  good  photographic  mosaic  on  an  adequate  scale  offers  the  most 
elegant  means  of  obtaining  an  accurate  base  map  of  heavily  timbered  country 
for  any  purpose,  especially  where  the  land  is  sectionized  and  care  has  been 
taken  to  mark  the  section  corners  so  as  to  cause  them  to  show  plainly  in  the 
photographs.  Mr.  Herington's  estimate  of  15  to  20  cents  per  acre  for  aerial 
photographic  work  would  make  available  a  first-class  mosaic  on  a  scale  of 
400  ft.  to  the  inch,  a  scale  which  would  be  well  adapted  for  timber  valuation 
work,  and  would  bring  out  a  wealth  of  information  not  otherwise  obtainable. 

Only  one  aerial  timber  survey  of  a  large  tract  has  come  to  the  writer's 
notice.  This  was  made  in  Canada  for  a  paper  manufacturing  company,  and 
is  of  interest  in  that  the  photographs  made  it  possible  to  identify  readily  the 
several  species  of  trees. 

The  writer's  experience,  in  mapping  backwoods  sections  in  Tennessee  and 
Alabama,  has  convinced  him  that  aerial  photographs  offer  by  far  the  most 
reliable  means  of  mapping  extensive  timbered  areas  yet  devised.  It  is  not 
until  the  stereoscopic  properties  of  the  photographs  are  brought  into  play, 
however,  that  their  maximum  value  can  be  realized.  This  brings  up  the 
subject  on  which  Mr.  Herington  requests  additional  information,  namely,  the 
uses  of  the  stereoscope. 

A  certain  amount  of  skill  has  to  be  acquired  through  practice  "in  order  to 
use  the  stereoscope  effectively.  This  skill  consists  in  training  the  muscles 
of  the  eye  and  in  learning  to  interpret  the  full  meaning  of  what  is  seen.  It 
must  be  remembered  that  through  the  stereoscope  one  is  enabled  to  visualize 
the  face  of  the  earth  in  a  manner  that  is  without  precedent  to  the  uninitiated. 
Here,  then,  is  a  new  aspect  of  things  that  must  be  studied  in  order  to  yield 
results.  Even  the  aviator,  from  his  lofty  station,  can  form  no  conception  of 
what  the  stereoscope  may  bring  out,  for  his  eye  sees  only  a  mere  fraction  of 
the  detail  recorded  by  a  modern  camera  lens.  To  the  man  in  the  air,  the 
world  seems  flattened  to  an  absurd  degree,  and  all  details  appear  insignificantly 
small.  The  stereoscope,  on  the  other  hand,  not  only  restores  the  relief  with 
surprising  fidelity,  but  brings  to  the  attention  an  astonishing  amount  of 
interesting  detail  that  otherwise  would  remain  meaningless  or  imnoticeable. 
For  instance,  a  small  path  or  a  logging  road  through  a  timber  tract,  which 
would  escape  detection  in  an  ordinary  photographic  print,  in  the  stereoscope 
stands  out  clearly  under  the  trees,  and  the  latter  assume  an  individuality 
that  differentiates  them  from  their  shadows  on  the  ground.  To  the  naked 
eye,  the  blur  caused  by  deciduous  trees  without  leaves  and  their  own  shadows 
is  practically  meaningless,  but  in  the  stereoscope  there  is  no  difficulty  in 
singling  out  each  tree  and  each  shadow.  This  statement  cannot  be  realized  until 
tested  out  by  actual  experience.  Again,  a  fine  line  appearing  in  a  photograph 
may  be  a  ditch,  a  fence,  or  the  shadow  of  an  embankment,  and,  from  a  single 
photograph,  it  may  be  quite  impracticable  to  decide  which  it  is.  The  stereo- 
scope will  remove  all  doubts.     Much  that  is  obscure  or  unintelligible  in  the 
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average  photograph  becomes  clear  and  obvious  when  viewed  in  the  stereoscope. 
Heretofore,  the  possibilities  of  this  instrument  in  connection  with  aerial 
photographic  mapping  have  scarcely  been  realized.  The  writer  has  reason 
to  believe  that  its  importance  will  grow  as  its  uses  become  better  understood. 
Of  late,  its  value  in  expediting  the  mechanical  work  involved  in  the  Bagley 
method  of  radial  control,  described  in  the  writer's  paper,  has  become  manifest. 
For  instance,  in  selecting  control  points  common  to  two  or  more  photographs, 
considerable  difficulty  was  often  found  in  determining  the  identical  location 
of  a  point  on  the  several  prints,  a  requirement  which  is  of  prime  importance 
in  order  to  secure  accuracy.  This  arose  especially  where,  as  in  a  forested 
region,  there  was  uniformity  of  detail  that  offered  no  salient  features  or 
landmarks.  In  such  cases,  it  has  been  found  that  the  location  of  the  point 
can  be  quickly  duplicated  by  viewing  the  prints  in  the  stereoscope  and  simply 
using  a  fine-pointed  tool  to  mark  the  desired  point  at  the  place  seen  stereo- 
scopically.  Surprisingly  quick  and  accurate  results  can  be  thus  obtained. 
In  the  survey  of  the  Tennessee  River,  the  stereoscope  was  used  extensively 
in  both  field  and  office  in  examining  terrain  in  which  the  monotony,  as  viewed 
from  a  single  photograph,  was  baffling.  In  a  forest  of  deciduous  trees,  for 
instance,  the  unbroken  array  of  tree  tops  rarely  furnished  any  clue  as  ta  the 
topographic  features  underneath,  until  viewed  in  the  stereoscope.  Then, 
ridges,  gulches,  slopes,  and  plateaus,  the  existence  of  which  could  not  be 
suspected,  would  at  once  come  into  plain  view.  Similarly,  cultivated  fields 
of  distressingly  uniform  appearance  would,  in  the  stereoscope,  unfold  all  the 
minor  rises,  benches,  and  drainage  courses  that  usually  characterize  them  in 
Nature,  but  which  are  rarely  visible  in  a  vertical  photograph. 

The  system  of  photographic  mapping  adopted  in  the  survey  of  the 
Tennessee  River — which  formed  the  main  subject  of  the  writer's  paper — is 
being  further  developed.  Congress  has  ordered  the  survey  to  be  resumed,  and 
has  appropriated  the  sum  of  $200  000  for  the  purpose.  In  Alabama,  the 
Alabama  Power  Company  has  adopted  the  same  system  in  mapping  about 
500  sq.  miles  of  the  Tallapoosa  River  Valley  for  the  purpose  of  planning  a 
series  of  hydro-electric  projects.  The  writer  is  confident  that  the  continued 
use  of  this  new  system  of  mapping  will  operate  to  develop  and  improve  it 
until  its  efficiency  and  accuracy  will  be  such  as  to  make  it  one  of  the  most 
attractive  methods  of  making  maps  for  engineering  purposes. 

Frederick  Hall  Fowler,*  Assoc.  M.  A>i.  Soc.  C.  E.  (by  letter). — Since 
the  preparation  of  the  writer's  paper,  several  important  reports  on  the  power 
resources  of  the  West  have  been  published,  or  made  available  for  public  inspec- 
tion. Among  these  are  the  "Report  to  the  Federal  Power  Commission  on 
the  Uses  of  the  Upper  Columbia  River",  and  three  of  the  four  reports  men- 
tioned by  Mr.  Hoyt.  The  fourth  report  ("Klamath  River  and  Its  Utilization", 
by  E.  C.  La  Rue,  M.  Am.  Soc.  C.  E.)  was  previously  open  to  inspection  and 
was  compared  with  certain  other  information  by  the  writer  before  preparing 
the  map,  Fig.  28. 

*  Civ.    Engr.,    San    Francisco.    Calif. 


DISCUSSION   ON   THE   WATER   POWER   PROBLEM  905 

The  report  on  "The  Uses  of  the  Upper  Columbia  River",  published  by  the 
Federal  Power  Commission,  will  be  of  great  interest  to  students  of  Western 
water  power  as  it  contains  the  detailed  results  of  study  by  a  special  Board  of 
Engineers. 

The  general  results  of  the  four  reports  prepared  by  the  U.  S.  Geological 
Survey  are  stated  and  are  shown  in  tabular  form  by  Mr.  Hoyt.  His  Tables 
19  to  22,  inclusive,  are  in  far  greater  detail  than  was  attempted  by  the  writer, 
but  are  in  accord  with  his  more  general  statements.  They  show,  as  might 
be  anticipated,  larger  power  resources  than  were  recorded  on  Fig.  28. 

It  must  be  borne  in  mind  that  all  studies  of  large  power  streams  as  yet 
practically  untouched  will  be  at  best  only  approximations  of  the  ultimate 
program,  and  the  wide  variations  in  rate  of  development,  or  in  the  balance 
between  power  and  irrigation,  may  be  caused  by  conditions  that  cannot  now 
be  foreseen.  The  verj-  interesting  detailed  information  given  in  Mr.  Hoyt's 
discussion  only  goes  to  prove  even  more  emphatically  the  super-abundance  of 
power  in  the  Pacific  N'orthwest. 


AMERICAN  SOCIETY  OF  CIVIL  ENGINEERS 

INSTITUTED    185  2 


TRANSACTIONS 


This  Society  is  not  responsible  for  any  statement  made  or  opinion   expressed 
in  its  publications. 


Paper  No.   1522 

THIRD  PROGRESS  REPORT 

OF  THE   SPECIAL  COMMITTEE  TO  REPORT  ON 

STRESSES  IN  RAILROAD  TRACK* 


With  Discussion  by  S.  Timoshenko,  Esq. 


Committee 
Arthur  N.  Talbot,  Chairman 

G.  H.  Bremner  George  W.  Kittredge 

John  Brunner  Paul  M.  LaBach 

W.  J.  Burton  C.  G.  E.  Larsson 

Charles  S.  Churchill  G.  J.  Bay 

W.  C.  Gushing  Albert  F.  Eeichmann 

W.  M.  Dawley  H.  E.  Safford 

H.  E.  Hale  Earl  Stimson 

Eobert  W.  HuNTf  E.  E.  Turneaure 

J.  B.  Jenkins  J.  E.  Willoughby 


November  29,  1922 


*  Presented  to  the  Annual  Meeting,  January  17,   1923. 
t  Mr.  Hunt  died  on  July  11,  1923. 


908  STRESSES  IN  RAILROAD  TRACK 


CONTENTS 


I. — Introduction 

PAGE 

1.  Preliminary    909 

2.  Acknowledgment   910 

3.  The   Track    911 

4.  The  Locomotives  913 

5.  The  Conduct  of  the  Tests  and  the  Reduction  of  the  Data 919 

II. — Tests  on  Straight  Track 

6.  Results  of  Tests 925 

7.  Effect  of  the  Locomotive  Counterbalance 944 

8.  Effect  of  Speed  and  Combined  Effect  of  Speed  and  Counterbalance.  959 

9.  General  Discussion  of  Tests  on  Straight  Track 961 

10.  Stresses  at  the  Two  Sides  of  the  Locomotive 965 

11.  Stresses  at  the  Two  Edges  of  the  Base  of  Rail 969 

III. — Tests  on  Curved  Track 

12.  The  Action  of  Curved  Track 973 

13.  General  Results  of  Tests  on  Curved  Track 985 

14.  Stresses  Due  to  Vertical  Bending  of  the  Rail 985 

15.  Lateral  Bending  of  Rail  on  Curves 1021 

16.  Lateral  Bending  Moments 1031 

17.  Measurements  of  the  Lateral  Deflection  of  the  Rail  and  the  Dis- 

tortion of  the  Alignment  of  Curves 1038 

18.  Effect  of  Speed  and  Counterbalance  on  CuiTes 1039 

19.  Effect  of  Degree  of  Curve  and  Sui)er-Elevation 1042 

20.  Results  of  Tests  on  10°  Curves  in  California 1045 

21.  Type  of  Locomotive 1055 

22.  Effect  of  Pulling  and  Coasting  and  of  Condition  of  Rail 1063 

23.  Tests  with  Locomotive  Backing  over  Curved  Track 1064 

24.  Lateral  Bending  of  the  Rail  Section 1064 

25.  Preliminary  Tests  on  the  Illinois  Central  Railroad 1065 

26.  Progress  of  Other  Work 1068 


STRESSES    IK    RAILROAD   TRACK  909 


To  THE  American  Societv  of  Civil  Engineers: 

The  Special  Committee  to  Eeport  on  Stresses  in  Railroad  Track  herewith 
presents  its  third  progress  report. 

I. — Introduction 

1. — Preliminary. — Since  its  organization  in  1914,  the  Committee  has  been 
co-operating  with  the  Special  Committee  on  Stresses  in  Railroad  Track 
appointed  by  the  American  Railway  Engineering  Association,  the  membership 
of  the  two  committees  being  the  same  with  the  exception  of  one  member  of  the 
American  Railway  Engineering  Association  who  does  not  hold  membership  in 
the  American  Society  of  Civil  Engineers,  and  the  work  has  been  carried  on  as 
that  of  one  committee.  This  report  is  presented  simultaneously  to  the  two 
Societies  and  to  the  American  Railway  Association,  which  also  has  been 
co-operating  in  the  work  for  the  past  four  years. 

As  stated  in  the  earlier  reports,  the  Committee  has  felt  that  an  adequate 
report  on  stresses  in  railroad  track  must  be  based  largely  on  experimental 
data  derived  from  extensive  tests  on  standard  railroad  track,  and  that,  in 
view  of  the  complexity  of  the  action  of  track  under  load  and  the  variability  of 
the  conditions  to  be  found  in  track  and  load,  the  work  of  conducting  experi- 
ments and  reducing  the  data  would  necessarily  require  much  time  and  effort. 
The  development  of  methods  of  conducting  the  tests  and  the  work  of  devising 
the  instruments  and  apparatus  have  involved  a  considerable  expenditure  of 
time,  effort,  and  money.  It  has  been  recognized  that  in  obtaining  data  on 
the  action  of  track  under  variable  conditions  of  both  track  and  load,  great 
refinement  of  method  was  not  possible  and  that  it  was  important  to  make 
tests  under  conditions  of  railroad  service  as  nearly  normal  as  possible,  also 
utilizing,  of  course,  the  data  of  laboratory  investigations  where  conditions 
would  not  warrant  satisfactory  experiments  in  the  field. 

The  first  progress  report  of  the  Committee  was  published  in  Vol.  LXXXII 
of  the  Transactions  of  the  Society  (1918).  It  may  also  be  found  in  Vol.  19 
of  the  Proceedings  of  the  American  Railway  Engineering  Association  (1918). 
In  this  report,  a  method  of  analysis  for  determining  the  moments  and  stresses 
in  the  rail  by  considering  the  track  as  an  elastic  structure  was  presented,  the 
instriunents  and  methods  of  testing  were  described,  the  depression  of  the 
track  and  the  rail  profile  under  load  were  given,  and  the  stresses  developed 
in  the  rail  under  a  variety  of  loads  were  recorded.  The  report  relates  prin- 
cipally to  stresses  in  rail  and  to  the  general  elastic  conditions  of  the  track. 

The  second  progress  report  of  the  Committee  was  published  by  the  Society 
in  Vol.  LXXXIII  of  Transactions  (1919-20)  and  in  Proceedings  for  February, 
1920.  It  may  also  be  found  in  Vol.  21  of  the  Proceedings  of  the  American 
Railway  Engineering  Association,  in  Bulletin  221^  of  the  Association,  and  in 
Circular  No.  S-II-10  of  the  American  Railway  Association.  This  report  gives 
the  results  of  tests  on  two  railroads,  with  several  tyi^es  of  locomotives,  to 
determine  the  stresses  in  rail  in  relation  to  speed  and  counterbalance  effect. 
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It  records  the  results  of  tests  on  two  railroads  to  determine  the  depression  of 
track  and  the  flexure  of  ties  and  their  action  under  load  for  a  variety  of  con- 
ditions found  in  track.  Tests  to  find  the  manner  and  the  principles  involved 
in  the  transmission  of  pressure  from  one  or  more  ties  downward  and  laterally 
through  ballast  material  were  reported  and  an  analytical  consideration  of  the 
transmission  of  pressure  was  given. 

The  work  reported  herein  includes  tests  on  straight  track  and  curved  track. 
In  the  tests  on  straight  track,  consideration  was  given  to  the  effect  of  counter- 
balance, the  effect  of  speed  and  the  combined  effect  of  speed  and  counterbalance, 
and  the  lateral  bending  moments  and  stresses  in  the  rail.  In  the  tests  on 
curved  track  are  taken  up  the  general  action  of  curved  track  as  the  locomotive 
traverses  the  curve,  the  magnitude  of  the  vertical  bending  stresses  in  the  rail 
and  the  corresponding  vertical  loads  producing  them  as  contrasted  with  the 
normal  loads,  the  lateral  bending  moments  and  stresses  under  the  several 
wheels,  the  distortion  of  the  alignment  of  the  curves,  and  the  general  effect  of 
speed,  degree  of  curve,  and  super-elevation.  The  tests  were  conducted  on  the 
Illinois  Central  Railroad,  the  Delaware,  Lackawanna  and  Western  Railroad, 
the  Atchison,  Topeka  and  Santa  Fe  Railway,  and  the  Southern  Pacific  Rail- 
road. In  the  tests,  thirteen  locomotives  of  eight  distinct  types  were  used. 
In  several  types,  there  were  variations  in  the  design  of  the  locomotives  of  the 
different  railroads.  The  report  is  presented  under  the  heads  of  Tests  on 
Straight  Track  and  Tests  on  Curved  Track. 

The  Committee  is  continuing  work  on  the  subject  assigned  to  it. 

2. — Acknowledgment. — Since  the  second  progress  report  was  issued,  the 
funds  for  use  in  carrying  on  the  work  of  the  Committee  have  been  taken 
principally  from  contributions  made  by  the  American  Railway  Association. 
The  Committee  expresses  its  appreciation  of  this  support.  Expenditures  have 
also  been  made  from  funds  in  the  hands  of  the  American  Society  of  Civil 
Engineers  and  the  American  Railway  Engineering  Association  contributed  by 
the  United  States  Steel  Corporation,  the  Bethlehem  Steel  Company,  the 
Lackawanna  Steel  Company,  and  the  Cambria  Steel  Company. 

The  co-operation  of  railroad  companies  in  furnishing  facilities  for  the 
test  work  has  itself  been  a  large  contribution.  The  Illinois  Central  Railroad 
the  late.  A.  S.  Baldwin,  M;  Am.  Soc.  C.  E.,  Vice-President,  and  F.  L. 
Thompson,  Chief  Engineer;  the  Delaware,  Lackawanna  and  Western  Rail- 
road, G.  J.  Ray,  M.  Am.  Soc.  C.  E.,  Chief  Engineer,  and  A.  J.  Neafie, 
Principal  Assistant  Engineer;  and  the  Atchison,  Topeka  and  Santa  Fe 
Railway,  C.  F.  W.  Felt,  M.  Am.  Soc.  C.  E.,  Chief  Engineer,  have  been  liberal 
in  providing  locomotives,  track,  and  other  facilities  in  the  conduct  of  the 
tests.  The  Atchison,  Topeka  and  Santa  Fe  Railway  and  the  Southern  Pacific 
Company  have  also  made  it  possible  for  the  Committee  to  use  such  portions 
of  the  results  of  the  tests  made  on  the  lines  in  California  as  are  related  to  the 
subject  matter  of  this  report.  A  number  of  engineers  from  the  Engineering, 
Mechanical,  and  Test  Departments  of  the  Atchison,  Topeka  and  Santa  Fe 
Railway  gave  helpful  assistance  throughout  the  work.  The  services  of  Mr. 
C.  C.  Huycke  in  aiding  in  the  reduction  of  the  data  were  also  contributed. 
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Mr.  E.  E.  Cress,  Assistant  Engineer  of  Tests,  in  charge  of  field  and  office 
work  and  the  reduction  of  data  and  preparation  of  material,  is  entitled 
to  much  credit;  his  thorough  familiarity  with  details,  keen  grasp  of  the  prob- 
lem, and  helpfulness  in  the  study  and  preparation  of  the  data  have  made  his 
services  particularly  valuable.  Louis  J.  Larson,  Jun.  Am.  Soc.  C.  E.,  Asso- 
ciate in  Theoretical  and  Applied  Mechanics  in  the  University  of  Illinois,  by 
reason  of  his  special  training  and  insight  in  testing  work,  has  given  valuable 
service  in  both  laboratory  and  field  work  during  the  siunmer  seasons.  Messrs. 
H.  L.  Parr  and  R.  Ferguson  have  given  helpftJ  service  in  the  reduction  of 
data  and  the  preparation  of  the  report.  Others  have  assisted  in  the  work 
from  time  to  time  and  all  have  given  loyal  and  careful  service. 

The  University  of  Illinois  has  continued  to  co-operate  in  the  work  by 
giving  the  use  of  laboratory,  shop,  and  office  facilities,  and  through  the  service 
of  members  of  the  staff  of  the  Engineering  Experiment  Station  from  time 
to  time. 

The  Committee  records  with  profound  regret  the  loss  of  a  member  by 
death,  Mr.  Archibald  Stuart  Baldwin,  who  from  the  time  of  the  organization 
of  the  Committee  took  great  interest  in  the  work  and  was  active  in  the  making 
of  plans,  the  provision  of  means  for  carrying  on  the  tests,  and  the  discussion 
and  interpretation  of  the  results.  He  was  especially  helpful  in  making  the 
arrangements  for  the  extended  use  of  locomotives  and  track  of  the  Illinois 
Central  Railroad  for  test  work. 


TABLE  1. — Properties  of  Sections  of  Rails  Used  in  the  Tests. 


Area, 

in  square 

inches. 

Moment  of  Inertia. 

Section  Modulus. 

Rail  section  (full  section). 

For 

horizontal 

axis. 

For 

vertical 

axis. 

Horizontal  axis. 

Vertical  axis. 

Base. 

Head. 

Base. 

85-lb.  Am.  Soc.  C.  E : 

90-lb.  A.  R.  A.-A 1 

90-lb.  S.  F f 

92-lb.  f rictionless 

8.3 

8.8 

9.0 

9.9 

10.2 

30.1 

38.7 

32.0 
38.9 
50.2 

7.5 

8.3 
9.5 
9.5 

12.2 

15.2 

14.7 
15.8 
18.0 

11.1 

12.6 

10.1 
13.1 
15.7 

2.9 
3  1 

lOl-lb   D   L  &  W 

3.5    • 
3.5 

105-lb.  D.  L.  &  W 

S. — The  Track. — The  tests  on  the  Atchison,  Topeka  and  Santa  Fe  Railway, 
made  in  September  and  October,  1920,  were  conducted  on  a  section  of  single 
track  of  the  10°  curve  at  the  west  approach  to  the  bridge  over  the  Mississippi 
River,  at  Fort  Madison,  Iowa,  and  on  the  east-bound  tangent  track  in  Illinois 
about  2  miles  east  of  this  point;  also  on  tangent  track  and  curves  (single 
track)  near  Ribera,  IST.  Mex.,  about  27  miles  west  of  Las  Vegas.  The  location, 
weight  of  rail  and  its  date  of  laying,  tie-spacing,  depth  of  ballast,  grade, 
gauge,  super-elevation  of  outer  rail,  and  corresponding  speed  are  given  in 
Table  2.  The  ties  were  6  by  8  in.  by  8  ft.,  mostly  oak  in  the  test  track  in  New 
Mexico  and  Iowa,  and  pine  in  Illinois.  Tie-plates  were  in  use  on  all  ties.  No 
curve  braces  were  in  use.    The  ballast  in  the  track  in  New  Mexico  was  rock 
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and  that  in  Iowa  and  Illinois  was  gravel.  The  test  section  of  the  10°  curve 
at  Eibera  was  on  a  fill  of  12  to  14  ft. ;  the  10°  curve  at  Fort  Madison  was  on 
25-ft.  fill.  The  6°  curve  at  Ribera  was  in  a  shallow  cut  and  the  tangent  on 
ground  nearly  at  grade.  The  tangent  in  Illinois  was  on  6-ft.  fill.  The  rails 
were  laid  with  alternate  joints.  The  track  was  used  as  it  was  found.  The 
10°  curve  at  Fort  Madison  had  recently  been  re-surfaced  and  re-aligned  and 
was  in  excellent  condition.  The  other  track  had  not  been  tamped  recently, 
but  it  was  in  fair  surface  and  alignment. 

TABLE  2.— Data  of  the  Track. 

Tie-spacing,  depth  of  ballast,  and  super-elevation  are  given  in  inches, 
and  gauge,  in  feet  and  inches. 


Track. 


Tangent.. 
6"  curve. . 
10"  curve. 
Tangent.. 


10°  curve. 
Tangent.. 


6°  curve. 


71^  curve. 
10°  curve. 


10°  curve. 
7°  curve. . 


14°  curve , 


Location. 


Ribera,  N.  Mex. 


90-lb.  S.  F.. 


East  Fort  Madison,  III. 

Fort  Madison,  Iowa. . . 
Dover,  N.  J 


Dover,  N.  J. 


Mount  Tabor,  N.  J. 


Paterson,  N.  J.. 
Bealville,  Calif. 


Cajon,  Calif 

Murphysboro.  111. 


Cbampaign,  111. 


Rail  section. 


1917 
1917 
1920 
85-lb.  Am.  Soci 

C.  E 11906 

90  1b.  S.  F....!l930 
105-lb.     D.     L 

&  W 11915 

105-lb.     D.     L 

&  W 11919 

92-lb.  Friction- 

les.s 11914 

101-lb.      D.   L 

&  W 1915 

105-lb.      D.    L 

&  W 11919 

90-lb.      A.    R. 


1921 
1H20 
1914 
1919 
85-lb 11903 


90-lb.  s!'f'. '.'.".! 

90-lb.    A.    R.  ( 
A. -A I 


a> 

~tc 

*  03 

Depth  of 

Id 

ballast. 

<r  D 

O-J 

<I> 

0. 

12 

—1.40 

10 

—1.18 

10 

—1.02 

22 

0.0 

14 

0.0 

12 

—0.55 

18 

-0.63 

6 

-0.84 

9 

0.0 

5  on  old  grade 

2.00 

10 

1.80 

12 

0.0 

Cinder 

0.0 

(U  O 

a  c 


4-8y2 

4-87/8 

4-8% 

4-8% 
4-91/8 

4-8% 
4-8% 

4-884 

4-9 

4-8T'8 
4-8% 
4-9% 

4-87/8 


4.7 
4.7 


2.0 


3.7 

8.5 

6.4 

4.4 
5.4 
3.7 

3.8 


o«- 


37 

46 

36 
26 
28 
20 


The  tests  on  the  Delaware,  Lackawanna  and  Western  Railroad,  made  in 
July  and  August,  1920,  were  conducted  on  east-bound  tangent  track  at  Dover, 
N.  J.,  on  east-bound  4°  curve  east  of  Dover,  on  east-bound  6°  curve  east  of 
Mount  Tabor,  N.  J.,  and  on  east-bound  74°  curve  at  Paterson,  N.  J.  Informa- 
tion about  the  track  is  given  in  Table  2.  The  ties  were  7  by  9  in.  by  8  ft.  6  in. ; 
creosoted  oak  ties,  creosoted  oak  and  pine  ties,  and  creosoted  pine  ties,  respec- 
tively, were  used  on  the  three  test  sections.  Tie-plates  were  used  throughout 
and  screw  spikes  were  in  use;  the  7^°  curve  also  had  some  driven  spikes. 
The  ballast  was  rock,  rock  on  cinder,  rock  on  gravel,  and  rock  on  sand.  The 
tangent  was  a  light  fill,  the  4°  curve  nearly  at  grade,  the  6°  curve  on  10-ft. 
fill,  and  the  7^°  curve  in  5-ft.  cut.  The  rails  were  laid  with  alternate  joints. 
The  track  was  tested  as  found  and  was  in  good  surface  and  alignment. 

The  tests  on  the  Illinois  Central  Railroad,  made  in  June  and  July,  1920, 
were  conducted  on  a  7°  curve  at  Murphysboro,  111.,  and  on  a  14°  curve  at  Cham- 
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paign,  111.  The  track  was  tested  as  found;  the  surface  and  alignment  were  in 
fairly  good  condition.  The  7°  curve  had  rock  screenings  for  ballast.  The  14° 
curve  had  cinder  ballast.  The  gauge  of  the  7°  curve  was  4  ft.  9|  in.,  and  that 
of  the  14°  curve,  4  ft.  8|  in.     Tie-plates  were  in  use. 

The  track  at  Bealville  and  Cajon,  Calif.,  used  in  tests  in  1922,  is  described 
in  the  discussion  of  the  tests  at  these  two  locations. 

From  Table  2  it  is  seen  that  there  are  some  differences  in  the  gauge  of  the 
track.  For  example,  on  straight  track  the  gauge  on  the  test  section  of  the 
Atchison,  Topeka  and  Santa  Fe  Eailway,  at  Ribera,  was  4  ft.  8J  in.,  at  East 
Fort  Madison,  it  was  4  ft.  8i  in.,  and  on  the  Delaware,  Lackawanna  and  Western 
Railroad,  at  Dover,  4  ft.  8|  in.  The  gauge  of  the  6°  curve  of  the  Dela- 
ware, Lackawanna  and  Western  Railroad,  at  Mount  Tabor,  was  4  ft.  8|  in., 
and  that  of  the  Atchison,  Topeka  and  Santa  Fe  Railway,  at  Ribera,  4  ft.  8| 
in.  The  gauge  of  the  10°  curve  at  Fort  Madison  was  4  ft.  9 J  in.,  at  Beal- 
ville, 4  ft.  81  in.,  and  the  track  at  Cajon  was  spiked  to  standard  gauge  of 
4  ft.  8i  in.,  at  the  time  of  the  test.  The  foregoing  values  were  obtained  by 
averaging  several  measurements.  A  variation  of  as  much  as  i  in.  may  be 
found  in  a  distance  of  5  or  10  ft.  It  is  to  be  expected  that  the  gauge  will 
widen  with  use  after  re-aligument,  although  measurements  at  given,  points 
showed  no  change  after  4  or  5  days  of  testing. 

The  recommendation  of  the  American  Railway  Engineering  Association,  as 
given  in  the  "Manual",  is  to  use  standard  gauge  (4  ft.  8^  in.)  for  straight 
track  and  for  curves  up  to  and  including  8°.  It  is  also  recommended  that  the 
gauge  be  widened  |  in.  for  each  2°  or  fraction  thereof  over  8°  to  a  maximum 
of  4  ft.  9^  in.  It  is  stated  that  under  ordinary  conditions  it  is  not  necessary 
to  re-gauge  track  if  the  increase  in  gauge  lias  not  amounted  to  more  than 
i  in.,  providing  such  increase  is  uniform,  but  the  gauge,  including  widening 
due  to  wear,  should  never  exceed  4  ft.  9^  in.  The  foregoing  recommendation 
would  make  the  gauge  of  a  10°  curve  4  ft.  8|  in.,  with  an  allowable  increase 
of  i  in.  before  re-alignment. 

Jf. — The  Locomotives. — Figs.  1  and  2  show  the  diagrams  of  the  locomotives 
used  on  the  tests  of  track  on  the  Atchison,  Topeka  and  Santa  Fe  Railway  in 
New  Mexico,  Iowa,  and  Illinois,  and  Fig.  3,  those  used  on  track  of  the  Dela- 
ware, Lackawanna  and  Western  Railroad  in  New  Jersey;  wheel  loads  and 
spacings,  diameter  of  drivers,  crank-pin  radius,  and  the  number  and  type  of 
the  locomotive  are  noted.  Fig.  4  shows  a  diagrammatic  representation  of  the 
equalizing  system  of  six  of  the  locomotives.  Tables  3  to  7,  inclusive,  give  data 
of  the  counterbalancing  of  the  drivers  of  the  locomotives  of  the  Atchison, 
Topeka  and  Santa  Fe  Railway,  as  furnished  by  the  Mechanical  Department  of 
that  Company,  and  Tables  8  and  9  give  similar  data  furnished  by  the  Dela- 
ware, Lackawanna  and  Western  Railroad.-  The  footnotes  to  these  tables  give 
the  approximate  modification  in  the  counterbalance  obtained  by  the  method 
outlined  in  the  second  progress  report  for  finding  the  effect  of  the  outside 
rotating  parts  not  being  in  the  plane  traversed  by  the  counterweights. 

The  locomotives  were  used  as  they  were  found  in  service;  all  were  in 
ordinary  working  order.     Contours  of  the  tires  of  the  driving  wheels  were 
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Light  Santa  Fe  Type 
Locomotive   1702 


4'2t4-'2+^8-3^4-2^4-2^^ — 12-5"   -^l<   lo'-Q— 
■76-9'-^— 


Diam.  of  drivers  69  in. 

Pacific  Type 
Locomotive  3406 


Crank  pin  radius  14  in. 


'4'-2t4'2^8-3^4-?2r4^2t^— 1-MO"  >l<„  10-0'-H^6-10'^6-10 "'',,■  .-JAe-'S^ 
, 72^e i-Ml , 


Diam.  of  drivers  73  in.  Crank  pin  radius  14  in. 

Pig.   1. — Diagrams  of  Locomoti\'es  of  the  Atchison,  Topeka  and  Santa  Fb  Railway. 
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Bal.  Comp.  Prairie  Type 
Locomotive  1830 


Diam.  of  drivers  69  in 


Crank  pin  radius  14  in. 


Light  Prairie  Type 
Locomotive  1098 


Diam.  of  drivers  69  in. 


Crank  pin  radius  14_in. 


Fig.  2. — Diagrams  of  Locomotives  of  the  Atchison,  Topeka  and 
Santa  Fe   Railway. 


Pacific  Type 
Locomotive  1131 


Diam.  of  drivers  73  in 


Crank  pin  radius  14  in. 


Mikado  Type 
Locomotive  1220 


Weig-ht  Loaded 
82  300 


^1)  (I)   (I)  (iT^^gn 


f5-10'-M< — 9-2— 


Diam.  of  drivers  63  in. 


Crank  pin  radius  15  in. 


Fig.  3. — Diagrams  of  Locomotives  of  the  Delaware,  Lackawanna 
AND  Western  Railkoad. 
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A.  T.  &  S.  F.  Locomotive  .3813 


A.  T.  &  S.  F.  Locomotive  1702 


A.  T.  &  S.  F.  Locomotive  3710 


D.  L.  &  W.  Locomotive  1220 


A.  T.  &  S.  F.  Locomotive  3406 


D.  L.  &  W.  Locomotive  1131 


Fig.  4. — Diagrammatic  Representation  of  Equalizing  Systems  of  Locomotive9 

Used  in  Tests. 
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taken;  the  tires  may  be  said  to  have  been  in  average  condition — neither  newly 
turned  nor  badly  worn.  No  measurement  of  the  lateral  play  of  the  driving 
axles  in  their  boxes  was  made.  The  practice  of  the  Atchison,  Topeka  and 
Santa  Fe  Railway  is  to  provide  a  total  lateral  play  of  J  to  :^  in.  at  the  boxes 
of  the  drivers  when  the  locomotive  leaves  the  shop.  The  regulations  of  the 
Interstate  Commerce  Commission  provide  that  this  lateral  play  shall  not  be 
permitted  to  exceed  i  in. 

TABLE  3. — Weights  of  Rotating  and  Reciprocating  Parts,  in  Pounds, 

Pacific  Type  Locomotive  of  the 

Atchison,  Topeka  and  Santa  Fe  Railway. 


Reciprocating  Paets. 

Piston 706 

Cross  head 606 

Union  link  and  lower  end  of  combination  lever 60 

40%  main  rod,  weight  on  cross-head  pin 433 

1805 
0.50 "x  1805  ^  gg^ 


Rotating  Parts. 


Driver  number. 


Main. 


50%  of  weight  of  recipi-ocating  parts. 

Main  rod,  weight  on  crauk-pin 

Side  rod,  weight  on  crank- piu 

Crank-pin 

Crank-pin  hub 

One-half  of  eccentric  crank 


301 


190 
117 


Total. 


Equivalent  weight  required  at  center  of  counterweight 

Weight  used 

DiflEerence  in  weight  required  and  weight  obtained 

Equivalent  difference  at  crank-pin  center 

Overbalance  or  underbalance  at  crank-pin  circle  for  rotating  parts 
only 


697 

372 

372 

0 

0 

+301 


301 
650 

705 
367 
153 

82 


2  258 

1435 

1435 

0 

0 

4301* 


301 

'190 
117 

«9 


697 

372 

372 

0 

0 

+301 


*  If  the  effect  of  the  rods  and  pin  not  being  in  the  plane  of  the  counterweight  is  calculated  by 
the  metliod  given  in  the  second  progress  report,  this  becomes  approximately  an  overbalance  of  .35  lb. 


The  Santa  Fe  type  locomotive  received  the  name  from  its  introduction 
by  the  Atchison,  Topeka  and  Santa  Fe  Railway.  The  1674  class,  the  first  of 
this  type  to  be  built  by  any  railroad,  is  here  called  the  light  Santa  Fe  type. 
N^o.  1702,  the  one  used  in  the  test,  was  built  in  1903.  The  small  size  of  the 
drivers  made  full  counterbalancing  on  the  main  driver  impracticable,  and 
counterbalancing  devices,  known  as  bobs,  were  attached  to  the  driver  axle 
inside  the  bearings.  As  the  driver  loads  and  spacing  of  these  locomotives  are 
relatively  small,  the  stresses  developed  in  the  rails  used  were  smaller  than  those 
found  with  the  other  locomotives,  even  though  the  effect  of  speed,  counter- 
balance, and  lateral  bending  was  considerable.  They  were  built,  of  course,  for 
use  on  lighter  rail  sections.    It  should  be  noted  that  many  Santa  Fe  type  loco- 
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motives  with  57-in.  drivers  still  remain  in  use  on  a  number  of  railroads  of  the 
United  States,  and  some  of  these  locomotives  are  not  of  as  good  design  as  the 
1674  class  locomotives.  The  Heavy  Santa  Fe  type  locomotive  was  not  only 
much  heavier,  but  the  design  was  greatly  improved,  and  its  general  performance 
on  the  track  was  much  better  than  the  lighter  locomotive;  No.  3813,  the  one 
used,  had  been  in  service  about  a  year,  as  had  the  Mountain  type  and  the 
Pacific  type  of  the  Atchison,  Topeka  and  Santa  Fe  Railway.  Locomotives  of 
the  Prairie  type  used  had  been  in  service  from  15  to  20  years.  The  only  change 
made  in  the  locomotives  during  the  tests  was  in  the  Mountain  type ;  the  lateral 
spring  holding  the  trailer  was  removed  for  the  last  part  of  the  tests.  The 
Double  Trailer  Heavy  Santa  Fe  type  is  the  term  given  to  the  one  locomotive 
which  the  railroad  had  equipped  with  four  trailing  wheels  for  experimental 
purposes;  this  is  the  only  locomotive  to  which  the  double  trailer  had  been 
applied. 

TABLE  4. — Weights  op  Rotating  and  Reciprocating  Parts, 

IN  Pounds,  Light  Prairie  Type  Locomoti\'E  of  the 

Atchison,  Topeka  and  Santa  Fe  Railway. 


Reciprocating  Parts. 

Piston 752 

Cross-head 392 

Weight  of  main  rod  on  cross-head  pin 297 


0.666  X  1  441 


320 


1  441 


Rotating  Parts. 


Driver  number. 


Main . 


Two-thirds  of  weight  of  reciprocating  parts 

Main  rod,  weight  on  crank-pin 

Side  rod,  weight  on  crank-pin •. 

Crank-pin 

Crank-pin  hub 

Total  

Equivalent  weight  required  at  center  of  counterweight 

Weight  used 

Difference  between  weight  required  and  weight  obtained 

Equivalent  difference  at  crank-pin  circle 

Overbalance  or  underbalance  at  crank-pin  circle  for  rotating  parts 
only 


320 

"163 
100 
90 


673 

410 

410 

0 

0 

-1-320 


320 
297 
1  100 
280 
160 


2  157 

1  630 

1  630 

0 

0 

4-320 


320 

'176 
100 
90 


680 

414 

414 

0 

0 

-320 


The  Mikado  type  locomotive  of  the  Delaware,  Lackawanna  and  Western 
Railroad  was  built  in  1913  and  the  Pacific  type  used  was  built  in  1915.  These 
two  types  of  locomotives  were  also  used  in  the  tests  made  on  this  railroad  in 
1916. 

In  the  tests  made  in  California,  the  locomotive  of  the  Atchison,  Topeka 
and  Santa  Fe  Railway  used  was  the  same  as  the  Heavy  Santa  Fe  type  shown 
in  Fig.  1,  except  that  on  account  of  the  use  of  oil  burners  the  weight  on  the 


STRESSES  IN  RAILROAD  TRACK 


919 


trailer  was  only  22  900  lb.  That  of  the  Southern  Pacific  Company  had  nearly 
the  same  driver  loads,  but  the  load  on  the  trailer  was  29  400  lb.  The  Mikado 
type  locomotive  used  in  the  preliminary  tests  on  the  Illinois  Central  Railroad 
was  of  the  same  class  as  that  used  on  that  railroad  in  1918.  The  Ten- Wheel 
type  was  a  much  lighter  locomotive. 


TABLE  5. — Weights  of  Eotating  and  Reciprocating  Parts, 

IN  Pounds,  Mountain  Type  Locomotive  of  the 

Atchison,  Topeka  and  Santa  Pe  Railway. 


Reciprocating  Parts. 

Piston , 

Cross-head 

Union  link  and  lower  end  of  combioatioa  lever 

40%  main  rod,  weight  on  cross-head  pin 


0.50  X  2  098 


=  262 


904 

610 

62 

522 


2  098 


Rotating  Parts. 


Driver  number. 


4 

3 

Main. 

262 

262 

262 
783 

180 

530 

665 

135 

130 

430 

129 

129 

266 

87 

706 

1  051 

2  493 

417 

640 

1  939 

417 

640 

1  939 

0 

0 

0 

0 

0 

0 

+262 

+262 

+262* 

50%  of  weight  of  reciprocating  parts 

Main  rod,  weight  on  crank-pin 

Side  rod,  weight  on  crank-pin 

Crank-pin 

Crank-pin  hub 

One-half  eccentric  crank 

Total 

Equivalent  weight  required  at  center  of  counterweight 

Weight  used 

Difference  between  weight  required  and  weight  obtained 

Equivalent  difference  at  crank-pin  circle 

Overbalance  or  underbalance  at  crank-pin  circle  for  rotating 
parts  only 


262 

'i75 
100 
129 


666 

417 

417 

0 

0 

+262 


*If  the  effect  of  the  rods  and  pin  not  being  in  the  plane  of  the  counterweight  is  calculated  by 
the  method  given  in  the  second  progress  report,  this  becomes  approximately  an  underbalance  of 
35  lb. 


5. — The  Conduct  of  the  Tests  and  the  Reduction  of  the  Data. — The  methods 
used  in  the  tests  of  track  were  the  same  as  those  used  in  the  tests  described 
in  the  first  and  second  progress  reports.  Eight  stremmatographs  were  used 
simultaneously.  (A  description  of  these  instruments  will  be  found  in  the 
first  progress  report*) .  Four  stremmatographs  were  placed  on  one  rail  between 
ties  at  distances  apart  approximately  equal  to  the  average  spacing  of  the  driv- 
ers of  the  locomotive  used  on  the  test,  and  the  other  four  instruments  directly 
opposite  on  the  other  rail.  The  driving  mechanism  used  rotated  the  disks  of 
all  the  instruments  simultaneously.  The  correlation  of  a  point  on  the  record 
of  one  of  the  disks  with  the  point  of  any  other  disk  at  the  same  moment  was 
possible.  As  the  locomotive  passed  the  test  section  a  record  of  the  strains  in 
the  rail  was  made  on  each  instrument.  The  passage  of  each  wheel  of  one  side 
•  Transactions,  Am.  See.  C.  E.,  Vol.  LXXXII  (1918),  p.  1224. 
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of  the  locomotive  and  tender  thus  was  recorded  on  four  instruments  and  each 
wheel  of  the  other  side  on  four  other  instruments.  A  run  then  gave  records 
of  what  happened  under  one  pair  of  wheels  on  eight  instruments,  and  as  each 
instrument  holds  two  disks,  sixteer.  records  in  all  were  made.  As  usually 
operated,  a  disk  would  hold  the  records  of  four  runs.  Fresh  disks  would  then 
be  inserted. 

TABLE  6. — Weights  of  Rotating  and  Reciprocating  Parts, 

IN  Pounds,  Light  Santa  Fe  Type  Locomotive  of  the 

Atchison,  Topeka  and  Santa  Fe  Railway. 


Reciprocating  Parts. 

Piston 985 

Cross-head 480 

Union  link  and  lower  end  of  combination  lever 65 

48%  main  rod,  weight  on  cross-head  pin 470 


0.666  X  2  000 


2  COO 


Rotating  Parts. 


Driver  number. 


Two- thirds  of  weight  of  reciprocating  parts 

Main  rod,  weight  on  crank-pin 

Side  rod,  weight  on  crank-pin  

Crank-pin 

Crank-pin  hub 

Total 

Equivalent  weight  required  at  center  of  counter- 
weight   

Weight  used 

Difference  between  weight  required  and  weight 
obtaiaed 

Equivalent  difference  at  crank-pin  circle 

Overbalance  or  underbalance  at  crank-pin  circle 
for  rotating  parts  only 


5 

4 

Main. 

2 

267 

267 

267 
510 

267 

125 

302 

762 

314 

70 

70  ■ 

390 

70 

157 

157 

325 

157 

619 

796 

2  254 

8fi8 

604 

836 

2  365 

848 

588 

760 

1495 

802 

-16 

-76 

-870 

—46 

—17 

—72 

-828 

—44 

+250 

+  195 

—561* 

+223 

267 

125 

67 
157 


616 


602 
579 


—23 
—23 


-244 


*  No  information  is  at  hand  on  the  weight  or  position  of  the  bobs  or  position  of  planes  of  the 
outside  rotating  parts. 

The  use  of  eight  stremmatographs — four  had  been  the  largest  number  used 
in  previous  tests — had  advantages  even  on  the  tests  of  straight  track.  The 
strain  under  companion  drivers  was  recorded  simultaneously;  in  fact,  with 
just  the  right  spacing,  the  strain  under  four  pairs  of  wheels  was  recorded  at 
the  same  instant,  thus  giving  the  instantaneous  effect  of  the  four  pairs  of 
drivers.  The  distance  from  the  first  instrument  to  the  fourth  was  generally 
about  equal  to  the  circumference  of  a  driver ;  this  facilitated  finding  the  effect 
of  counterbalance.  The  use  of  eight  instruments  was  more  likely  to  give  the 
general  effect  of  the  locomotive  as  a  whole,  at  a  given  time,  than  the  smaller 
number.  The  time  taken  to  obtain  an  adequate  number  of  data  was  short- 
ened, thus  reducing  the  time  the  locomotive  was  taken  from  service. 

The  chief  purpose  in  using  eight  instruments,  however,  was  to  facilitate 
the  tests  on  curved  track,  where,  of  course,  the  stresses  in  the  two  rails  are 
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generally  unequal.  The  use  of  two  disks  in  each  stremmatograph,  one  record- 
ing the  strain  at  one  edge  of  the  base  of  rail  and  the  other  that  at  the  other 
edge,  permitted  the  measurement  of  the  lateral  bending  strains  in  the  rails 
of  curved  track.  It  is  believed  that  these  measurements  of  the  bending  stresses 
developed  in  curved  track  were  the  first  to  be  made  in  any  tests.  The  means 
used  were  entirely  successful.  The  preliminary  tests  made  to  learn  the  pre- 
cautions and  methods  necessary  for  the  satisfactory  conduct  in  the  testing  of 
curved  track  were  made  on  a  curve  of  a  branch  line.  It  will  be  noted  that  by 
the  method  used  the  stresses  in  the  two  edges  of  both  inner  and  outer  rail  of 
the  curved  track,  caused  by  both  the  vertical  bending  and  the  lateral  bending 
of  the  rail,  were  measured  under  four  pairs  of  drivers  at  about  the  same  time. 

TABLE  7. — Weights  of  Eotating  and  Eeciprocating  Parts, 

IN  Pounds,  Heavy  Santa  Fe  Type  Locomotives  of  the 

Atchison,  Topeka  and  Santa  Fe  Railway. 


Reciprocating  Parts. 

Piston  1  070 

Cross-head 705 

Union  link  and  lower  end  of  combination  lever 62 

40%  main  rod,  weight  on  cross-bead  pin 585 


0..50  X  2  422 


303* 


2  422 


Rotating  Parts. 


Driver  number. 


5 

4 

Main. 

2 

308 

308 

'877 

308 

172 

493 

785 

454 

118 

130 

500 

130 

144 

144 

271 
91 

144 

742 

1  075 

2  524 

1  036 

574 

899 

2  714 

866 

574 

899 

2  693 

866 

0 

0 

21 

0 

0 

0 

20 

0 

+308 

+308 

— 20t 

+308 

50%  of  weight  of  reciprocating  parts 

Main  rod,  weight  on  crauk-piu 

Side  rod.  weight  on  crank-pin 

Crank-pin 

Cran  k-pin  hub 

One-half  eccentric  crank 

Total 

Equivalent  weight  required  at  center  of  counter- 
weight   

Weignt  used 

Difference  between  weight  required  and  weight 
obtained 

Equivalent  difference  at  crank-pin  circle 

Overbalance  or  underbalance  at  crank-pin  circle 
for  rotating  parts  only 


308 

'166 
105 
144 


564 
564 


-308 


*  It  was  not  possible  to  counterbalance  for  the  whole  of  the  rotating  weight  in  the  main  wheel ; 
the  deficiency  of  21  lb.  was  distributed  equally  among  the  other  drivers,  bringing  their  total  up  to 
308  lb. 

+  lf  the  effect  of  the  rods  and  pin  not  being  in  the  plane  of  the  counterweiirht  is  calculated  by 
the  method  given  in  the  second  progress  report,  this  becomes  approximately  an  underbalance  of 
360  lb. 


Unless  otherwise  noted,  in  all  runs  steam  was  shut  ofi  as  the  locomotive 
approached  the  test  section  of  track,  and  the  locomotive  "coasted"  past  the 
instruments.  The  speeds  were  read  from  a  speedometer  in  the  cab  connected 
with  the  tread  of  the  trailer  or  the  front  wheel  of  the  tender,  the  instrument 
having  been  checked  up  over  a  measured  length  of  track.    The  locomotive  was 
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then  backed  over  the  track  and  the  next  run  made.  For  each  set  of  tests, 
the  order  of  speeds  for  consecutive  runs  was  the  same,  varying  from  the  lowest 
speed  to  the  highest. 

TABLE  8. — Weights  of  Rotating  and  Reciprocating  Parts, 

IN  Pounds,  Pacific  Type  Locomotive  of  the 

Delaware,  Lackawanna  and  Western  Railroad. 


Reciprocating  Parts. 

Piston 

Cross-head 

Weight  of  main  rod  on  cross-head  pin 


8  X  1  881 
3x3 


=  418 


961 
585 
335 

1  881 


Rotating  Parts. 


Driver  number. 


Two-thirds  of  weight  of  reciprocating  parts 

MaiD  rod,  weight  on  crank-pin 

Side  rod,  weight  on  crank-pin 

Crank-pin 

Crank-pin  hub.   

One-half  eccentric  crank 

Total 

Equivalent  weight  required  at  center  of  counterweight 

Weight  used 

Difference  between  weight  required  and  weight  obtained 

Equivalent  difference  at  crank-pin  circle 

Overbalance  or  underbalance  at  crank-pin  circle  for  rotating  parts 
only 


418 

'159 
116 
113 


806 

478 

478 

0 

0 

+418 


Main. 


418 
6a7 
517 
898 
226 
60 


2  246 

1  562 

1  562 

0 

0 

+416* 


418 

145 
114 
113 


790 


468 
0 
0 

4418 


*lf  the  effect  of  the  rods  and  pin  not  being  in  the  plane  of  the  counterweight  is  calculated  by  the 
method  given  in  the  second  progress  report,  this  becomes  approximately  an  overbalance  of  175  lb. 


The  position  of  the  counterweight  with  respect  to  one  instrument  was  ob- 
served for  each  run.  It  was  found  unnecessary  to  control  the  position  of  coun- 
terweight on  different  runs;  the  starting  and  stopping  and  the  running  over 
curves  within  the  length  of  the  runs  gave  sufficient  distribution  of  the  position 
of  counterweight  with  respect  to  the  instruments  throughout  the  revolution 
of  the  driver. 

Fig.  5  shows  the  position  of  the  stremmatographs  in  one  of  the  tests  of 
curved  track.  "Variations  from  this  arrangement  were  made,  but  the  diagram 
is  representative  of  all  the  tests.  As  all  track  was  laid  with  alternate  joints, 
it  was  necessary  that  a  rail  joint  lie  within  the  test  section.  Generally,  the 
joint  was  between  the  two  middle  instruments,  sometimes  on  one  rail  and 
sometimes  on  the  other.  A  study  of  the  records  of  the  several  instruments 
failed  to  show  any  general  characteristics  of  the  strains  recorded  in  the  in- 
strument nearest  the  rail  joint. 

The  process  followed  in  the  reduction  of  the  data  obtained  by  the  strem- 
matographs was  the  same  as  that  which  was  described  in  the  earlier  reports. 
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The  stremmatograph  records  were  read  with  a  binocular  microscope  fitted  with 
a  micrometer  eyepiece.  Readings  were  taken  for  points  in  the  record  corre- 
sponding to  a  wheel  over  the  instrument  and  to  a  point  between  wheels,  the 
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Fig.  5. — Position  of  Eight  Stremmatographs  in  a  Test  of  Curved  Track. 

high  point  of  the  record  being  assumed  to  have  been  made  when  the  wheel 
was  directly  over  the  instrument.  In  reducing  these  measurements,  the  read- 
ings were  multiplied  by  the  proper  microscopic  constant  and  then  reduced  to 

TABLE  9. — Weights  of  Eotating  and  Eeciprocating  Parts, 

IN  Pounds,  Mikado  Type  Locomoth^  of  the 

Delaware,  Lackawanna  and  Western  Eailroad. 


Reciprocating  Parts. 

Piston 1  097 

Cross-head 570 

Weight  of  main  rod  on  cioss-head  pin 405 


2  X  2  078 
3  X4 


Rotating  Parts. 


2  072 


Driver  number 


Two-thirds  of  weight  of  reciprocating  parts 

Main  rod,  weight  on  erank-pin 

Side  rod.  weight  on  cranls-pin 

Crank-pin 

Crank-pin  hub 

One-half  eccentric  crank 

Total 

Equivalent  weight  required  at  center  of  counterweight 

Weight  used 

Difference  between  weight  required  and  weight  obtained 

Equivalent  difference  at  crank-pin  circle 

Overbalance  or  underbalanee  at  crank-pin  circle  for  rotating 
parts  only 


345 

iso 

83 
135 


693 

530 

530 

0 

0 

+345 


Main. 


345 

670 
392 
406 
210 


2  089 

2  089 

2  089 

0 

0 

+345* 


345 


77 
135 


865 

661 
661 

0 
0 

+345 


135 
67 
137 


674 

515 

515 

0 

0 

+345 


*If  the  effect  of  the  rods  and  pin  not  being  in  the  plane  of  the  counterweight  is  calculated  by  the 
method  given  in  the  second  progress  report,  this  becomes  approximately  an  overbalance  of  95  lb. 
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stresses  by  multiplying:  by  a  constant  which  involves  the  position  of  the 
neutral  axis  of  the  rail  section,  the  vertical  distance  of  the  needle-bar  below 
the  base  of  the  rail,  the  modulus  of  elasticity  of  steel  (taken  as  30  000  000  lb. 
per  sq.  in.),  and  the  gauge  length  (which  was  4  in.).  A  correction  was  also 
made  to  allow  for  the  variation  of  moment  and  stress  over  the  gauge  length 
and  to  obtain  the  maximum  stress  at  the  middle  of  the  gauge  length  by  multi- 
plying the  average  stress  over  the  gauge  length  for  wheel  over  instrument 
by  the  factor  1.04,  as  was  done  with  the  tests  recorded  in  the  first  progress 
report,  so  that  the  stresses  reported  at  points  of  positive  moment  are  stresses 
in  pounds  per  square  inch  at  the  base  of  the  rail  at  the  middle  of  the  gauge 
length.  The  variation  over  the  gauge  length  at  points  of  negative  moment 
was  slight,  and  no  correction  was  used  for  the  stresses  at  such  points. 

In  general,  on  straight  track  the  readings  of  the  two  disks  of  an  instru- 
ment, giving  stresses  at  the  two  edges  of  the  base  of  the  rail,  were  averaged, 
and  the  average  was  taken  as  the  observation  for  that  instrument  for  the  given 
run  for  the  given  position  of  wheel.  On  straight  track,  in  case  the  record 
of  one  disk  of  an  instrument  was  defective  and  that  on  the  companion  disk  was 
clear,  the  one  good  record  was  usually  also  discarded.  In  the  case  of  curved 
track,  all  readable  records  were  used,  even  though  the  record  on  the  com- 
panion disk  was  defective.  It  was  desired  to  keep  the  strains  at  the  two  edges 
separated.  It  was  also  foimd  that  on  curved  track  there  was  less  vibration  in 
the  rail  and  less  opportunity  for  errors  being  introduced  through  the  use  of 
a  record  at  only  one  edge.  Besides,  it  was  found  that  defective  records  were 
less  frequent  on  curved  track,  usually  less  than  10%  of  the  points  having 
to  be  discarded. 

The  accuracy  of  the  records  and  their  reduction  is  considered  to  be  as  good 
as  that  of  the  stremmatograph  data  reported  in  the  two  earlier  reports. 

The  time  required  for  the  reduction  of  the  data  of  the  large  number  of 
observations  made  in  all  the  tests  was  considerable.  The  reading  of  the 
stremmatograph  records,  the  calculation  of  the  data,  and  the  representation 
of  the  results  for  study  and  interpretation  involved  a  large  amount  of  work, 
as  may  be  judged  from  a  consideration  of  the  number  of  microscopic  readings 
of  strains  made,  approximately  470  000.  With  clear  records,  skilled  observers 
learned  to  make  1  000  to  1  200  such  readings  per  day. 

Table  1  gives  the  properties  of  the  sections  of  the  rails  new.  Profiles  were 
taken  of  the  sections  of  the  rail  in  the  track.  With  the  exception  of  the  105-lb, 
rail  on  the  Delaware,  Lackawanna  and  Western  Eailroad,  the  rails  were  not 
worn  enough  to  have  a  sufficiently  marked  effect  on  the  moment  of  inertia 
and  section  modulus  about  the  horizontal  axis  to  make  it  seem  necessary  to 
use  the  section  modulus  of  the  worn  rail  in  the  analytical  calculation  of 
stresses  in  rail.  On  the  7^°  curve,  the  moment  of  inertia  and  section  modulus 
of  the  inner  rail  were  reduced  about  3%  and  of  the  outer  rail  about  6%,  but, 
in  this  case,  also,  the  properties  of  the  new  rail  have  been  used  in  making 
comparisons.  The  effect  of  wear  on  the  section  modulus  about  a  vertical  axis 
would  be  small,   as  the  base  of  rail,  which  is  not  changed,  forms  the  large 
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factor  in  making  up  the  section  modulus.     For  lateral  bending  of  the  rail  on 
curved  track,  the  properties  of  new  rails  were  also  used. 

II. — Tests  ox  Straight  Track 

6. — Results  of  Tests. — The  tests  on  straight  track,  although  made  for  the 
purpose  of  supplying  a  basis  of  comparison  with  results  on  curved  track, 
furnish  considerable  additional  information  on  the  action  of  straight  track, 
particularly  on  the  effect  of  speed  and  counterbalance  with  several  types  of 
locomotives. 

To  determine  the  stiffness  of  track  and  the  value  of  the  modulus  of  elas- 
ticity of  rail  support,  u,  measurements  of  track  depression  under  the  truck  of 
loaded  cars  were  made.  For  the  significance  of  the  term,  modulus  of  elasticity 
of  rail  support,  see  the  first  progress  report  of  the  Committee.*  The  method 
of  making  the  test  was  similar  to  that  described  in  the  first  progress  report, 
the  level  bar  being  used. 

On  the  Atchison,  Topeka  and  Santa  Fe  Railway,  the  lighter  of  the  two 
loads  applied  was  an  empty  car,  and  the  heavier  load  was  a  heavily  loaded  coal 
car.  On  the  Delaware,  Lackawanna  and  Western  Railroad,  the  lightest  load 
was  an  empty  car,  the  medium  load  a  loaded  coal  car,  and  the  heaviest  load  a 
coal  car  heavily  loaded  with  ore.  In  each  case,  the  load  considered  was  that  on 
one  truck  at  an  end  of  the  car.  The  load  on  the  wheels  of  the  truck  used  was 
carefully  weighed,  a  check  on  the  weight  being  obtained  by  also  weighing  the 
load  on  the  other  truck  and  the  load  on  the  whole  car. 

Figs.  6  and  7  give  the  results  of  tests  of  track  depression  on  the  Atchison, 
Topeka  and  Santa  Fe  Railway,  at  Ribera,  IST.  Mex.,  and  Figs.  8  and  9,  the 
results  of  tests  on  the  track  of  the  Delaware,  Lackawanna  and  Western  Rail- 
road, at  Dover,  N.  J.  Location  A  on  the  Atchison,  Topeka  and  Santa  Fe 
Railway  covered  the  location  of  the  stremmatographs  on  the  regular  tests  at 
Ribera;  Location  B  was  130  ft.  east  of  Location  A.  Location  C  coincided 
with  the  location  of  the  stremmatographs  at  Dover;  and  Location  D  was  260 
ft.  east  of  Location  C.  The  track-depression  profiles  indicate  that  the  track 
on  which  the  tests  were  made  was  in  fairly  good  condition,  the  "play  curve" 
showing  uniformity  of  play  between  rail  and  tie  and  tie  and  ballast,  and 
uniformity  of  stiffness  in  each  case. 

The  value  of  the  modulus  of  elasticity  of  rail  support,  u,  calculated  from 
these  track-depression  profiles  by  the  method  described  in  the  first  progress 
report,  was  1  600  lb.  per  lin.  in.  of  rail,  for  the  track  on  both  the  Atchison, 
Topeka  and  Santa  Fe  Railway  and  the  Delaware,  Lackawanna  and  Western 
Railroad.    These  values  indicate  a  fairly  stiff  track. 

In  all  the  tests  to  find  the  stresses  in  the  rail,  four  stremmatographs  were 
placed  on  one  rail  and  four  on  the  other,  the  four  instruments  on  one  rail 
being  spaced  at  distances  of  about  66  in.,  and  the  set  on  the  other  rail  being 
placed  directly  opposite.  For  all  stress  diagrams  on  straight  track,  the  stress 
given  is  the  mean  stress  in  base  of  rail,  that  is,  the  average  of  the  stresses 

*  Transactifnis,  Am.  Soc.  C.  E.,  Vol.  LXXXII  (1918),  p.  1204;  Proceedings,  Am.  Ry. 
Eng.  Assoc,  Vol.  19,  p.  884. 
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Fig.  6. — Track  Depression  Profiles,  Static  Load  Tests  on  thb  Atchison,  Topkka 
AND  Santa  Fe  Railway,  Location  A. 


STRESSES  IN  RAILROAD  TRACK 


927 


0.30 


0.10 


0.20 


0.30 


>- — i— — < 

U-, 

4 

P  =  2-4  000  lb. 

^-f-zS=^ 

i 

'~~-->:.^ 

1 

P-=-^^0004b 

^ 

^ 

f^^ 

.^-■'^'         ^ 

\         1 

AVERAGE  NET 
DEPRESSION 

., 1 
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Fig.  8. — Track  Depression  Profiles,  Static  Load  Tests  on  the  Delaware,  Lackawanna 
AND  Western  Railroad,  Location  C. 
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— Track  Depression  Profiles,  Static    Load  Tests  on  the  Delaware,  Lackawanna 
and  Western  Railroad,  Location  D. 
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at  the  outside  and  inside  edges  of  the  rail,  and  the  stress  there  recorded  is 
the  average  of  the  results  on  both  rails  as  found  from  the  records  of  the 
eight  instruments.  In  Figs.  10, 11,  and  12  are  given  the  mean  stress  in  the  base 
of  rail  for  the  high  and  the  low  position  of  the  counterweight  for  the  Pacific 
type  locomotive,  the  Light  Prairie  type,  and  the  Balanced  Compound  Prairie 
type,  respectively,  in  the  tests  of  track  of  the  Atchison,  Topeka  and  Santa 
Fe  Eailway  at  East  Fort  Madison,  111.  In  Figs.  13,  14,  15,  16,  17,  and  20  are 
given  the  corresponding  stresses  for  the  tests  with  the  Mountain  type  locomo- 
tive coasting  down  grade,  the  Mountain  type  running  up  grade,  the  Light 
Santa  Fe  type  and  the  Heavy  Santa  Fe  type  coasting  down  grade,  the  Heavy 
Santa  Fe  type  working  steam  down  grade  and  the  Double  Trailer  Heavy 
Santa  Fe  type  coasting  down  grade,  respectively,  at  Ribera,  N.  Mex. 

In  Tables  10  to  18,  inclusive,  are  given  the  average  or  mean  values  of  the 
stresses  in  base  of  rail  under  the  locomotive  wheels  found  in  the  tests,  and  also 
the  values  at  the  high  point  and  the  low  point  of  the  counterweight.  The 
calculated  stresses  under  the  nominal  static  wheel  loads  are  also  given.  The 
calculations  are  based  on  the  method  of  analysis  given  in  the  first  progress 
report,  and  the  value  of  u  from  the  tests  of  track  depression  was  used.  It 
will  be  noted  that  the  calculated  values  of  the  stresses  for  static  loads  in 
general  do  not  differ  greatly  from  the  observed  values  at  a  speed  of  5  miles 
per  hour.  Where  there  is  a  noticeable  difference,  it  seems  probable  that  the 
actual  distribution  of  load  among  the  individual  wheels  is  not  the  same  as  the 
assumed  distribution.  It  is  found,  however,  that  the  average  of  the  calculated 
stress  under  the  several  wheels  of  the  locomotive  is  almost  exactly  the  same 
as  the  average  of  the  observed  stresses  under  the  wheels  at  a  speed  of  5  miles 
per  hour,  the  greatest  difference  in  all  the  tests  being  about  6  per  cent. 

TABLE    10. — Stresses    in   Rail    with    Pacific    Type    LocoMOTrs'E    of    the 

Atchison,  Topeka  and  Santa  Fe  Railway.   Maximum,  Minimum,  and 

Mean  Values  from  Curves  for  Series  5450-5458. 

Stresses  are  given  in  pounds  per  square  inch  at  base  of  rail. 


Speed,  in 
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per  hour. 
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40 


Position  of  counterweight. 


Mean  value. 
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Down  

Mean  value. 


Up 
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Mean  value. 


i   Up 

60         -i    Down  

/  Mean  value 

Calculated  stress  under  static  load 

Calculated    additional    stress   due    to 
counterbalance  at  60  miles  per  hour. . 


Trailer. 
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E^G.   10. — Stress  in  Rail  on  Straight  Track  at  High  and  Low  Position  of  Counter- 
weight,  Series   5450-5458,  Pacific   Type   Locomotive  of  the 
Atchison,  Topeka  and  Santa  Fe  Railway. 
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Pig.   11. — Stress  in  Rail  on  Straight  Track  at  High  and  Low  Position  of  Countke- 

WEiGHT,  Series  5441—5449,  Light  Prairie  Type  Locomotive  of  the 

Atchison,   Topeka   and   Santa  Fe   Railway. 
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Pig.   12. — Stress  in  Rah,  on  Straight  Track  at  High  and  Low  Position  of  Counteh- 

WEIGHT,  Series  5434-5440,  Balanced  Compound  Prairie  Type  Locomotive 

OF  THE  Atchison,  Topbka  and  Santa  Fe  Railwat. 
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Pig.  13. — Stress  in  Rah,  on  Straight  Track  at  High  and  Low  Positign  of  Counteb- 

WEiGHT,    Series    5338-5344,    Mountain    Type    Locomotive    of    the 

Atchison,  Topeka  and  Santa  Fe  Railway. 
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F^G.   14. — Stress  in  Rail  on  Stbaight  Track  at  High  and  Low  Position  op  Counteb- 

WEiGHT,  Series  5345-5350,  Mountain  Type  Locomotive  of  the 

Atchison,  Topeka  and  Santa  Fb  Railway. 
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Fig.    15. — Stress   in  Rail  on   Straight  Track   at  High   and  Low   Position  of   Countbb- 

WEiGHT,  Series  5300-5318,  Light  Santa  Fe  Type  Locomotive  of  the 

Atchison,  Topeka  and  Santa  Fe  Railway. 
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Pig.   16. — Stress  in  Rail,  on  Straight  Track  at  High  and  Low  Position  of  Counteb- 

WEiGHT,  Series  5401-540S,  Heavy  Santa  Ve  Typb  Locomotive  of  the 

Atchison,  Topeka  and  Santa  Fb  Railway. 
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Pig.   17. — Stress  in  Rail  on   Straight  Track  at  High  and  Low  Position  of  Countek- 

WEiGHT,  Series  5409-5415,  Heavy  Santa  Fe  Type  Locomotive  of  thb 

Atchison,  Topeka  and  Santa  Fe  Railway. 
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Fig.   18. — Stress  in   Rail  on   Straight  Track  at  High  and  Low  Position  of  Cottntkb- 

WEiGHT,   Series   5136-5149,   Pacific   Type   Locomotive   of  the 

Delaavaee,  Lackawanna  and  Wkstern  Railroad 
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Pig    19  — Stress  in  Rail  on  Straight  Track  at  High  and  Low  Position  of  Counter- 
weight, Series  5206-5220,  Mikado  Type  Locomotive  of  the 
Delaware,  Lackawanna  and  Western  Railroad. 
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Fig.  20. — Stress  in  Rail  on  Straight  Track  at  High  and  Low  Position  of  Counter- 
weight, Series  5416-5424,  Double  Trailer  Heavy  Santa  Fe  Type  Locomotivb 
of  the  Atchison,  Topeka  and   Santa  Fe   Railway. 
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TABLE  11. — Stresses  in  Eail  with  Light  Prairie  Type  Locomotive  of  the 

Atchison,  Topeka  and  Santa  Fe  Eail  way.  Maximum,  Minimum,  and 

Mean  Values  from  Curves  for  Series  5441-5449. 

Stresses  are  given  in  pounds  per  square  inch  at  base  of  rail. 


Speed,  in 

miles  per 

hour. 


Position  of  couuterweislit. 


Mean  value. 

Up 

Down 

Mean  value. 


Up 

Down 

Mean  value. 

Up 

Down 

Mean  value. 


50 
Calculated  stress  under  static  load. 


Trailer. 


12  600 


12  400 


12  700 
14  200 


Driver  Number. 


16  400 


16  100 

18  000 

19  UOO 

16  100 

10  500 

17  .'lOO 
14  200 

13  700 
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16  900 

15  500 

19  500 

17  300 

15  000 

20  000 

16  700 

12  000 

21  000 
16  400 

14  000 


15  800 


16  400 

13  500 
20  (M  0 

15  700 

12  000 
22  000 

16  800 

14  300 


Front 
truck 
wheel. 


8  200 


9  600 


9  300 


9  700 
10  000 


TABLE  12. — Stresses  in  Eail  with  Balanced  Compound  Prairie  Type  Loco- 
motive OF  THE  Atchison,  Topeka  and  Santa  Fe  Eailway.    Maximum, 
Minimum,  and  Mean  Values  from  Curves  for  Series  5434-5440. 
Stresses  are  given  in  pounds  per  square  incli  at  base  of  rail. 


Speed,  in 

Position  of  counterweight. 

Trailer. 

Driver  Number. 

Front 
truck 
wheel. 

miles  per 
hour. 

3 

Main. 

1 

5 

( 

Mean  value 

Up 

15  300 

16 '800 

i8'266 

iOTOO 
14  700 

18  400 

i9'866 

19 '800 

20 '266 
18  800 

20  000 

23  000* 

17  000* 
20  200 

23  500* 

18  500* 

20  000 

27  500* 
18  000* 

21  300 

15  100 

15  800 
i7"466 

is '706 

17  500 
22  500 
20  000 

18  700 

12  500 

25       \ 

< 

13  500 

i 

Ud            

40      ■< 

1 

15  100 

1 

Ud 

50       < 

14  800 

Calculated 

stress  under  staiic  load 

11  200 

*  The  maximum  and  minimum  occur  at  the  quarter-points. 
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TABLE   13. — Stresses   in  Eail  with   Mountain   Type  Locomotive  op  the 

Atchison,  Topeka  and  Santa  Fe  Eailway.   Maximum,  Minimum,  and 

Mean  Values  from  Curv-es  for  Series  5338-5344. 

Stresses  are  given  in  pounds  per  square  inch  at  base  of  rail 


Speed,  in 
miles 

Position  of 
counterweight. 

Trailer 

Driver  Number. 

Front 
Wh 

Truck 
:;el8. 

per  hour. 

4 

3 

Main. 

1 

2 

1 

17  000 
17  400 
i8"266 

ig'soo 

21  200 

15  300 

is'ioo 

14  000 
17  000 

15  600 

15  000 
20  000 
17  200 

14  400 

-f-4  700 

13  300 
13 '966 

ih'm 

15  000 
20  000 
17  300 

13  100 
+3  500 

14  000 

ii'ioo 

15 '266 
20  000 

12  .^00 
17  100 

11  400 
+3  500 

13  600 
i4'206 

ii'm 

. . .'. '.  '.* 
is'goo 

14  000 

-i-4  700 

4  000 
3' 800 
4'666 

5 '666 

2  800 

7  500 

( 

TJn  

25       \ 

1 
1 

Mean  value 

Up    

8  000 

40       •< 

1 
( 

Mean  value 

Up 

7  900 

60       ^ 
Calculated 

Mean  value 

stress   under  static 

8  500 
7  300 

Calculated 
due  to  CO 
miles  per 

additional     stress 
unterbalance  at  60 

*Not  sufficient  tests  to  determiue  the  stress  due  to  counterbalance. 


TABLE  14. — Stresses  in  Eail  with  Lioht  Santa  Ee  Type  Locomotive  of  the 

Atchison,  Topeka  and  Santa  Fe  Eailway.    Maximum,  Minimum,  and 

Mean  Values  from  Curves  for  Series  5300-5318. 

Stresses  are  given  in  pounds  per  square  inch  at  base  of  rail. 


Speed, 
in  miles 
per  hour. 


25 


Position  of  counter- 
weight. 


Mean  value.. 

Up 

Down 

Mean  value . 


Up 

Down 

Mean  value  , 

Up 

Down 

Mean  value . 


Calculated  stress  under  static 
load  


Trailer. 


11  300 


11  600 


11  700 
4  900 


8  100 

7  500 
10  500 

9  500 

7  500 

13  000 
10  500 

6  000 

14  OOO 
10  200 


10  800 


Driver  Number. 


7  100 

6  500 

10  000 

7  900 

5  000 

11  500 

8  500 

7  000 
14  000 
10  500 


8  100 

13  500 

4  500 

9  900 

17  500 

5  500 
11  500 

23  500 

6  500 

14  300 


10  000 


11  500 

11  500 
13  500 

12  600 

10  000 
17  0(10 

13  600 

9  500 
20  000 

14  600 

8  100 


12  100 

11  500 
15  000 

13  100 

19  000 
9  500 

14  600 

9  500 
22  500 
14  800 


12  200 


Front 
truck 
wheel. 


7  800 


8  800 


10  100 


600 
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TABLE  15. — Stresses  in  Rail  with  Heavy  Santa  Fe  Type  Locomotive  of  the 

Atchison,  Topeka  and  Santa  Fe  Railway.  Maximum,  Minimum,  and 

Mean  Values  from  Curves  for  Series  5401-5408. 

Stresses  are  given  in  pounds  per  square  inch  at  base  of  rail. 


Speed, 
in  miles 
per  hour. 


40 


Position  of  counter- 
weight. 


Mean  value. 

Up 

Down 

Mean  value. 


Up 

Down 

Mean  value 


Calculated  stress  under  static 
load 

Calculated  additional  stress  due 
to  counterbalance  at  40  miles 
per  hour 


Trailer. 


16  900 
17 "too 

is'goo 

19  700 


15  50O 
19  000 
17  200 

15  400 

+3  700 


Driver  Number. 


12  200 

10  000 
16  00(J 

13  600 

10  500 
20  OUO 

14  700 


11  300 


+3  600 


Main. 


12  900 


18  800 

16  500 
11  500 
14  200 


11  000 


-2  800 


10  100 

8  500 
14  000 

11  IDO 

10  500 
16  000 

12  700 

10  600 

4-3  600 


14  2O0 

13  000 
20  500 
16  800 


14  400 


+3  700 


Front 
truck 
wheel. 


8  300 

's'soo 

6  700 


TABLE  16. — Stresses  in  Rail  with  Double  Trailer  Heavy  Santa  Fe  Type 

Locomotive   of  the  Atchison,   Topeka  and   Santa  Fe  Railway. 

Maximum,  Minimum,  and  Mean  Values  from  Curves  for 

Series  5416-5424. 

Stresses  are  given  in  pounds  per  square  inch  at  base  of  rail. 


Speed, 

Position  of 
counterweight. 

Trailer. 

Driver  Number. 

Front 
truck 
wheel. 

in  miles 
per  hour. 

2 

1 

5 

4 

Main. 

2 

1 

5 

9  200 

8  900 

9  500 

9  000 
12  500 
10  100 

10  500 
14  500 
12  400 

12  600 
+3  700 

11  400 

10  500 

14  500 

12  400 

9  500 

15  500 
12  800 

9  500 
+3  600 

11  100 

15  500 
9  000 

12  200 

20  000 
10  000 
12  900 

10  000 
-2  800 

11  900 

11  000 

15  000 

13  000 

11  000 

16  500 

14  000 

11  300 

-1-8  600 

11  900 

12  500 

15  000 

13  900 

12  500 

16  500 

14  900 

14  £00 
+3  700 

11  700 

Ud     

25     \ 

1 

10  400 

10  100 

12  400 

TTt)            

,.  ] 

11  500 
8  700 

11  100 

7  500 

13  30O 

Calculate 

Calculate 

counter 

d  stress  under  static  load, 
d  additional  stress  due  to 
balance  at   40   miles  per 

8  600 

1 
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TABLE    17. — Stresses   in   Rail    with    Pacific    Type   Locomotive   of   the 

Delaware,  Lackawanna  and  Western  Railroad.    Maximum,  Minimum, 

AND  Mean  Values  from  Curves  for  Series  5136-5149. 

Stresses  are  given  in  pounds  per  square  inch  at  base  of  rail. 


Speed, 

in 

miles 

per  hour. 


25 


40 


60 


Position 
ol:  counter- 
weight. 


^lean  value. . 

Up 

Down 

Mean  value . 

Up 

Down 

Mean  value. . 

Up 

Down 

Mean  value. . 


Calculated  stress,  under 
static  load 

Calculated  additional  stress 
due  to  counterbalance  at 
60  miles  per  hour 


Trailer. 


15  300 

is'-roo 
ie'eoo 
i7'466 

15  800 


Driver  Number. 


13  700 


14  300 

12  500 
18  000 

15  000 

12  000 
20  000 
15  800 


14  800 


-f  5  900 


Main. 


12  600 
i2'466 

ism 
is '366 

12  200 
4-4  500 


12  600 

10  000 

15  000 

12  300 

10  000 

16  000 

13  000 

11  500 
20  000 
15  700 


14  600 


-f  5  900 


Front  Truck 
Wheels. 


3  300 
'4'266 
'5'266 

"fioo 

1  500 


7  700 
'7966 
"9  066 

io'goo 

5  400 


TABLE    18. — Stresses    in  Rail    avith    Mikado    Type    Locomotive    of    the 

Delaware,  Lackawanna  and  Western  Railroad.  Maximum,  Minimum, 

and  Mean  Values  from  Curves  for  Series  5206-5220. 

Stresses  are  given  in  pounds  per  square  inch  at  base  of  rail. 


Speed, 
in 

Position  of 
counterweight. 

Trailer. 

Driver  Number. 

Front 
truck 
wheel. 

miles 
per  hour. 

4 

Main. 

2 

1 

5 

( 

Mean  value 

Ud 

11  400 
ii'466 

ii'goo 

12  600 

13  600 

14166 

14266 
12  200 

11  100 

i2"666 

i2"566 
10 100 

11  500 
ii'966 

i2"766 

10  100 

12  200 

12 "666 
ism 

13  000 

7  000 

15        \ 

{ 

Mean  value 

Up 

7  800 

.    ] 

Calculated  s 
load 

Mean  value 

tress  under  static 

8  200 
6  500 
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Attention  should  be  called  to  the  fact  that  the  stresses  given  in  the  dia- 
grams and  tables  are  average  stresses,  the  result  of  averaging  a  number  of 
observations,  usually  a  large  number,  from  50  to  125.  This  means  that  many 
observations  lie  above  the  average  value  and  many  below  it.  In  fact,  when  all 
the  obsei*vations  are  plotted  for  a  revolution  of  a  driver,  there  is  a  belt  of  points 
within  two  rather  definite  boundaries,  one  on  each  side  of  the  line  of  averages, 
as  illustrated  in  Figs.  21  to  25,  inclusive.  Within  these  boundaries,  the  points 
are  fairly  well  distributed,  and  outside  of  them  a  few  scattered  points  will  be 
found.  For  straight  track,  the  boundaries  of  the  belt  of  points  may  be  5  000 
lb.  per  sq.  in.  above  and  below  the  average  line. 

From  an  inspection  of  the  diagrams  and  tables,  it  will  be  noted  that  at  a 
speed  of  5  miles  per  hour  the  average  stress  in  the  base  of  rail  of  the  85-lb. 
Am.  Soc.  C.  E.  section,  ranged  from  15  800  to  20  000  lb.  per  sq.  in.  under  the 
drivers  of  the  Pacific  type  locomotive  and  the  two  Prairie  types  of  the  Atchi- 
son, Topeka  and  Santa  Fe  Railway.  On  the  90-lb.  S.  F.  rail,  the  average 
stress  ranged  from  10  100  to  15  900  lb.  per  sq.  in.  under  the  drivers  of  the 
Mountain  type  locomotive  and  Heavy  Santa  Fe  tyi)es,  at  5  miles  per  hour. 
For  the  Light  Santa  Fe  type,  having  much  lighter  wheel  loads,  the  correspond- 
ing stresses  in  the  90-lb.  S.  F.  rail,  at  the  same  speed,  range  from  7  100  to 
12  100  lb.  per  sq.  in.  For  the  Pacific  and  Mikado  types  of  the  Delaware, 
Lackawanna  and  Western  Railroad,  the  stresses  in  the  105-lb.  D.  L.  &  W.  sec- 
tion under  the  drivers,  at  5  miles  per  hour,  ranged  from  11 100  to  13  700  lb. 
per  sq.  in.  It  should  be  borne  in  mind  that  the  stress  named  in  every  case  is 
the  average  value  found  in  a  considerable  number  of  runs  and  that  when  a 
locomotive  is  run  over  the  track  many  times,  individual  stresses  will  be  found 
under  a  given  wheel  that  are  considerably  greater  in  magnitude  than  the  aver- 
age stress  named.  It  should  also  be  remembered  that  the  lateral  bending  of  the 
rail  imder  the  action  of  the  locomotive  on  straight  track  will  result  in  stresses 
at  the  outside  or  the  inside  edge  of  the  base  of  rail  that  are  materially  higher 
than  the  mean  of  the  stresses  at  the  two  edges,  and,  also,  that  the  effect  of 
speed  and  counterbalance  is  to  add  considerably  to  the  values  found  at  5  miles 
per  hour. 

7. — Effect  of  the  Locomotive  Counterbalance. — In  the  second  progress 
report  of  the  Committee  the  problem  of  counterbalancing  the  locomotive  is 
briefly  considered.*  For  clearness  of  expression,  the  term,  counterweight,  is 
there  and  here  used  as  the  weight  applied  or  added  to  the  driver  at  a  point 
opposite  the  crank-pin  for  the  purpose  of  balancing  or  helping  to  balance  the 
rotating  and  reciprocating  parts,  and  the  term,  counterbalance,  as  the  general 
condition  of  underbalance  or  overbalance  as  it  exists  in  a  given  driver,  while 
counterbalancing  is  used  to  refer  to  the  general  problem  of  endeavoring  to 
balance  the  rotating  and  reciprocating  parts. 

The  vertical  effect  of  a  lack  of  balance  of  the  rotating  parts  is  to  increase 
or  decrease  the  pressure  of  the  drivers  on  the  rails  and  to  vary  the  pressure 
upward  on  the  equalizing  levers  and  the  frame  of  the  locomotive.  Since  the 
counterweight  cannot  be  made  to  neutralize  both  the  vertical  and  the  horizontal 

•  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXIII  (1919-20),  p.  1415;  Proceedings,  Am.  Ry. 
Eng.  Assoc,  Vol.  21,  p.  652. 
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Fig.  21. — Observed  Values   of   Stress  in   Rail  on    Straight   Track,   Series    5300-5318, 

Light  Santa  Fe  Type  Locomotive  of  the  Atchison,  Topeka 

AND  Santa  Fe  Railwtay. 
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Fig.  22. — Observed   Values    of    Stress   in   Rail,  on   Straight  Track.    Series    5300-5318, 

Light  Santa  Fe  Type  Locomotive  of  the  Atchison,  Topeka 

AND  Santa  Fe  Railway. 
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Pig.   23. — Observed   Values   of    Stress   in   Rail,  on    Straight   Track,    Series    5401-54O8, 

Heavy  Santa  F^  Type  Locomotive  of  the  Atchison, 

Topeka  and  Santa  Fe  Railway. 
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Pig.   24. — Observed   Values   of    Stress   in    Rail,  on    Straight   Track,    Series    5434—5440, 

Balanced  Compound  Praibie  Type  Locomotive  of  the  Atchison, 

ToPEKA  AND  Santa  Fe  Railwat. 
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Fig.   25. — Observed  Values  of  Stress  in  Rail  on  Straight  Track,  Series  5136-5149, 

Pacific  Type  Locomotive  of  the  Delaware,  Lackawanna 

AND   Western   Railroad. 
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effect  of  the  moving  parts  (part  of  them  having  horizontal  motion  only),  a 
compromise  must  be  made  in  the  counterbalancing.  It  is  the  common  practice 
in  locomotive  design  to  counterbalance  for  all  rotating  parts  and  for  a  portion 
of  the  reciprocating  parts,  this  practice  resulting  in  overbalancing  the  rotating 
parts  as  far  as  the  vertical  pressure  on  the  track  is  concerned. 

In  general,  it  may  be  considered  as  sufficiently  near  the  truth  to  count  the 
vertical  dynamic  augment  produced  by  the  excess  or  deficiency  of  counter- 
balance as  a  vertical  pressure  on  the  rail  at  each  driver,  with  whatever  further 
allowance  may  be  necessary  to  provide  for  the  counterweight  not  being  in  the 
same  plane  as  the  rotating  parts  which  are  to  be  counterbalanced.  This  method 
is  fairly  accurate,  because  the  change  in  depression  of  the  track  due  to  the 
added  or  decreased  pressure  on  the  rail  is  small  in  comparison  with  the  total 
depression  of  the  locomotive  spring  produced  by  the  weight  of  the  locomotive 
tributary  to  the  given  driver.  In  making  calculations,  parts  of  the  side  rod 
and  connecting  rod  are  considered  as  rotating  parts.  It  seems  proper,  then, 
in  making  calculations,  to  consider  the  vertical  dynamic  augment  of  each  driver 
as  being  separate  downward  or  upward  loads  which  may  be  added  algebraically 
to  the  individual  driver  loads  on  the  rail. 

The  formula  generally  used  for  calculating  the  dynamic  augment  is  the 
formula  for  centrifugal  force : 

C=  ^^-^ (12)* 

gr 

in  which, 

W  =  the  weight  of  the  rotating  or  reciprocating  part  for  which  the 

dynamic  augment  is  desired,   or  the  unbalanced  part  of  the 

rotating  parts,  in  case  the  resulting  rotational  effect  is  wanted. 

g  =  the  acceleration  of  gravity. 

V  =  the  rotational  velocity,  or  speed  of  the  part. 

r  =  the  radius  of  the  circle  described  by  the  center  of  gravity  of  the 

rotating  part. 

It  is  convenient  to  transfer  all  weights  to  the  equivalent  weight  at  the  center  of 
crank-pin  and  to  use  the  radius  of  the  circle  taken  by  the  center  of  the  crank- 
pin  relatively  to  the  center  of  the  driver. 

For  determining  the  vertical  dynamic  augment,  W  should  include  the  excess 
or  deficiency  of  the  rotating  parts,  and  should  not  include  the  reciprocating 
parts,  a  portion  of  the  main  rod  being  taken  as  a  rotating  part. 

Attention  should  be  called  to  the  need  for  taking  into  account  the  condition 
that  the  center  of  gravity  of  the  rods  and  other  rotating  parts  is  not  in  the  same 
vertical  plane  as  the  counterweight  and  the  rail.  As  shown  in  the  second 
progress  report,  this  condition  has  a  considerable  effect  on  the  counterbalancing 
of  the  main  drivers,  but  it  is  not  generally  important  with  the  other  drivers. 
A  main  driver  with  a  seeming  overbalance  for  the  rotating  parts,  as  judged 
by  the  method  of  calculation  generally  used  in  design,  may  really  be  an  under- 
balanced  wheel,   while  for   an  underbalanced  main  driver,   the  deficiency  in 

*  Transactions,  Am.  Soc.  C.  E..  Vol.  LXXXIII   (1919-20),  p.  1417. 
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counterweight  may  be  considerably  greater  than  that  expected  when  this 
eccentricity  of  position  is  not  taken  into  account. 

Sample  cases  of  observed  values  of  the  stresses  in  rail  throughout  the  revo- 
lution of  a  driver  are  plotted  in  Figs.  21,  22,  23,  24,  and  25.  The  ordinates  of 
the  diagrams  represent  stresses  at  the  base  of  the  rail,  in  pounds  per  square 
inch.  The  abscissas  represent  the  position  of  the  counterweight  at  the  time  the 
wheel  passes  over  the  instrument  with  respect  to  its  down  position,  the  scale 
being  in  fractions  of  a  complete  revolution  of  the  wheel.  Results  given  by 
the  several  instruments  are  indicated  by  individual  symbols.  The  curves  repre- 
senting the  stress  for  a  given  speed  throughout  an  entire  revolution  were 
formed  by  first  averaging  the  values  of  the  plotted  points  in  groups  for  each 
one-tenth  of  a  revolution  and  then  drawing  a  curve  to  represent  as  well  as  pos- 
sible the  position  and  trend  of  these  points.  As  may  be  expected,  at  a  speed 
of  5  miles  per  hour,  the  variation  in  stress  due  to  other  causes  is  so  much 
greater  than  that  due  to  the  effect  of  counterbalance  as  to  mask  any  effect  of 
counterbalance,  and,  accordingly,  a  straight-line  average  of  all  the  points  has 
been  used  for  all  the  wheels  for  a  speed  of  5  miles  per  hour.  The  average  of 
all  the  observed  values,  which  is  approximately  the  average  ordinate  for  the 
curves,  is  called  the  mean  value  at  the  given  speed.  The  difference  between 
this  mean  value  and  the  high  point  of  the  average  curve  may  be  taken  to  be  the 
effect  of  the  counterbalance  in  increasing  the  stress  (which  may  be  due  to 
overbalance  or  to  underbalance),  and  the  difference  in  the  value  to  the  low 
point  of  the  curve  represents  the  effect  with  the  counterweight  in  the  opposite 
position.  The  position  of  the  counterweight  for  the  maximum  and  minimum 
values  is  also  represented  on  the  diagrams. 

The  same  method  of  determining  the  average  curve  of  the  stress  through- 
out the  revolution  of  a  driver  was  used  for  all  the  tests.  Figs.  26  to  32, 
inclusive,  give  the  curves  thus  found. 

As  the  observations  were  well  distributed  throughout  the  revolution  of  a 
driver,  the  average  of  the  observed  values  under  any  wheel  at  any  speed  may  be 
taken  as  the  average  stress  in  the  rail  at  that  speed  without  reference  to  coun- 
terbalance effect.  The  difference  between  this  average  stress  and  the  high  point 
and  low  point  of  the  curve  is  taken  to  be  the  effect  of  counterbalance. 

In  Tables  10  to  18,  inclusive,  are  given  the  stresses  with  the  counterbalance 
up  and  counterbalance  down  and  the  mean  value,  and  also  the  calculated  addi- 
tional stress  due  to  counterbalance  at  one  speed,  based  on  the  assumed  values 
of  counterbalance  given  in  the  previous  tables,  without  correction  for  the 
outside  parts  rotating  in  planes  away  from  the  driver. 

From  the  diagrams  and  tables  it  will  be  noted  that  the  highest  stress  in 
rail  under  the  main  driver  in  all  the  locomotives  except  the  Pacific  type  of  the 
Delaware,  Lackawanna  and  Western  Eailroad  and  the  Balanced  Compound 
Prairie  type  of  the  Atchison,  Topeka  and  Santa  Fe  Railway  occurs  when  the 
counterweight  is  up.  For  several  of  the  locomotives,  a  calculation  for  the 
counterbalance  in  the  main  driver  shown  in  the  tables  would  indicate  that,  in 
many  cases,  the  high  stress  may  be  expected  to  occur  when  the  counterweight 
is  down,  if  the  method  of  calculation  is  that  so  generally  used  of  neglecting  the 
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effect  of  the  plane  of  niotioii  of  the  main  rod  and  other  outside  rotating  parts 
not  being  coincident  with  the  plane  of  motion  of  the  counterweight  and  wheel 
and  rail,  whereas,  the  opposite  condition  may  be  shown  by  the  results.  It  is 
evident  from  the  discussion  of  this  subject  in  the  second  progress  report  that  a 
proper  consideration  of  the  relative  positions  of  the  plane  of  the  rotating  parts 
and  of  the  wheel  will  account  for  this  seeming  contradiction. 

Two  locomotives  of  those  used  have  characteristics  which  differ  from  those 
previously  described.  The  Pacific  type  locomotive  of  the  Delaware,  Lacka- 
wanna and  Western  Railroad  has  no  appreciable  counterbalance  effect  under 
the  main  driver  (see  Fig.  25  and  Fig.  32) ;  this  may  be  expected  from  the  data 
of  the  counterbalance  of  Table  8.  The  Balanced  Compound  Prairie  type 
locomotive  of  the  Atchison,  Topeka  and  Santa  Fe  Railway  has  four  connecting 
rods,  and  there  is  fair  counterbalance  when  these  rods  are  at  the  high  and  low 
positions.  (See  Fig.  24  and  Fig.  31.)  When  the  counterweight  is  half  way 
between  high  and  low  position,  there  is  an  unbalanced  effect;  at  50  miles  per 
hour,  the  additional  stress  due  to  this  effect  is  6  200  lb.  per  sq.  in.  for  one  posi- 
tion and  3  400  lb.  per  sq.  in.  for  the  other.  The  increased  stress  in  rail  due 
to  counterbalance  in  this  locomotive  is,  therefore,  greater  than  that  found  for 
the  other  locomotives  except  the  Light  Santa  Fe  type,  and  this,  notwithstanding 
it  may  have  been  expected  that  the  balanced  compound  would  give  low 
counterbalance  effects. 

In  the  case  of  the  Light  Santa  Fe  type  locomotive  the  smallness  of  the 
diameter  of  the  wheel  prevented  the  application  of  sufficient  counterweight  to 
the  main  driver  to  give  a  proper  counterbalance,  even  though  bobs  were  used. 
For  the  Heavy  Santa  Fe  type  locomotive,  the  counterweight  on  the  main  driver 
was  nearly  as  heavy  as  that  required  when  all  the  rotating  parts  are  considered 
to  be  in  the  same  plane  as  the  wheel,  but  the  high  stress  for  the  counterweight 
up,  shows  the  need  for  a  revision  of  such  calculations,  as  do  the  other 
locomotives. 

A  study  of  the  values  of  the  stresses  attributable  to  counterbalance,  as 
given  in  the  tables  and  diagrams,  indicates  that  these  stresses  are  not  unreason- 
ably high,  with  the  exception  of  the  Light  Santa  Fe  type  locomotive. 

In  the  Pacific  type  locomotive  of  the  Atchison,  Topeka  and  Santa  Fe  Rail- 
way, the  additional  stress  in  rail  attributable  to  counterbalance  at  a  speed  of  60 
miles  per  hour  is  5  500  lb.  per  sq.  in.  under  the  third  driver,  which  is  29%  of 
the  average  stress  found  at  5  miles  per  hour.  The  highest  stress  under  the 
main  driver  occurs  when  the  counterweight  is  up. 

In  the  Light  Prairie  type  locomotive,  the  highest  counterbalance  stress  at  50 
miles  per  hour  is  under  the  first  driver,  5  200  lb,  per  sq.  in.,  which  is  33%  of 
the  average  stress  under  this  driver  at  5  miles  per  hour. 

In  the  Mountain  type  locomotive,  the  highest  counterbalance  stress  at  60 
miles  per  hour  is  under  the  main  driver  when  the  counterweight  is  up,  2  900 
lb.  per  sq.  in.,  which  is  21%  of  the  average  stress  under  this  driver  at  5  miles 
per  hour.  It  is  well  to  note  that  this  locomotive  rode  smoothly  and  evenly. 
The  counterbalance  stresses  were  unusually  small. 

The  Light  Santa  Fe  type  locomotive  (an  old  design,  the  first  of  this  type), 
gives  relatively  high  counterbalance  effects.     Although  the  driver  loads  are 
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small,  only  about  83%  of  the  wheel  loads  of  the  other  locomotives  tested,  the 
additional  stress  in  rail  under  the  first  driver,  due  to  counterbalance,  is  7  700 
lb.  per  sq.  in.,  and  that  under  the  main  driver,  9  200  lb.  per  sq.  in.  These 
counterbalance  effects  are  64%  and  114%,  respectively,  of  the  average  stresses 
under  these  drivers  at  5  miles  per  hour,  unusually  large  counterbalance  effects. 
The  observed  stresses  themselves  are  not  exceptionally  high,  the  rail  being  rela- 
tively heavy  for  the  wheel  load  of  this  locomotive,  but  the  stresses  indicate 
very  poor  counterbalancing.  This  condition  of  counterbalance  is  doubtless  due 
to  inability  to  add  adequate  counterweight  to  such  small  drivers. 

For  the  Heavy  Santa  Fe  type  locomotive,  the  greatest  increase  in  stress  in 
rail  due  to  counterbalance  was  under  the  fourth  driver,  5  300  lb.  per  sq.  in. 
at  40  miles  per  hour,  which  is  43%  of  the  average  stress  in  rail  under  this 
driver  at  5  miles  per  hour.  The  next  greatest  counterbalance  stress  was  under 
the  first  driver.  The  greatest  stress  under  the  main  driver  occurred  when  the 
counterweight  was  up.  This  locomotive  rode  smoothly  and  easily  even  at  40 
miles  per  hour. 

For  the  Pacific  type  locomotive  of  the  Delaware,  Lackawanna  and  Western 
Railroad,  the  greatest  increase  in  stress  in  rail  due  to  counterbalance  was  4  300 
lb.  per  sq.  in.  under  the  first  driver  at  60  miles  per  hour,  which  is  35%  of  the 
average  stress  in  rail  under  this  driver  at  5  miles  per  hour.  The  third  driver 
gave  about  as  great  counterbalance  stress  as  this  at  60  miles  per  hour.  Under 
the  main  driver,  the  counterbalance  effect  was  so  small  as  not  to  give  a  definite 
deviation  from  a  straight-line  representation  of  the  tests.  This  locomotive 
was,  in  general,  a  smooth  riding  locomotive. 

The  Mikado  type  locomotive  of  the  Delaware,  Lackawanna  and  Western 
Railroad  was  not  run  faster  than  25  miles  per  hour  on  straight  track;  at  the 
three  speeds  used,  the  plotted  points  showed  no  counterbalance  effect. 

In  general,  for  all  the  locomotives,  except  the  Light  Santa  Fe  type,  the 
stresses  attributable  to  counterbalance  at  the  highest  speeds  run,  which  in  some 
cases  were  greater  than  the  scheduled  maximum  speed  allowed  for  the  locomo- 
tive, are  less  than  5  000  lb.  per  sq.  in.  and,  in  most  cases,  considerably  less  than 
this.  The  counterbalance  effect  at  the  highest  speeds  used  may  be  said  generally 
to  be  not  more  than  30  or  40%  of  the  average  stress  in  rail  at  5  miles  per 
hour;  in  some  few  cases,  it  runs  higher;  but,  in  most  cases,  it  is  lower.  A 
counterbalance  effect  of  30%  will  not  be  considered  to  be  excessive,  and  the 
only  question  is  whether  the  scheduled  speeds  are  likely  to  be  exceeded  very 
much.  It  is  seen  that  an  increase  of  speed  of  25%  will  increase  the  counter- 
balance effect  by  56%  of  itself,  and  an  increase  of  speed  of  41%  will  double 
the  counterbalance  effect.  It  is  evident  that  great  care  must  be  exercised  to 
prevent  the  scheduled  limits  of  speed  being  exceeded  very  much  if  the  stresses 
due  to  counterbalance  are  to  be  kept  within  moderate  bounds.  It  is  also  clear 
that  every  care  should  be  taken  in  the  design,  construction,  and  maintenance 
of  the  proper  counterbalance,  and  checks  should  be  exercised  to  insure  that 
the  conditions  of  counterbalance  are  known  with  certainty,  as  it  has  fre- 
quently happened  that  the  counterbalance  effect  has  varied  from  the  reported 
or  expected  condition.     Attention  should  be  given  to  the  main  driver  and  a 
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careful  determination  made  of  the  effect  of  the  outside  rotating  parts  not  being 
in  the  plane  of  the  wheel  and  counterweight. 

In  the  locomotive  for  which  the  weights  and  positions  of  the  rotating  parts 
seem  to  be  accurately  known,  the  value  of  the  additional  stress  due  to  counter- 
balance, calculated  by  the  use  of  the  calculated  vertical  dynamic  augment, 
agrees  fairly  closely  with  the  observed  counterbalance  stress  as  found  by  the 
method  already  described.  For  the  main  driver,  the  difficulties  are  increased, 
but  accurate  knowledge  of  the  position  of  the  several  outside  rotating  parts 
with  reference  to  the  plane  of  the  driver  itself  should  permit  a  fairly  close 
determination  of  the  counterbalance  stress  under  this  driver.  Any  method 
of  design  or  improvement  in  materials  that  will  help  to  keep  small  the  counter- 
balance effect  should  be  welcomed  by  both  the  Mechanical  and  the  Engineering 
Departments. 

8. — Ejfect  of  Speed  and  Combined  Effect  of  Speed  and  Counterbalance. — 
If  the  stresses  in  rail  found  in  tests  made  throughout  the  revolution  of  a  driver 
are  averaged,  the  effect  of  counterbalance  may  be  considered  to  be  eliminated. 
The  ratio  of  this  average  of  the  stresses  throughout  the  revolution  for  a  given 
speed  to  the  average  stress  at  5  miles  per  hour  may  be  taken  to  represent  the 
effect  of  speed  alone.  In  general,  the  tests  show  that  the  effect  of  speed  on 
stress  in  rail  under  the  drivers  in  all  except  the  Light  Santa  Fe  type  locomo- 
tive was  not  large.  The  speed  effect  under  the  leading  truck  wheels,  trailer, 
and  tender  wheels  is  also  of  interest.  The  average  values  of  the  stress  in  rail 
throughout  the  revolution  of  the  drivers  and  of  the  other  wheels  may  be  found 
in  the  tables  and  diagrams  referred  to  previously. 

In  Table  19,  the  principal  values  of  the  percentages  of  increase  in  stress 
in  rail  under  the  various  wheels  of  the  locomotives,  due  to  increase  in  speed 
above  5  miles  per  hour,  are  recorded,  together  with  values  of  the  increase  due 
to  combined  speed  and  counterbalance  effect  under  the  drivers.  The  general 
values  given  represent  increases  that  are  common  to  several  wheels,  and  the 
maximum  value  relates  to  the  highest  of  the  group  of  wheels. 

With  the  exception  of  the  Light  Prairie  type  and  the  Light  Santa  Fe  type, 
it  will  be  seen  that  the  general  increase  in  stress  in  rail  under  the  drivers  due 
to  speed  alone  in  changing  from  5  miles  per  hour  to  the  highest  speed  used  in 
the  tests  ranges  from  15  to  27%,  which  may  be  called  a  moderate  and  allowable 
speed  effect.  With  the  same  exceptions,  the  maximum  speed  effect  under  any 
one  driver  ranges  from  24  to  30  per  cent.  For  these  locomotives  and  these 
tracks,  therefore,  the  increase  in  stress  in  rail  due  only  to  the  change  in  speed 
noted  may  be  said  generally  to  be  less  than  35  per  cent. 

For  the  combined  effect  of  speed  and  counterbalance  for  the  same  locomo- 
tives for  the  maximum  speed  used,  the  range  of  general  total  increase  in  stress 
in  rail  is  30  to  53%,  and  the  maximum  increase  under  any  driver  ranges  from 
43  to  80  per  cent.  The  stresses  in  rail  at  the  maximum  range  from  20  000  to 
29  000  lb.  per  sq.  in.,  in  the  three  sections  of  rails  used.  It  should  be  borne  in 
mind  that  these  stresses  are  the  averages  of  the  stresses  in  the  two  edges  of  the 
base  of  rail,  and,  also,  that  they  do  not  take  into  account  the  variations  from  the 
average,  which  are  bound  to  occur,  nor  the  effect  of  speeds  higher  than  those 
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normally  used.  It  should  be  remembered  also  that  the  track  was  substantial 
track  in  good  condition  and  that  the  locomotives  were  of  good  design  and  in 
good  working  order. 


TABLE  19. — Principal  Values  of  Increase  in  Stress  in  Rail  at  a  Given 

Speed  over  the  Stress  at  5  Miles  per  Hour. 

The  increase  is  given  in  percentage  of  the  stress  at  5  miles  per  hour. 
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The  increase  in  stress  due  to  speed  alone  for  the  Light  Prairie  type  locomo- 
tive by  the  method  of  analysis  used  is  very  small,  much  smaller  than  for  the 
other  types  of  locomotives,  and  varies  from  nothing  to  5  per  cent.  No  explana- 
tion for  this  is  offered.  The  combined  effect  of  speed  and  counterbalance  (by 
the  method  of  analysis  used,  most  of  which  is  the  effect  of  counterbalance)  is 
40%  for  the  first  driver  and  about  20%  for  the  other  two  drivers. 

Although  the  stresses  found  with  the  Light  Santa  Pe  type  locomotive  a-t  the 
maximum  speed  were  not  exceptionally  high,  the  driver  loads  being  light,  and 
their  spacing  close,  the  percentage  of  increase  in  stress  in  rail  under  the 
drivers  for  both  speed  and  combined  speed  and  counterbalance  was  markedly 
high.  The  increase  in  stress  due  to  speed  alone  was  47%  under  the  fourth 
driver  and  77%  under  the  main  driver;  the  increase  in  stress  due  to  combined 
effect  of  speed  and  counterbalance  under  the  several  drivers  was  87,  74,  190,  97, 
and  73%,  respectively.  It  may  be  added  that  this  locomotive  was  built  to  be 
used  with  a  rail  lighter  than  the  90-lb.  S.  P.  rail  section  that  was  used  in  the 
track  tested. 

In  none  of  the  locomotives  tested  was  the  effect  of  the  counterbalance  of 
the  drivers  transmitted  to  the  trailer  in  sufficient  amount  to  be  brought  out  in 
the  stress-position  of  counterweight  curves,  as  was  the  case  in  some  of  the 
locomotives  discussed  in  the  second  progress  report.  The  increase  in  stress 
under  the  trailer,  due  to   speed,  was,   in  general,   less  than  that  under  the 
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drivers,  although  the  value  for  the  Balanced  Compound  Prairie  type  locomotive 
(27%)  was  as  great  as  under  any  di-iver.  In  general,  the  increase  noted  at  the 
highest  speed  was  from  10  to  15  per  cent. 

For  the  locomotives  with  a  two-wheel  leading  truck,  the  proportionate 
increase  of  stress  in  rail  under  the  truck  due  to  speed  is  generally  somewhat 
less  than  that  found  under  the  drivers.  The  increase  in  stress  at  the  highest 
speed  is  about  20  per  cent.  For  the  locomotives  with  four-wheel  leading  trucks, 
the  increase  under  the  front  wheel  is  about  35%  for  the  two  Pacific  type  loco- 
motives and  20%  for  the  Mountain  type.  The  increase  under  the  rear  wheel  is 
much  greater  proportionally  than  that  under  the  front  wheel,  althoiigh  as  the 
stress  under  the  rear  wheel  at  static  load  is  very  small,  because  of  the  prox- 
imity of  the  first  driver,  the  stress  at  the  highest  si^eed  is  not  large,  being 
generally  less  than  that  under  the  front  wheel. 

The  effect  of  speed  on  stresses  in  rail  under  the  wheels  of  the  tender  varies 
with  the  type  of  locomotive ;  the  percentage  of  increase  is  generally  considerably 
larger  than  that  under  the  drivers.  In  the  Pacific  type  of  the  Atchison,  Topeka 
and  Santa  Fe  Eailway  and  the  Heavy  Santa  Fe  type,  the  increase  of  stress  in 
rail  at  the  highest  speed  is  approximately  Y5  per  cent.  In  the  other  locomo- 
tives, the  range  is  from  40  to  60  per  cent.  The  stresses  at  both  5  miles  per  hour 
and  at  the  maximum  speed  are  smaller  than  the  corresponding  stresses  under 
the  drivers.  How  much  of  this  large  proportional  increase  in  stress  is  due  to 
the  smallness  of  the  wheel  diameter  and  how  much  to  the  relatively  small  load 
on  the  wheels  or  to  the  way  in  which  the  truck  is  directed  and  even  to  the 
condition  of  the  springs  is  not  knovpn. 

9. — General  Discussion  of  Tests  on  Straight  TracTc. — With  the  exception  of 
those  found  with  the  Light  Santa  Fe  type  locomotive,  the  tests  indicate  no 
abnormal  stresses  in  rail  under  any  of  the  wheels  at  any  speed.  The  locomotive 
design  is  generally  within  the  requirements  of  what  has  been  considered  accept- 
able practice  by  Mechanical  Departments.  With  a  single  exception,  the 
locomotives  rode  smoothly,  showing  that  there  was  probably  no  abnormal  strain 
on  the  frame  of  the  locomotive.  As  there  are  differences  in  the  division  of  the 
loads  and  in  the  counterbalancing  and  in  the  spacing  of  wheels,  some  considera- 
tion and  comparison  of  the  stresses  developed  in  the  rail  under  the  various 
wheels  of  the  locomotives  may  be  useful. 

In  most  eases,  the  loads  on  the  drivers  are  moderately  heavy,  about  30  000 
lb.  on  a  driver,  reaching  33  000  lb.  in  the  case  of  the  Pacific  type  locomotive  of 
the  Delaware,  Lackawanna  and  Western  Railroad.  The  load  on  the  trailers 
differs  considerably.  The  leading  truck  wheels,  either  two-wheel  or  four-wheel 
trucks,  each  carries  about  one-half  as  much  load  as  a  driver.  Part  of  the  ten- 
ders have  four-wheel  trucks  and  part  six-wheel;  the  wheel  loads  of  the  latter 
are  about  the  same  as  those  of  the  former. 

The  spacing  of  the  drivers  is,  of  course,  greater  for  the  Pacific  and  Prairie 
types  than  for  the  others;  the  greater  spacing  results  in  a  somewhat  greater 
proportional  effect  of  the  weight  on  the  stresses  developed  under  the  drivers. 
On  the  other  hand,  the  shorter  spacing  of  the  drivers  in  the  Light  Santa  Fe 
type  locomotive  decreases  the  stresses. 
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Leaving  out  of  consideration  the  Light  Santa  Fe  type  locomotive  of  the 
Atchison,  Topeka  and  Santa  Fe  Eailway  and  the  Pacific  type  locomotive  of  the 
Delaware,  Lackawanna  and  Western  Railroad,  the  latter  having  heavier  driver 
loads,  it  is  seen  that  the  several  locomotives  develop  stresses  under  the  drivers 
at  5  miles  per  hour,  that  do  not  differ  greatly  if  allowance  is  made  for  differ- 
ences in  rail  section.  Also,  there  is  generally  no  great  difference  in  stresses 
for  any  group  of  drivers,  the  stress  under  the  first  and  last  driver  naturally 
being  somewhat  greater  than  under  the  others,  as  is  indicated  in  Fig.  6*  of  the 
first  progress  report.  In  the  Heavy  Santa  Fe  type  locomotive,  the  stresses 
vary  more,  ranging  from  10  100  to  15  900  lb.  per  sq.  in.  The  latter  stress,  which 
is  under  the  fifth  driver,  is  even  greater  than  would  be  expected  from  analytical 
considerations  (the  stress  under  the  trailer  being  correspondingly  less),  indi- 
cating that  the  division  of  load  is  not  that  given  in  the  diagram  of  locomotive 
loading. 

In  general,  the  effect  of  speed  alone  (omitting  the  effect  of  counterbalance) 
is  as  small  as  could  be  expected.  Even  the  27%  increase  at  60  miles  per  hour 
found  with  the  Pacific  type  locomotive  of  the  Atchison,  Topeka  and  Santa  Fe 
Railway  seems  moderate.  The  increase  of  18%  at  40  miles  per  hour  found  with 
the  Heavy  Santa  Fe  type  locomotive,  compared  with  the  Pacific  type  locomo- 
tive, is  directly  proportional  to  the  increase  of  speed,  so  that  this  freight  loco- 
motive appears  to  produce  about  the  same  relative  increase  as  the  passenger 
locomotive,  if  the  conditions  of  the  track  are  considered  to  be  the  same.  It 
will  be  seen  that  the  increase  at  the  drivers  that  show  the  maximum  speed 
effect,  gives  somewhat  the  same  comparison,  although  the  increase  for  one 
driver  of  the  Santa  Fe  type  (28%)  is  relatively  larger. 

The  percentage  of  increase  in  stress  in  rail  due  to  counterbalance  at  the 
highest  speeds  used  with  the  different  locomotives  (see  Table  19)  generally 
shows  an  average  for  the  several  drivers  that  is  about  the  same  as  the  general 
value  for  the  increase  in  speed  alone.  In  the  case  of  the  Heavy  Santa  Fe  type 
locomotive,  the  increase  due  to  counterbalance  is  greater  proportionally  than 
for  the  other  types;  this  may  be  due  to  a  poorer  opportunity  for  counter- 
balancing. The  maximum  increase  due  to  counterbalance  for  some  one  driver 
of  a  locomotive  is  generally  considerably  greater  than  the  average  for  the 
drivers ;  this  shows  a  need  for  more  careful  study  of  the  counterbalancing  prob- 
lem. Further,  attention  should  be  called  to  the  discrepancy  between  the  condi- 
tion of  counterbalance  in  the  main  driver  usually  assumed  in  design  and  the 
condition  found  in  the  test.  This  discrepancy  was  found  in  every  locomotive 
tested;  the  difference  is  explainable  at  least  partly  by  the  neglect  to  recognize 
the  effect  produced  by  the  outside  rotating  parts  not  being  in  the  same  plane 
as  that  of  the  wheel  and  rail.  It  would  appear  also  that  the  counterbalancing 
of  other  drivers  of  some  of  the  locomotives  might  be  improved.  It  should  be 
noted  also  that  for  speeds  still  higher  than  those  used  the  effect  of  counter- 
balance may  be  expected  to  increase  as  the  square  of  the  velocity. 

The  general  values  given  in  Table  19  for  the  general  increase  in  stress  at 
the  maximum  speed  used  due  to  combined  speed  and  counterbalance  (except 
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for  the  Light  Santa  Fe  type  as  before)  range  from  30  to  53  per  cent.  It  would 
appear  that  these  values  may  be  considered  to  be  representative  of  the  increase 
which  may  be  expected  with  locomotives  of  fair  design  in  good  condition  and 
with  track  in  good  condition.  At  an  individual  driver  on  the  Heavy  Santa  Fe 
type  locomotive,  the  increase  amounts  to  80  per  cent.  If  speeds  still  higher 
than  those  used  in  the  tests  are  likely  to  be  run  even  occasionally,  the  fact 
that  the  stress  in  rail  will  be  increased  more  rapidly  than  as  the  first  power 
of  the  speeds,  should  receive  consideration  in  judging  of  the  effect  on  rail 
and  track. 

With  the  exception  of  the  Light  Santa  Fe  type  locomotive,  the  nominal 
load  on  the  trailer  ranges  from  72  to  109%.  of  the  average  load  on  the 
drivers.  It  will  be  recalled  that  analytical  considerations  show  that  with 
the  trailer  well  away  from  the  rear  driver  the  stress  in  rail  will  be  greater 
accordingly  than  that  imder  a  driver,  and  that  to  give  an  equal  stress  under 
static  conditions  the  load  on  the  trailer  should  be  about  75  or  80%  of  that  on  a 
driver.  (For  an  illustration  of  this  effect  see  Fig.  6  of  first  progress  report 
previously  mentioned.)  The  observed  stresses  bear  out  the  relations  shown  hy 
the  analysis  except  in  the  case  of  the  Mountain  type  and  the  Heavy  Santa  Fe 
type  locomotive,  with  which  the  observed  stresses  under  the  trailer,  at  5  miles 
per  hour,  were  15  to  20%  lower  than  the  calculated  stresses  and  the  division  of 
load  among  drivers  and  trailer  was  evidently  not  as  reported  on  the  locomotive 
diagrams,  the  higher  stresses  under  the  drivers  indicating  that  the  drivers  were 
taking  a  greater  share  of  the  load  than  was  planned  and  that  the  trailer  was 
taking  less.  The  stresses  under  the  trailer  of  the  locomotives  of  the  Delaware, 
Lackawanna  and  Western  Railroad  agreed  closely  with  the  calculated  values. 
In  four  of  the  types  of  locomotives  used  in  the  tests,  the  stress  under  the 
trailer  at  5  miles  per  hour  is  greater  than  the  average  stress  under  the  drivers. 
The  excess  of  stress  under  the  trailer  over  the  average  stress  under  the  drivers, 
at  a  speed  of  5  miles  per  hour,  was,  as  follows:  Pacific  type,  15%;  Mountain 
type,  22% ;  Heavy  Santa  Fe  type,  31% ;  and  Pacific  type  of  the  Delaware, 
Lackawanna  and  Western  Railroad,  18  per  cent.  The  increase  in  stress  under 
the  trailer  due  to  speed  is  generally  less  than  that  under  the  drivers  due  to 
speed  alone,  and  when  the  effect  of  counterbalance  is  considered  much  or  all  of 
the  discrepancy  between  the  stresses  under  the  trailer  and  the  drivers  may  dis- 
appear, and  there  will  also  be  the  lesser  effect  of  the  depression  of  the  track  by 
a  single  load.  It  should  be  recalled  that  in  the  tests  recorded  in  the  second 
progress  report,  there  was  little  difference  in  effect  of  speed  between  trailer 
and  drivers. 

For  the  purpose  of  comparing  the  effect  of  two-wheel  and  four-wheel  leading 
trucks,  the  Pacific  and  Mountain  type  locomotives,  both  having  four-wheel 
trucks,  may  be  compared  with  the  Prairie  and  the  Heavy  Santa  Fe  type  loco- 
motives having  two-wheel  trucks.  One  wheel  of  the  four-wheel  truck  carries 
about  one-half  as  much  load  as  a  driver,  and  in  the  two-wheel  truck  a  wheel 
also  carries  about  one-half  as  much  as  a  driver.  In  the  four-wheel  truck, 
the  leading  wheel  develops  50  to  60%  as  much  stress  in  the  rail  at  5  miles 
per  hour  as  a  driver;  a  second  wheel  produces  25  to  40%  as  much  as  a  driver, 
the  smaller  values  under  this  wheel  being  due  to  the  proximity  of  the  leading 
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driver.  With  the  two-wheel  truck,  the  stress  in  rail  under  the  wheel  is  50 
to  G0%  of  the  stress  under  a  driver.  The  highest  stresses  under  a  truck  wheel 
are  found  under  the  leading  wheel  of  the  Pacific  type  locomotive  (13  800  lb. 
per  sq.  in.,  at  60  miles  per  hour)  and  under  the  wheel  of  the  Balanced  Com- 
pound Prairie  type  locomotive  (14  800  lb.  per  sq.  in.,  at  50  miles  per  hour). 
these  are  not  undvily  high  stresses.  Those  found  with  the  other  types  are 
smaller,  but  all  of  them  are  great  enough  to  insure  sufficient  pressure  on  the 
rail  and  sufficient  depression  of  rail  relative  to  that  under  the  other  wheels 
to  give  stable  conditions.  It  would  appear  that,  as  far  as  straight  track  is  con- 
cerned, either  two-wheel  or  four-wheel  trucks  will  give  stresses  in  rail  which 
should  be  considered  acceptable;  this  conclusion  allows  latitude  in  the  design 
of  the  locomotive. 

The  following  locomotives  have  six-wheel  trucks  under  the  tender,  Pacific, 
Mountain,  and  Heavy  Santa  Fe  types  of  the  Atchison,  Topeka  and  Santa  Fe 
Railway.  All  the  other  locomotives  tested  have  four-wheel  tender  trucks. 
The  weights  on  the  individual  wheel  when  the  tender  is  fully  loaded  do  not 
diifer  greatly,  ranging  from  19  000  to  23  500  lb.,  except  in  the  Light  Prairie 
type.  At  the  time  of  the  test,  the  effort  was  made  not  to  have  the  loads  vary 
much,  water  being  taken  frequently;  but  the  usual  load  was  less  than  full 
load.  The  stresses  in  rail  on  straight  track  at  a  speed  of  5  miles  per  hour 
were  generally  from  8  000  to  10  000  lb.  per  sq.  in.,  being  about  two-thirds  of 
those  under  the  drivers.  As  already  noted,  the  average  increase  at  the 
highest  speed  is  40  to  75%,  the  resulting  stress  at  the  highest  speed  is 
usually  considerably  less  than  the  average  stress  developed  under  the  drivers, 
although  in  the  Heavy  Santa  Pe  type  locomotive  the  stress  under  the  wheels 
of  the  tender  at  the  highest  speed  reached  (about  16  000  lb.  per  sq.  in.)  almost 
as  great  a  value  as  the  average  stress  under  the  drivers.  •  The  great  variation 
in  the  effect  of  speed  under  the  wheels  of  the  tenders  of  the  various  locomotives 
agrees  with  the  results  noted  in  the  second  progress  report.  It  seems  that 
there  must  be  considerable  difference  in  the  design  and  construction  of  tenders 
or  in  their  maintenance. 

The  placing  of  a  double  trailer  (two  trailer  axles)  under  a  Heavy  Santa  Fe 
type  locomotive  for  the  purpose  of  learning  experimentally  the  effect  of  this 
form  of  construction  in  changing  the  stresses  in  rail  under  the  trailers  and 
under  the  drivers  was  a  novel  undertaking  that  gave  results  of  much  interest. 
Although  the  double  trailer  was  put  in  one  of  the  regular  locomotives  and 
thus  the  design  did  not  have  all  the  proportions  which  would  be  desired  in 
a  new  design,  it  gave  very  successful  results  and  decreased  the  stresses  under 
both  drivers  and  trailer,  at  the  same  time  working  smoothly  and  satisfactorily. 
The  introduction  of  the  double  trailer  brings  a  marked  change  in  the  distribu- 
tion of  stress  under  the  several  wheels  of  the  locomotive.  The  stress  under 
the  trailer  in  the  90-lb.  S.  F.  rail  is  changed  from  16  900  lb.  per  sq.  in.  in 
■  Locomotive  No.  3813  to  9  000  lb.  per  sq.  in.  under  each  trailer  in  Locomotive 
No.  3829.  Considerable  load  has  evidently  been  removed  from  the  last  three 
drivers,  as  the  stress,  at  5  miles  per  hour,  was  decreased  40%  under  the  fiffh 
driver.     With  these  changes  has  come  an  increase  of  60%  in  the  stress  under 
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the  wheel  of  the  front  truck,  although  the  resulting  stress  is  not  especially 
high  on  the  straight  track.  Under  the  trailers,  the  effect  of  speed  is  to  increase 
the  stress  25%,  in  the  change  from  5  to  40  miles  per  hour.  Even  at  40  miles 
per  hour,  the  stress  in  the  90-lb.  S.  F.  rail  under  the  trailers  is  only  11  300 
lb.  per  sq.  in.  and  the  stresses  under  the  drivers  (not  including  the  effect  of 
counterbalance)  are  only  about  13  TOO  lb.  per  sq.  in.  The  stresses  indicate 
a  smoothly  running  locomotive  on  straight  track.  It  develops,  however,  that 
the  presence  of  two  trailer  axles  does  not  give  adequate  room  or  load  to  permit 
the  addition  of  booster  equipment,  which  is  now  desired  with  this  type  of 
locomotive. 

Another  locomotive  not  included  in  the  preceding  discussion  is  the  Light 
Santa  Fe  type.  It  differs  from  most  of  the  other  locomotives  in  having  lighter 
driver  loads  and  in  having  nominally  a  very  light  load  on  the  trailer.  The 
spacing  of  the  drivers  is  somewhat  closer  and  the  trailer  is  only  7  ft.  away 
from  the  fifth  driver.  All  these  differences  favor  the  development  of  small 
stress  in  the  rail.  At  5  miles  per  hour,  the  stress  under  the  first  driver  is 
more  than  50%  greater  than  that  under  the  third,  fourth,  and  fifth  drivers. 
The  stress  under  the  trailer  is  double  that  calculated  from  the  weight  given 
on  the  locomotive  diagram.  It  is  evident  that  the  weights  are  not  distributed 
as  given  in  the  diagram;  the  average  of  the  observed  stresses  under  drivers 
and  trailer,  however,  closely  agrees  with  the  average  of  the  calculated  values. 
This  locomotive  is  marked  by  large  increase  in  stress  in  rail  under  the  drivers, 
due  to  both  speed  and  counterbalance.  A  change  in  speed  from  5  to  45  miles 
per  hour  increases  the  stress  in  rail  under  the  main  driver  77%  for  speed 
effect  alone,  and  113%  for  counterbalance  alone,  the  combined  effect  for  speed 
and  counterbalance  being  an  increase  in  stress  of  190  per  cent.  Due  to  the 
lighter  loads  and  close  spacing  of  the  wheels,  the  stresses  in  rail,  even  at  35 
miles  per  hour,  are  less  than  20  000  lb.  per  sq.  in.  in  the  90-lb.  S.  F.  rail. 
At  45  miles  per  hour,  higher  stress  is  found.  This  is  a  rough  riding  loco- 
motive. Its  behavior  in  causing  lateral  bending  of  the  rail,  which  is  discussed 
subsequently,  and  the  high  increases  in  stress  with  increased  speed  are  unde- 
sirable features,  although  it  should  be  noted  that  the  first  of  these  locomotives 
were  built  in  1902  and  were  the  first  of  the  2-10-2  Class  built  by  any  road. 

The  calculation  of  stresses  in  rail  by  the  analytical  method  given  in  the 
first  progress  report  in  general  gives  results  which  agree  closely  with  the 
observed  stresses  at  5  miles  per  hour.  The  calculated  stresses  are  given  in 
Tables  10  to  18,  inclusive.  In  some  cases,  the  stress  under  one  wheel  is 
higher  and  that  under  another  is  lower,  but  the  average  of  the  stresses  under 
all  the  wheels  checks  closely,  indicating  slight  differences  between  the  actual 
and  the  nominal  distribution  of  load  among  the  drivers.  In  one  or  two  cases, 
the  distribution  of  load  evidently  differs  from  the  nominal  values.  Some 
change  in  distribution  is  sometimes  seen  when  the  speed  is  increased.  This 
agreement  of  values  should  give  added  confidence  in  the  accuracy  of  the  ana- 
lytical method. 

10. — Stresses  at  the  Two  Sides  of  the  Locomotive. — In  view  of  the  expe- 
rience with  one  of  the  locomotives  reported  in  the  second  progress  report,  it 
was  thought  desirable  to  make  a  study  to  learn  whether  the  stresses  in  the 
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rail  on  one  side  of  the  locomotive  differ  from  those  on  the  other  side.  Tests  with 
three  locomotives  were  made  on  straight  track  with  four  instruments  on  the 
south  rail  and  four  instruments  directly  opposite  on  the  north  rail.  During  the 
first  day,  the  locomotive  was  run  eastward  at  the  several  speeds,  and  during  the 
second  day,  its  direction  was  reversed  and  runs  were  made  over  the  same  track 
at  the  same  speeds.  The  instruments  were  left  on  the  rail  over  night  and 
otlier  conditions  remained  the  same.  The  four  instruments  on  the  south  rail 
of  the  eastward  runs  were  averaged  with  the  four  instruments  of  the  north  rail 
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Pig.  33. — Mean  Stress  in  Rail  at  the  Right  and  Left  Sides  of  the  Mountain  Ttpb 
Locomotive  of  the  Atchison,  Topeka  and  Santa  Fe  Railway. 

of  the  westward  runs,  giving  the  stresses  for  the  right  side  of  the  locomotive. 
Similarly,  the  instruments  at  the  left  side  of  the  locomotives  were  averaged  for 
the  two  directions.  It  would  seem  that  the  tests  obviated  possible  differences 
due  to  variations  in  instruments  and  in  conditions  of  the  track  on  the  two 
sides,  and  that,  therefore,  the  results  of  the  tests  for  the  two  sides  of  a 
locomotive  may  properly  be  compared. 

In  Fig.  33,  the  stresses  xmder  the  sides  of  the  Mountain  type  locomotive 
are  given.    It  is  seen  that  the  stresses  under  the  left  side  are  nearly  the  same 
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as  those  under  the  riglit  side.    The  only  variation  of  any  amount  is  under  the 
trailer  at  5  miles  per  hour. 

In  Fig.  35,  the  stresses  under  the  two  sides  of  the  Mikado  type  locomotive 
of  the  Delaware,  Lackawanna  and  Western  Railroad  are  given  for  speeds  of  5, 
15,  and  25  miles  per  hour.  At  5  miles  per  hour,  the  stresses  under  the  two 
sides  of  the  locomotive  are  very  nearly  equal.  At  speeds  of  15  and  25  miles  per 
hour,  the  stresses  under  the  left  drivers  are  somewhat  more  than  those  under 
the  right  drivers,  the  reverse  being  true  for  the  trailer.  The  stresses  under  the 
left  side  of  the  tender  at  the  three  speeds  average  about  10%  higher  than  those 
under  the  right  side.  However,  none  of  these  average  stresses  is  as  high  as 
15  000  lb.  per  sq.  in. 
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35. — Mean    Stress    in    Rail   at  the    Right   and   Left    Sides    of   tub    Mikado   Ttpb 
Locomotive  of  the  Delaware,  Lackawanna  and  Western  Ratleoad. 

Fig.  34  presents  the  results  under  the  two  sides  of  the  Pacific  type  locomo- 
tive of  the  Delaware,  Lackawanna  and  Western  Railroad  at  speeds  of  5,  25,  40, 
and  60  miles  per  hour.  At  the  speeds  of  5,  25,  and  60  miles  per  hour,  the 
stresses  under  the  two  sides  of  the  locomotive  and  tender  average  approxi- 
mately the  same,  but  at  the  speed  of  40  miles  per  hour  the  stresses  under  the  left 
side  averaged  about  10%  more  than  those  under  the  right  side.  None  of  the 
average  stresses  is  greater  than  18  000  lb.  per  sq.  in. ;  in  no  case  does  the  stress 
under  the  right  and  left  wheel  of  an  axle  differ  more  than  2  000  lb.  per  sq.  in. 
and,  generally,  the  difference  is  much  less. 
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It  may  be  said  then  that  for  both  types  of  locomotive  the  stresses  in 
rail  under  the  two  sides  of  the  locomotive  were  found  to  differ  only  slightly. 
It  appears  that  it  more  frequently  happens  that  the  stress  under  the  left  wheel 
of  an  axle  is  somewhat  greater  than  that  under  the  right  wheel  than  the  reverse ; 
about  two  times  out  of  three  the  stress  at  the  left  side  is  greater  than  that  at 
the  right.  There  seems  to  be  no  noticeable  difference  in  this  relation  at  the 
lower  and  the  higher  speeds,  so  that  the  variation  found  with  these  engines  is 
not  caused  by  speed  or  counterbalance.  Besides,  the  tender  wheels  show  the 
same  general  variation  as  the  wheels  of  the  locomotive.  It  seems  probable 
then,  that,  in  these  locomotives,  the  variations  between  the  stress  in  the 
rail  at  the  left  and  the  right  sides  are  no  more  than  are  to  be  expected  with 
any  well-built  machine. 

11. — Stresses  at  the  Two  Edges  of  the  Base  of  Bail. — In  the  two  preced- 
ing progress  reports,  reference  was  made  to  the  frequent  and  common  lateral 
bending  of  the  rail  in  straight  track,  and  it  was  shown  that  the  stresses  due 
to  such  bending  attain  considerable  magnitude.  The  data  of  the  tests  described 
in  this  report  give  added  information  on  the  subject. 

In  Fig.  36  is  plotted  the  ratio  between  the  stress  at  the  outside  edge  of  rail 
and  the  average  of  the  stresses  at  the  two  edges  (mean  stress  in  base  of  rail) 
for  each  observation  under  the  first  pair  of  drivers  of  the  Light  Santa  Fe  type 
locomotive  and  at  three  speeds.  The  ratio  of  the  stress  at  the  inside  edge  of 
rail  to  the  mean  stress  in  base  of  rail  may  be  found  by  subtracting  from  2  the 
ratio  given  in  the  diagrams.  It  should  be  noted  also  that  the  ratio  of  stress 
at  the  outside  edge  to  that  at  the  inside  edge  may  be  found  by  dividing  one  of 
these  ratios  by  the  other.  The  value  of  the  stress  which  corresponds  to  an 
observation  that  gives  a  ratio  of  1.00  is  the  same  as  the  average  stress  for  the 
given  wheel  as  it  is  recorded  in  the  diagrams  and  tables  of  general  stress  values. 
A  mean  line  drawn  through  the  average  of  the  ratios  is  also  shown.  Fig.  36 
also  gives  the  stresses  at  the  inside  edge  and  at  the  outside  edge  for  the  same 
drivers.  Fig.  37  gives  similar  data  for  the  first  pair  of  drivers  of  the  Heavy 
Santa  Fe  type  locomotive.  Table  20  gives  values  of  the  average  ratio  of  the 
stress  at  the  outer  edge  of  rail  to  the  average  stress  at  the  two  edges  for  some 
of  the  wheels  of  several  locomotives. 

A  study  of  these  diagrams  (confirmed  by  an  examination  of  the  diagrams  of 
the  other  wheels,  which  are  not  reproduced)  shows  considerable  variation 
between  the  stresses  at  the  two  edges.  The  stress  at  the  outer  edge  of  the  base 
of  rail  is  quite  frequently  33%  or  more  greater  than  the  mean  stress  in  base  of 
rail,  in  a  few  cases  reaching  an  excess  of  50%  or  more,  and  this  holds  true 
throughout  the  revolution  of  the  driver.  A  stress  at  the  inner  edge  33% 
greater  than  the  mean  stress  and  even  more  was  found,  although  less  fre- 
quently. This  means  that  in  these  cases  the  stress  at  one  edge  of  the  base  is 
twice  as  much  as  that  at  the  other,  or  more. 

Another  way  of  considering  the  range  in  stress  at  the  two  sides  of  the  rail, 
which  seems  useful  in  judging  of  the  amount  and  effect  of  lateral  stresses,  is 
that  of  noting,  for  any  wheel,  the  range  of  stress  on  each  side  of  the  mean  line 
in  a  diagram,  such  as  Fig.  36  or  Fig.  37.     It  will  be  seen  that  usually  the 
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stresses  arc  fairly  well  distributed  in  a  belt  between  limits  on  the  two  sides 
of  a  mean  line;  these  limits  may  be  said  generally  to  be  at  a  distance  above  and 
below  the  mean  line  of  4  000  or  5  000  lb.  per  sq.  in.  of  stress,  for  the  stresses  and 
rail  sections  used  in  the  tests.  It  may  be  said,  therefore,  that  the  average  value 
of  the  ratio  between  the  stress  at  the  outside  edge  and  the  mean  stress  in  base 
of  rail  under  any  wheel  may  be  taken  to  represent  the  general  effect  of  lateral 
bending  under  that  wheel.  At  the  same  time,  the  further  fact  must  be  con- 
sidered, that  the  stress  at  the  given  edge  of  the  base  of  rail  may  be  expected  to 
vary  from  a  value  4  000  or  5  000  lb.  per  sq.  in.  more  than  this  mean  stress  to  a 
value  that  much  less,  this  variation  being  due  to  the  manner  the  locomotive 
applies  itself  on  different  runs  and  being  similar  to  the  variations  in  stresses 
expected  from  bending  in  the  vertical  plane.  One  may  then  deal  with  the  aver- 
age ratio  and  average  stress  at  the  outside  edge  given  by  the  observations,  with 
the  understanding  that  the  stresses  at  the  two  edges  may  vary  4  000  or  5  000  lb. 
per  sq.  in.  above  and  below  the  mean  value  for  the  rail  sections  and  loads  used 
in  the  tests,  and  that  these  variations  may  cause  a  change  in  amount  or 
direction  of  the  lateral  bending  of  the  rail. 

TABLE  20. — General  Values  of  the  Average  Ratio  of  the  Stress 

AT  Outer  Edge  to  Mean  Stress  in  Base  of  Rail  for  Wheels 

OF  Several  Locomotives. 


Locomotive. 


Speed, 
in  miles 
per  hour 


Atchison,  Topeka  and  Santa 
Fe  Railway : 

r 

Pacific -i 

I 

Light  Santa  Fe 

I 

Heavj  Santa  Fe -i 

Double   Trailer,   Heavy  i 
Santa  Fe '.^ 

Delaware,    Lackawanna    ana 
Western  Railroad : 

Mikado -; 


Average 

of  tender 

wheels. 


1.08 
1.06 
1.03 
0.99 

1.00 
1.01 
1.00 
1.04 

1.13 

1.07 
1.00 

1.03 
1.05 
1.05 


1.06 
1.05 
1.04 


Trailer. 


1.05 
1.04 
1.07 
1.07 

0.96 
0.97 
0.99 
0.94 

1.03 
1.01 
1.05 

1.02    0.98 

1.04  1.01 

1.05  1.05 


1.00 
0.96 
1.01 


Driver  Number. 


1.10 
0.99 
0.96 
1.00 

1.08 
1.05 
1.03 

0.96 
0.97 
1.08 


1.10 

1.06 
1.09 
1.02 

1.18 
1.15 
1.13 

0.98 
0.98 
1.05 


1.06 
1,04 
1.07 


1.17 
1.14 

1.08 
1.08 

1.01 
1.05 
1.05 
1.07 

0.97 
0.93 
0.89 

0.97 
0.94 
0.99 


1.14 
1.18 
1.16 


1.14 
1.12 
1.10 
1.13 

1.26 
1.29 
1.24 
1.27 

1.16 
1.10 
1.10 

1.00 
1.01 
l.Oo 


1  24 
1.31 
1.23 


1.12 
1.12 
1.12 
1.17 

1.33 
1.31 
1.31 
1.20 

1.12 
1.06 
1.06 

1.05 
1.01 
1.07 


1.17 
1.15 
1.13 


Front 
truck 
wheels. 


1.08  1.01 

0.96  1.05 

05  1.05 

1.08  1.01 

1.05 
1.04 
1.00 
1.04 

1.01 
0.97 
0.97 

0.97 
0.96 
1.04 


1.20 
1.14 
1.13 


In  general,  this  average  value  of  the  ratio  between  the  stress  at  the  outside 
edge  and  the  mean  stress  in  base  of  rail  was  somewhat  greater  than  unity, 
although  in  certain  of  the  wheels  it  was  slightly  less  than  unity.  As  shown 
in  Table  20,  for  the  Heavy  Santa  Fe  type  (Locomotive  No.  3813),  the  ratio 
under  the  first  driver  was  1.14,  under  the  second  driver,  1.12,  under  the  third 
driver  (the  blind  driver),  0.93,  under  the  fourth  driver,  1.15,  under  the  fifth 
driver,  1.05,  and  under  the  trailer  and  tender  wheels  about  1.05,  as  averages 
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for  the  several  speeds.  Locomotive  No.  3829  gives  ratios  nearer  to  unity.  It 
appears  that  in  locomotives  of  the  same  class  the  condition  of  the  tires  or 
other  parts  has  much  to  do  with  the  amount  of  the  lateral  bending  of  the  rail. 
It  is  also  apparent  that  different  wheels  of  a  locomotive  produce  lateral  bending 
stresses  of  quite  different  magnitudes.  At  the  blind  driver,  there  seems  usually 
to  be  less  outward  bending  stress  than  at  other  drivers.  The  ratio  for  the 
trailer  is  only  a  little  greater  than  1.0. 

The  first  and  second  drivers  of  the  Light  Santa  Ee  type  locomotive  present 
illustrations  of  very  marked  outward  lateral  bending  of  rail,  the  ratio  of  stress 
at  the  outside  edge  of  base  of  rail  to  mean  stress  at  the  first  driver  being  1.33 
.at  the  speed  of  5  miles  per  hour.  The  ratio  for  the  main  driver  and  the  trailer 
do  not  vary  greatly  from  1.00,  being  1.01  and  0.96,  respectively,  at  the  speed 
of  5  miles  per  hour,  indicating  about  as  much  lateral  bending  inwardly  as 
outwardly.  The  average  ratio  under  the  first  driver  is  markedly  greater  for 
the  left  rail  than  for  the  right.  Whether  this  is  due  to  differences  in  the 
condition  of  the  tread  of  the  two  drivers  on  the  same  axle,  to  the  difference 
in  time  of  stroke  of  the  two  pistons,  er  to  other  causes,  is  not  known.  There 
is  no  marked  difference  in  the  amount  and  nature  of  the  lateral  bending  of  the 
rails  at  the  two  sides  of  the  other  locomotives. 

As  the  lateral  bending  strength  of  the  rail  is  less  than  the  vertical  bending 
strength,  the  bending  moment  corresponding  to  a  given  fiber  stress  is  less  for 

lateral  bending  than  for  vertical  bending.  The  section  modulus,  ,  for  bend- 
ing in  a  vertical  plane  for  the  rail  sections  used  is  about  five  times  that 
for  bending  in  a  horizontal  plane.  For  a  ratio  of  stress  at  the  outside  ed^-e 
to  mean  stress  with  a  value  qf  1.33,  it  is  seen  that  the  lateral  bending  moment 
in  rail  is  about  7%  of  the  vertical  bending  moment  required  to  develop  the 
mean  stress  in  the  base  of  rail.  A  value  of  the  lateral  bending  moment  found 
quite  frequently  is  4%  of  the  vertical  bending  moment,  although  in  a  few 
cases  it  reached  14%,  if  the  effect  of  the  added  5  000  lb.  per  sq.  in.  of  the 
belt  of  stresses  is  taken  into  consideration.  From  a  study  of  the  observed 
values,  it  would  seem  that  in  designing  a  rail  section  for  straight  track 
provision  should  be  made  for  a  lateral  bending  moment  at  least  equal  to  14% 
of  the  vertical  bending  moment. 

III. — Tests  on  Curved  Track 

12. — The  Action  of  Curved  TracJc. — In  traversing  a  curve,  the  action  of 
a  locomotive  or  car  on  the  rail  and  track  differs  in  several  respects  from  the 
action  on  straight  track.  Some  of  the  differences  are  of  importance  in  the 
development  of  stresses  in  the  rail  and  in  the  effect  on  the  track  structure  as 
a  whole.  The  principal  elements  of  the  action  of  locomotives  and  cars  on 
curves  that  need  to  be  considered  in  the  study  of  the  action  of  curved  track 
may  be  outlined  as  follows : 

1. — Since  the  outer  rail  is  longer  than  the  inner  one,  the  wheel  on  the  outer 
rail  must  slip  backward,  or  the  wheel  on  the  inner  rail  slip  forward,  or  both, 
to  overcome  the  difference  ijj  travel;  this  motioii  of  itself  may  be  expected 
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to  be  accompanied  by  a  force  which  acts  in  a  longitudinal  direction  along  the 
rail  rather  than  laterally,  and  thus  does  not  produce  bending  in  the  rail, 
although  it  may  modify  the  magnitude  of  the  force  required  to  produce  lateral 
slipping  and  hence  indirectly  affect  the  magnitude  of  the  lateral  bending  force. 
2. — As  the  driving  wheels  of  a  locomotive,  and  the  wheels  of  a  truck  having 
more  than  one  axle,  are  grouped  in  a  frame  of  some  stiffness,  a  lateral  move- 
ment is  involved  in  changing  the  direction  of  the  motion  of  the  group  of 
wheels  in  traversing  a  curve,  and  this  involves  a  slipping  of  one  or  more  pairs 
of  the  forward  wheels  in  a  lateral  direction  inwardly  of  the  curve  and,  gen- 
erally, of  one  or  more  pairs  of  the  rear  wheels  in  a  lateral  direction  outwardly. 
This  action  develops  lateral  pressures  against  both  the  inner  and  the  outer  rail.' 
A  lateral  force  is  thus  present  at  one  or  more  wheels  even  when  the  speed 
is  that  corresponding  to  the  super-elevation  of  the  track.  The  lateral  pressure 
thus  developed  may  be  of  considerable  magnitude. 

3. — The  lateral  pressure  at  two  or  more  of  the  drivers  has  been  found  to 
give  a  large  increase  in  the  stress  at  one  edge  of  the  base  of  rail.  By  reason 
of  the  lateral  inclination  of  the  track  and  the  centrifugal  force  developed  at 
the  given  speed,  the  division  of  load  between  the  two  rails  will  not  be  the  same 
on  curved  track  as  on  straight  track,  except  at  the  one  speed  corresponding  to 
the  speed  of  super-elevation ;  and,  even  at  that  speed,  generally  the  load  will  not 
be  divided  equally  between  the  two  wheels  of  most  of  the  axles.  It  will  appear, 
also,  that  there  are  transfers  of  load  from  one  rail  to  the  other  that  are  due  to 
other  causes. 

4. — For  some  reason,  the  action  of  the  system  of  equalizing  levers  and 
springs  of  the  locomotive  is  not  the  same  on  curves  as  on  straight  track;  at 
least,  a  much  greater  vertical  bending  stress  is  found  in  the  inner  rail  under 
one  of  the  intermediate  drivers  than  under  the  others,  especially  at  low  speeds, 
and  the  abnormal  action  of  the  equalizers  and  springs  may  be  one  explanation 
for  this.  It  is  also  true  that  a  greater  vertical  bending  stress  is  frequently 
found  in  the  outer  rail  under  the  front  driver  than  under  the  other  drivers, 
the  difference  in  both  cases  varying  with  the  speed.  This  excess  of  stress 
under  some  of  the  drivers  must  be  due  to  a  large  increase  of  load  carried  by 
these  drivers. 

5. — An  effect  of  the  lateral  inclination  of  the  track  and  the  presence  of 
centrifugal  force  is  the  development  of  a  lateral  pressure  against  the  rails; 
the  amount  of  this  lateral  pressure  may  not  be  equally  divided  between  the 
two  rails  or  even  among  the  several  drivers  on  one  side  of  the  locomotive. 

6. — For  sharp  curves  (curves  of  relatively  small  radius),  there  may  be  a 
spreading  action  on  the  track  caused  by  the  flanges  bearing  against  the  inner 
and  outer  rails ;  the  lower  limit  of  degree  of  curve  above  which  this  spreading 
action  may  be  expected  to  become  important  will  depend  on  the  length  of  wheel 
base  and  on  the  difference  between  the  wheel  gauge  and  the  gauge  of  the  track. 
For  the  curves  in  ordinary  use,  other  sources  of  lateral  pressiire  against  the 
rail  appear  to  be  much  more  important.  The  several  elements  of  the  problem 
noted  will  now  be  considered  somewhat  more  fully. 
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a. — Diflference  of  Length  of  Outer  and  Inner  Rail 

It  is  shown  by  Wellington*  that  the  longitudinal  slipping  of  the  wheels  of 
a  freight-car  truck  necessary  to  overcome  the  difference  in  length  of  the  outer 
and  the  inner  rail  of  a  curve  in  some  cases  may  occur  on  the  outer  rail  and 
in  others  on  the  inner  rail,  although  usually  not  by  both  wheels  of  an  axle  at 
the  same  time,  as  that  wheel  will  slip  which  will  slip  more  easily,  and  a  slight 
variation  in  either  the  load  or  the  coefficient  of  friction  will  give  one  wheel  or 
the  other  an  advantage  in  this  respect.  Wellington  further  states  that  either 
the  super-elevation  or  the  centrifugal  force  is  alone  competent  to  produce 
enough  inequality  of  load  to  effect  a  difference  and  that  one  wheel  having  begun 
to  slip  is  likely  to  continue  so  to  do  for  some  time,  although  it  may  not  be  the 
same  wheel  for  two  consecutive  axles  and  change  from  one  to  the  other  wheel 
may  take  place  from  time  to  time.  As  most  of  the  drivers  of  a  locomotive  wdll 
be  found  to  be  slipping  in  a  lateral  direction  continually,  the  matter  of  the 
difference  between  the  coefficient  of  friction  for  rest  and  motion  will  not  enter' 
into  the  question  of  whether  the  wheel  will  have  longitudinal  slip  to  the  extent 
that  might  otherwise  be  expected  from  Wellington's  analysis  for  freight-car 
trucks.  The  fact  that  the  drivers  are  coupled  together  by  the  side  rods  is  an 
added  feature  which  may  make  the  action  of  locomotive  drivers  differ  from 
that  of  car  trucks.  Wellington  also  shows  that  the  coning  of  the  wheels  does 
not  overcome  the  difference  in  the  length  of  the  rails,  even  for  the  curves 
corresponding  to  the  coning,  because  the  axle  usually  does  not  maintain  a 
radial  position  on  the  curve,  especially  when  grouped  with  others  in  a  frame 
or  truck ;  the  coning,  therefore,  may  be  neglected  as  an  element  in  the  problem. 
The  slipping  of  the  wheel  longitudinally  on  the  rail  results  in  a  force  being 
developed  in  the  direction  of  the  rail  length  (pull  or  push)  which  adds  to  the 
tractive  pull  required  and  produces  wear  of  rail  and  wheel.  It  does  not,  how- 
ever, cause  bending  stresses  in  the  rail  and,  therefore,  need  not  here  be  taken 
into  account,  except  as  it  may  affect  the  way  in  which  lateral  slip  on  the  rail 
occurs  in  combination  with  it  and  also  as  it  may  influence  the  magnitude  of 
the  lateral  force,  which  is  one  component  of  the  force  required  to  produce 
the  resulting  slip  on  the  rail. 

b. — Changing  the  Direction  of  the  Locomotive 
in  Passing  Around  the  Curve 

If  in  traversing  a  curve  the  axles  of  each  pair  of  wheels  took  a  radial 
direction  (normal  to  the  curve),  the  principal  force  required  to  change  the 
direction  of  the  motion  of  the  truck  or  frame  would  be  equal  to  that  commonly 
called  the  centrifugal  force;  the  centrifugal  force  and  the  transverse  inclina- 
tion of  the  track  cause  a  lateral  reaction  against  the  rail.  For  a  radial  posi- 
tion of  the  axle,  the  force  producing  lateral  bending  in  the  rail  would  then 
be  the  resultant  of  the  centrifugal  force  and  the  component  of  the  load  due  to 
the  transverse  inclination  of  the  track. 

When  several  axles  are  connected  to  a  single  stiff  frame,  as  in  a  locomotive, 
quite  different  conditions  are  set  up.  The  axles  of  the  drivers  must  remain 
•  "The  Economic  Theory  of  Railway  Location",  p.  285. 
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parallel  to  each  other.  The  tendency  of  the  whole  group  of  drivers  to  go 
straight  ahead  must  be  overcome  by  a  lateral  force  exerted  by  the  outer  rail 
against  the  flanges  of  one  or  more  of  the  wheels  at  the  front  of  the  frame. 
In  the  case  of  the  locomotive,  this  turning  movement  is  effected  at  the  outer 
front  driver,  or  at  the  outer  wheels  of  the  front  truck,  or  by  a  combination  of 
these  truck  wheels  and  the  first  driver.  What  wheel  or  combination  of  wheels 
will  participate  in  this  turning  action  may  be  expected  to  depend  on  the 
curvature  of  the  track,  the  design  of  the  locomotive,  and  the  stiffness  and  play 
of  the  front  truck  connection  with  the  locomotive  frame,  and,  also,  in  some 
cases,  on  the  flexibility  of  the  connections  of  the  front  pair  of  drivers  with 
the  other  drivers  of  the  locomotive.  The  action  of  these  forward  outer  wheels 
therefore  is  to  press  against  the  outer  rail,  the  outward  lateral  force  thus 
exerted  tending  to  increase  the  curvature  of  the  outer  rail;  in  some  cases,  by 
reason  of  friction  on  tlie  rail,  the  truck  wheel  on  the  inner  rail  may  exert 
a  lateral  pull  in  the  same  direction  on  that  rail.  As  a  result  of  this  turning 
action,  the  front  drivers  (both  inner  and  outer)  will  be  made  to  slip  laterally 
on  the  rail;  that  is,  inwardly  radially  to  the  curve.  Farther  back  along  the 
frame  of  the  locomotive  will  be  a  point  which  will  act  as  a  center  of  rotation 
and  about  which  the  turning  of  the  locomotive  will  take  place.  If  the  lateral 
slip  at  any  wheel  is  inward  with  reference  to  the  curve  (that  is,  toward  the 
center  of  the  curve),  the  effect  on  the  rail  is  that  of  a  lateral  force  acting 
inwardly  of  the  curve,  thus  putting  an  inward  lateral  pressure  on  the  inner 
rail  and  even  on  the  outer  rail,  since  the  force  may  be  transmitted  by  a  wheel 
to  the  rail  by  friction  at  the  top  of  the  rail.  The  foregoing  statement  does  not 
apply,  of  course,  to  those  outer  wheels  the  flanges  of  which  are  active  in  causing 
the  locomotive  to  change  direction;  for  these  the  pressure  against  the  rail  is 
outward,  tending  to  increase  the  curvature  of  the  rail. 

The  lateral  slip  of  the  drivers  in  front  of  the  point  about  which  rotation 
takes  place  will  be  inward  with  reference  to  the  curve;  that  of  the  drivers  back 
of  the  point  will  be  outward.  It  is  apparent  that  the  position  of  this  center  of 
rotation  will  depend  on  the  number  of  wheels  in  the  frame,  the  position  the 
wheels  take  with  respect  to  the  two  rails,  and  the  direction  of  the  resultant 
slip  of  the  wheels.  If,  as  may  happen,  the  axle  of  the  next  to  the  last  pair  of 
drivers  remains  normal  to  the  curve,  the  center  of  rotation  will  be  on  the  inner 
rail  at  this  driver,  provided,  as  is  probable,  that  all  the  longitudinal  slip  of 
the  drivers  of  this  axle  is  taken  by  the  outer  driver.  It  seems  probable  that  the 
center  of  rotation  in  some  cases  may  be  somewhat  ahead  of  the  next  to  the 
last  driver.  It  is  true,  of  course,  that  the  several  drivers  on  one  side  may  not 
lie  exactly  in  a  straight  line;  the  lateral  play  of  the  journals  will  allow  side 
movement,  the  amount  depending  on  the  amount  of  the  wear  at  the  time.  Fig. 
38  represents  the  position  of  the  wheels  and  the  direction  of  a  part  of  the 
lateral  forces  exerted  by  the  rails  on  the  wheels  of  the  Mikado  type  locomotive 
at  low  speeds  under  conditions  similar  to  those  named.  It  is  seen  that  the 
point  of  rotation  is  at  or  close  to  the  third  driver  axle.  The  greatest  lateral 
slip  for  any  driver  may  be  expected  to  occur  under  the  front  drivers.     The 
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lateral  slip  of  the  several  drivers  will  then  be  proportional  to  the  distance 
along  the  inner  rail  from  the  point  of  rotation  to  the  inner  driver  of  a 
given  pair. 

C'l  ,.1 


Fig.   38. 


-Position  of  the  Wheels  of  a  Mik.^do  Type  Locomotive  When   Traversing 
Curve  at  Low  Speeds. 


Generally,  the  two-wheel  front  truck  is  connected  to  a  radius  bar,  a  swinging 
arm  that  is  pivoted  at  a  point  back  of  the  truck,  and  a  limit  of  rotation  is 
provided,  so  that  after  this  limit  is  reached  the  flange  of  the  outer  wheels  will 
press  against  the  outer  rail  and  thus  aid  in  the  turning  action.  To  what 
extent  the  axles  of  the  front  truck  will  approximate  a  radial  condition  on  the 
curve  and  thus  will  have  minimum  lateral  slip  will  depend  on  the  manner 
of  the  attachment  and  the  sharpness  of  the  curve.  The  trailing  wheels  are 
also  pivoted  on  a  swinging  arm  so  that  the  axle  possibly  may  take  a  radial 
position.  When  the  limit  of  the  swing  of  this  arm  is  reached,  these  wheels 
also  contribute  to  the  stiffness  of  the  frame  and  must  be  slid  outwardly ;  thus 
an  outward  lateral  force  on  the  rails  is  developed  at  the  trailers. 

In  Figs.  73  and  74  of  Article  15,  "Lateral  Bending  of  Eail  on  Curves",  the 
position  taken  by  the  drivers  and  other  wheels  on  curved  track  is  shown  for 
several  locomotives.  A  study  of  these  diagrams  and  of  the  amount  and  direction 
of  the  bending  of  the  rails  will  indicate  the  position  of  the  center  of  rotation  of 
the  locomotive.  The  relative  amounts  of  the  lateral  slip  at  the  several  wheels 
may  also  be  found  rather  closely. 

It  should  be  noted  further  that  as  both  longitudinal  and  lateral  slip  on  the 
rail  will  usually  occur  at  the  same  time,  resulting  in  slip  in  a  diagonal  direc- 
tion, the  force  producing  this  slip  of  wheel  in  the  diagonal  direction  (its 
magnitude  being  the  force  necessary  to  overcome  friction)  may  be  resolved 
into  components  along  the  rail  and  across  the  rail.     In  Fig.  39,  the  diagonal 
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Fig.  39. — Longitudinal  and  Lateral  and  Resulting  Slip  of  Wheels  on  the  Rail. 

line  represents  relatively  the  direction  and  amount  of  the  resultant  slip,  the  line 
along  the.  rail  the  longitudinal  slip,  and  the  line  drawn  transversely  of  the 
rail  the  lateral  slip.  It  is  apparent  that  the  magnitude  of  the  lateral  com- 
ponent of  the  force  producing  slipping  is  dependent  on  the  relative  magnitudes 
of  the  longitudinal  and  lateral  slip.    For  the  conditions  at  a,  the  lateral  com- 
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ponent  or  lateral  pressure  against  the  rail  will  be  small.  For  equal  slip  in  the 
two  directions,  as  at  h,  which  may  be  the  condition  for  a  short  truck  like  a 
four-wheel  car  truck,  the  lateral  component  will  be  0.7  of  the  force  required 
to  overcome  friction.  For  a  longer  locomotive  frame,  c  will  represent  the 
conditions. 

As  the  design  of  locomotives  differs  so  greatly  in  detail  even  among  those 
of  the  same  type,  and  as  there  are  so  many  uncertain  and  indeterminate  fea- 
tures in  the  direction  and  relative  magnitudes  of  the  slip  and  in  the  coefficients 
of  friction,  it  does  not  seem  profitable  to  attempt  to  make  an  analytical  treat- 
ment of  the  lateral  forces  developed  at  the  several  wheels  by  the  turning  of 
the  locomotive,  although  it  would  be  easy  to  show  that  the  magnitude  of  the 
lateral  forces  developed  is  necessarily  considerable.  Instead,  it  seems  better 
to  consider  the  data  of  the  stresses  observed  in  the  rails  themselves  and  to 
discuss  these  data  in  the  light  of  the  action  herein  outlined.  It  may  be  added 
that  analytical  considerations  indicate  that,  for  the  same  super-elevation  and 
at  low  speeds,  the  degree  of  curve  has  little  effect  on  the  nature  and  magnitude 
of  the  turning  forces  beyond  a  lower  limit  of  curvature  where  the  assumed 
condition  comes  into  action  and  within  an  upper  limit  where  other  elements 
may  exert  a  controlling  influence. 

It  should  be  pointed  out  that  these  turning  forces,  together  with  the 
centrifugal  force  and  the  component  due  to  the  transverse  inclination  of  the 
track  and  the  forces  required  to  produce  lateral  slip,  and  including  the 
re-acting  force  at  the  inner  rail,  are  the  principal  and  most  important  lateral 
forces  producing  bending  moment  and  bending  stress  in  the  two  rails  of 
curved  track. 

c— Division  of  Load  by  Reason  of  Transverse  Inclination  of  Track 
and  Centrifugal  Force 

On  straight  track  having  the  rails  at  the  same  level  transversely,  it  may 
be  presumed  that  the  load  on  one  axle  is  transmitted  in  equal  amounts  to  the 
two  rails.  On  curves  an  equal  division  between  the  two  rails  may  not  be 
generally  expected.  At  low  speeds  (the  centrifugal  force  being  negligible), 
the  super-elevation  of  the  outer  rail  results  in  more  than  one-half  the  load 
being  transmitted  to  the  inner  rail,  with  a  corresponding  decrease  in  that  trans- 
mitted to  the  outer  rail.  At  the  higher  speeds,  the  centrifugal  force  acts  in 
an  important  way  to  increase  the  proportion  taken  by  the  outer  rail  and 
decrease  that  on  the  inner  rail.  Both  these  agencies  enter  also  into  the  develop- 
ment of  lateral  pressures  against  the  two  rails. 

In  Fig.  40,  g  is  the  distance  between  bearing  points  of  the  wheels  on  the 
two  rails  (taken  in  the  calculation  as  59  in.  for  the  curved  track  used  in  the 
tests)  ;  e  is  the  super-elevation  of  the  outer  rail;  and  h  is  the  distance  of  the 
center  of  gravity  of  the  locomotive  from  the  level  of  the  top  of  the  rails.  Use 
W  as  the  weight  which  would  be  applied  to  the  rail  through  one  wheel  for 
straight  and  level  track,  and  R'  the  reaction  on  the  outer  rail  and  JB"  that  on 
the  inner  rail  which  would  be  expected  from  analytical  considerations  to  cor- 
respond to  the  weight,  W.    Then,  if  the  speed  is  such  that  the  centrifugal  force 
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is  negligible,  it  may  be  shown  that  the  load  transmitted  to  the  outer  rail  will 
be  given  approximately  by  the  following  equation,  the  cosine  of  the  angle  of 
the  transverse  inclination  of  the  track  being  taken  as  unity, 

^'=>^(l-2yY) (29)* 

and  that  transmitted  to  the  inner  rail, 


\  9     9/ 


(30) 


For  /i  =  72  in.  and  e  =  6  in..  Equations  (29)  and  (30)  indicate  that  for  low 
speeds  the  load  transmitted  to  the  outer  rail  is  25%  less  than  that  on  track 
level  transversely  and  that  to  the  inner  rail  is  25%  greater  than  the  normal 
load.  It  is  evident  that  the  inequalities  in  the  division  of  load  between  the  two 
rails  may  be  a  matter  of  some  consequence. 


Fig.  40. — Forces  and  Reactions  on 
Curved  Track  Having  Trans- 
verse Inclination. 

Equations  (29)  and  (30)  were  derived  on  the  assumption  that  the  body  of 
the  locomotive  retains  the  same  position  with  respect  to  the  axles  of  the  drivers 
that  it  has  on  straight  track.  If,  as  may  be  the  case,  the  greater  weight  on  the 
inside  of  the  curve  causes  the  springs  on  that  side  of  the  locomotive  to  deflect 
more,  and  those  on  the  outside  of  the  curve  less,  than  would  normally  be  found, 
the  result  will  be  to  tilt  the  locomotive  still  further  and  thus  to  throw  greater 
weight  on  the  inner  rail  than  is  given  by  Equations  (29)  and  (30).  The 
effect  of  this  tilting  on  the  transfer  of  load  is  less  accordingly  than  that  due  to 
transverse  inclination  of  track  alone,  as  the  tilting  action  is  about  the  point  of 
attachment  of  the  equalizing  levers  to  the  frame  of  the  locomotive,  which  is 
somewhat  above  the  level  of  the  axles  of  the  drivers.  As  the  springs  deflect 
less  proportionately  for  an  overload  than  for  a  small  load,  the  effect  of  this 

•  This   equation    number   follows   the   last   number  used   in   the  second   progress    report, 
Transactions  J  Vol.  LXXXIII  (1919-20),  p.  1574. 
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change  in  deflection  of  the  springs  will  not  be  as  great  as  would  otherwise  be 
expected.    It,  however,  may  need  some  consideration. 

For  the  higher  speeds,  the  centrifugal  force  tends  to  counteract  this 
inequality.  For  the  speed  corresponding  to  the  super-elevation  given  to  the 
track,  the  inequality  vanishes,  and  it  would  be  expected  that  the  rails  will 
receive  equal  loads.  For  still  greater  speeds,  the  outer  rail  will  receive  the 
greater  load.  In  any  case,  the  load  on  a  rail  would  be  expected  to  be  the 
algebraic  sum  of  that  due  to  Equation  (29)  or  Equation  (30)  and  that  due  to 
the  centrifugal  force.    The  centrifugal  force  at  V  miles  an  hour  on  a.  D°  curve 

2  WV^D 

due  to  the  weight,  2  TT,  is,  approximately,  F  =i      ^.      '  — .    Consider  this  force 

bo  800 

to  be  applied  at  the  center  of  gravity  of  the  locomotive.     The  reaction  of  the 
outer  and  inner  rails,  respectively,  will  then  be: 

If  F^  is  the  resulting  lateral  reaction  or  pressure  against  the  outer  rail  of 
the  curved  track  and  i^,  ^^^t  against  the  inner  rail,  the  sum  of  the  lateral  reac- 
tions for  the  two  rails  will  be  approximately, 

2WV^D  e 

F,  +  F.,  =  -— 2W— (3.S) 

'  ^  85  800  g  ^     ^ 

The  first  term  of  the  second  member  of  the  equations  is  the  centrifugal  force 
and  the  second  the  horizontal  component  of  the  load  due  to  super-elevation  of 
the  outer  rail.  At  the  speed  corresponding  to  the  super-elevation,  F^-\-  F2^=  0. 
It  is  apparent  that  the  division  of  the  total  lateral  force  between  F^  and  F^  is 
indeterminate,  as  in  the  case  of  the  vertical  reactions  of  the  two  hinges  of  a 
door.  Generally,  a  low  or  a  smaller  resistance  to  lateral  slip  on  one  wheel  may 
be  expected  to  cause  a  greater  part  of  the  total  lateral  force  to  go  to  the  other 
rail,  except  as  modified  by  the  bearing  of  the  flange  of  the  wheel  against  the 
side  of  the  rail.  It  will  be  seen  from  Equation  (33)  that  the  value  of  F^^  +  F„ 
for  the  highest  super-elevation  of  the  track  used  in  the  tests,  8^  in.,  is  14% 
of  the  total  load  on  the  axle. 

Values  of  the  ratio  of  the  vertical  load  on  the  outer  and  inner  rail  of  curved 
track  to  the  corresponding  value  on  straight  track,  as  found  by  Equations  (31) 
and  (32),  are  given  in  Tables  21  and  22  for  the  curves  and  speeds  used  in  the 
tests. 

d. — Spreading  Action  of  Drivers  and  Other  Wheels 

The  stiffness  of  the  frame  and  the  smallness  of  the  lateral  play  in  the 
journals  when  the  locomotive  is  just  out  of  the  shops  may  leave  little  individual 
freedom  of  lateral  movement  in  the  drivers.  With  a  long  and  rigid  wheel  base, 
it  may  be  thought  that  on  sharp  curves  a  flange  of  an  intermediate  driver  will 
be  crowded  against  the  inner  rail  while  the  flanges  of  the  end  drivers  are 
pressed  against  the  outer  rail,  and,  thus,  that  there  would  be  a  marked  tendency 


i 


STRESSES  IN  KAILROAD  TEACK 


981 


to  spread  the  rails  apart,  this  action  creating  lateral  bending  forces  against  the 
two  rails.  As  the  gauge  of  the  wheels  is  less  than  that  of  the  track  (the  differ- 
ence ranging  frora  f  in.  to  1  in.  for  new  wheels  and  sometimes  as  much  as  2  in. 
for  badly  worn  flanges  and  widened  gauge),  and  as  on  curves  there  may  be  an 
increase  in  gauge  over  the  standard,  and  as  there  may  be  some  flexibility  in  the 
frame  and  bearings,  it  is  to  be  expected  that,  for  a  given  wheel  base  and  other 
stated  conditions,  the  limiting  degree  of  curve  below  which  no  spreading  action 
exists  of  the  kind  here  meant,  will  be  rather  large.  For  the  purpose  of  giving 
greater  freedom,  the  flange  is  sometimes  omitted  from  one  or  more  drivers, 
making  so-called  blind  drivers.* 

TABLE  21. — Eatio  of  Loads  on  Inner  and  Outer  Rail, 
Atchison,  Topeka  and  Santa  Fe  Railway. 


Locomotive. 


Ribera: 

Mountain,  No.  3710. 

Santa  Fe,  No.  3813. 
Mountain,  No.  3710 
Santa  Fe,  No.  3813. 
Santa  Fe,  No.  3839. 


Bealville: 
Santa  Fe,  No.  3832. 


Santa  Fe,  No.  3653.... 

Cajon : 
Santa  Fe,  No.  3832,  fourth 
driver  cylindrical... 


Santa  Fe,  No.  3S32,  fourth 
driver  grooved 


10° 


10° 
10° 

10° 
10° 


0!  u 

1)  o 


4.7 


4.4 

4.4 


5.4 


(35 


)10 

118 

jlO 
118 


no 

1l8 

po 

)18 


Ratios. 


Analytical   Values. 


Inner 
rail. 


1.20 
1.09 
1.00 
0.77 

1.20 
1.09 
0.92 

1.19 
1.02 
0.85 

1.19 

1.02 
0.85 

1.19 
1.02 
0.85 


1.16 
1.10 

1.16 
1.10 


1.20 
1.14 


1.20 
1.14 


Outer 
rail. 


0.80 
0.91 
1.00 
1.26 

0.80 
0.91 
1  09 

0.81 
0.99 
1.17 

0.81 
0.99 
1.17 

0.81 
0.99 
1.17 


0.84 
0.91 

0.84 
0.91 


0.80 
0.86 


0.80 
0.86 


Test  Values. 


Inner 
rail. 


1.22 
1.16 
1.02 
0.81 

1.19 
1.11 
1.01 

1.21 
0.99 
0.81 

1.20 
1.00 
0.83 

1.28 
1.00 
0.88 


Up     I  Down 
Grade. 


1.15 
1.09 

1.18 
1.13 


1.27 

i.ir 


1.32 
1.18 


1.15 
1.08 

1.18 
1.12 


1.36 
1.30 


1.32 
1.24 


Outer 
rail. 


0.78 
0.84 
0.98 
1.19 

0.81 
0.89 
0.99 

0.79 
1.01 
1.19 

0.80 
1.00 
1.17 

0.72 
1.00 
1.12 


Up     I  Down 
Grade. 


0.85 
0.91 

0.82 
0.87 


0.73 
0.83 


0.68 
0.82 


0.85 
0.92 

0.82 

0.88 


0.64 
0.70 


0.68 
0.76 


To  find  whether  a  given  curve  is  below  the  limiting  value  for  a  given  wheel 
base  on  the  basis  that  the  flanges  bear  against  the  two  rails  in  the  manner 
outlined,  the  ordinates  for  the  curve  may  be  found.  In  Fig.  41,  the  flanges  of 
the  outer  end  drivers  are  both  considered  to  bear  against  the  outer  rail  at 

•  For  a  discussion  bearing  on  the  widening  of  gauge  on  curves,  see  Report  of  Com- 
jnltteg  V  on  Track,  Proceedings,  Am.  Ry,  Eng.  Assoc,  Vol.  23,  p.  575, 
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points  which  may  be  somewhat  beyond  the  limits  of  the  wheel  base,  and  the 
flanges  of  intermediate  wheels  against  the  inner  rail.  The  ordinates,  a  and 
h,  are  then  found.  Then,  if  g  is  the  gauge  of  the  track  and  g'  the  gauge  of 
the  wheels,  the  distance,  a-h,  must  be  enough  greater  than  g-g'  to  give  rea- 
sonable clearance.  For  five  drivers  on  a  side,  the  term,  h,  vanishes  if  the 
middle  driver  is  flanged ;  with  a  blind  driver  at  the  middle,  the  chord  from  the 
second  to  the  fourth  driver  will  be  used  in  obtaining  a  value  of  h. 


TABLE  22. — Eatio  of  Loads  on  Inner  and  Outer  Rail, 
Delaware,  Lackawanna  and  Western  Railroad. 


Decree  of 

Super- 
elevation, 

Speed, 
in  miles 

Ratios 

Locomotive. 

Analytical  Values. 

Test  Values. 

per  hour. 

Inner 

Outer 

Inner 

Outer 

rail. 

rail. 

rail. 

rail. 

( 

5 

1.16 

0.84 

1.03 

0  97 

25 

1.08 

0.92 

1.01 

0.99 

Mikado,  No.  1220 

4° 

3.7       i 

35 

1.01 

0.99 

0.97 

1.03 

I 

45 

0.92 

1.08 

0.89 

1.11 

r 

5 

1.16 

0.84 

1.11 

0.89 

25 

1.08 

0.92 

1.01 

0.96 

Pacific,  No.  1131. 

40 

3.7     ■[ 

40 

0.97 

1.03 

0.94 

1.06 

[ 

60 

0.74 

1.28 

1.00 

1.00 

r 

5 

1.36 

0.64 

1.37 

0.63 

25 

1.26 

0  75 

1.30 

0  70 

Mikado.  No.  1220 

6° 

8.5    -j 

85 

1.16 

0.86 

1.20 

0.80 

45 

1.02 

1.01 

1.16 

0.84 

f 

5 

1.27 

0.73 

1.29 

0.71 

1 

25 

1.14 

0.87 

1.19 

0  81 

Mikado.  No.  1220 

rvi" 

6.4    ^ 

35 

1.01 

1.00 

1.10 

0.90 

I 

45 

0.84 

1.19 

0.97 

1.03 

I 

5 

1.27 

0.73 

1.26 

0.74 

25 

1.14 

0.87 

1.16 

0  84 

Paciflc,  No.  1131. 

71/,° 

6.4    -1 

40 

0.93 

1.09 

0.96 

1.04 

I 

50 

0.74 

1.30 

0.87 

1.13 

The  assumption  that  the  outer  rear  driver  bears  against  the  outer  rail  is  not 
warranted  by  the  observations  and  tests  made  on  curved  track;  the  rear  driver 
generally  keeps  well  away  from  the  outer  rail  at  low  speeds  and  usually  also  at 
the  higher  speeds.  This  position  of  the  rear  driver  in  effect  lengthens  the 
wheel  base  and  decreases  the  degree  of  curve  for  which  clearance  would  be 
found  sufficient  if  other  elements  did  not  enter  into  the  phenomenon.  An 
important  modification  of  the  assumptions  is  that  the  lateral  deflection  of  the 
rails  at  some  of  the  wheels  is  found  to  be  considerable,  particularly  in  the 


Fig.  41, — Mid-ordinates  of  Portion  of  Curve  Between  Certain  Drivers  of  a  Locomotivb. 
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inner  rail  at  a  rear  intermediate  driver.  With  the  Mountain  type  locomotive, 
on  a  10°  curve,  the  inner  rail  was  found  to  deflect  inwardly  of  the  curve  at  the 
third  driver  as  much  as  0.5  in.,  the  gauge  of  the  track  increasing  to  more  than 
that  extent  because  the  outer  rail  also  deflects  somewhat.  The  Santa  Fe 
type  locomotive  with  all  drivers  flanged  and  the  Santa  Fe  type  with  the 
main  driver  flangeless  appeared  to  traverse  the  10°  curves  without  the 
flanges  of  the  intermediate  drivers  bearing  against  the  inner  rail,  and  hence 
there  was  no  spreading  action  of  the  nature  of  that  usually  considered  when 
this  subject  is  discussed.  As  a  very  heavy  thrust  against  the  inner  rail  on  10° 
and  even  on  6°  curves  is  found — really  an  excessive  pressure — it  is  plain  that 
an  explanation  of  its  source  other  than  the  spreading  action  of  the  flanges  must 
be  sought. 

The  explanation  that  appears  plausible  is  connected  with  the  change  of 
direction  of  the  locomotive.  Consider  in  Fig.  38  that  the  force  changing  the 
direction  of  the  locomotive  is  applied  by  the  rail  to  the  flange  of  the  outer  first 
driver  at  A,  or  by  the  wheels  of  the  front  truck  at  some  point  ahead  of  this. 
Consider  that  the  rotation  is  about  the  point,  B,  on  the  inner  rail  and  that  the 
rear  outer  driver  is  slipped  outwardly  at  G.  The  lateral  pressure  at  B  will 
have  to  resist  the  forces  at  A  and  G,  except  as  other  wheels  may  assist. 
As  the  other  wheels  slip  laterally,  if  the  wheel  at  B  does  not  slip,  as  seems 
to  be  the  case,  the  main  part  of  the  resisting  lateral  thrust  will  be  taken  at  B. 
This  seems  to  be  the  more  plausible,  when,  as  is  found  in  most  tests  at  low 
speed,  the  load  transmitted  by  the  driver  in  question  is  greatly  in  excess  of 
that  taken  by  the  others.  It  will  be  found  also  from  some  of  the  tests  with  the 
Santa  Fe  type  locomotive  that  the  conditions  of  this  lateral  thrust  change  mate- 
rially when  all  ten  drivers  are  flanged  and  when  four  of  them  are  flangeless. 
Measurements  of  the  lateral  deflection  of  the  inner  and  outer  rails  of  curved 
track  confirm  the  action  of  the  lateral  forces  referred  to  previously  and  show  a 
considerable  increase  in  gauge  without  the  flanges  touching  the  inner  rail. 

Altogether,  it  seems  to  be  evident  that  the  limiting  conditions  of  curves 
cannot  be  determined  by  a  study  of  ordinates  and  clearances  alone.  The  ab- 
sence of  wear  on  the  gauge  side  of  the  inner  rail  of  such  curves  of  itself  would 
seem  to  absolve  the  flanges  of  the  drivers  from  spreading  action  on  the  inner 
rail.  The  presence  of  very  great  lateral  pressures  against  the  inner  rail  is 
quite  evident  in  the  tests.  These  pressures  produce  a  widening  of  the  gauge, 
something  like  a  spreading  action,  but  the  origin  of  the  pressure  should  be 
attributed  to  sources  other  than  lack  of  clearance  of  flanges  of  the  interme- 
diate drivers.  It  seems  clear  that  the  lateral  force  is  transmitted  by  the  drivers 
to  the  inner  rail  by  means  of  the  friction  between  the  tread  of  the  driver  and 
the  head  of  the  rail.  The  very  high  vertical  pressures  transmitted  by  one  or 
more  of  the  inner  drivers  and  the  greater  value  of  static  friction  combine,  in 
many  cases,  to  make  the  point  of  contact  of  the  rear  intermediate  driver  on  the 
inner  rail  the  center  of  rotation  of  the  change  of  direction  of  the  locomotive. 
Thus,  this  driver  is  kept  from  slipping  laterally  while,  at  the  same  time,  the 
great  lateral  pressure  on  the  inner  rail  developed  at  this  driver  causes  the 
lateral  deflection  and  spreading  of  the  inner  rail  to  be  considerable,  even  on 
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track  of  moderate  curvature.    In  general,  it  is  evident  that  the  method  of  cal- 
culating clearances  indicated  in  Fig.  41  is  not  generally  applicable. 

e.— Other  Sources  of  Lateral  Pressure 

When  the  locomotive  is  pulling  a  load  around  a  curve,  the  tractive  pull  of 
the  locomotive  at  the  coupling  with  the  tender  will  not  be  in  the  direction  of 
the  tangent  to  the  curve  at  that  point,  in  other  words,  there  will  be  obliquity  of 
traction.  This  obliquity  of  traction  will  produce  a  lateral  force  on  the  rear 
end  of  the  locomotive  itself,  inwardly  of  the  curve,  a  force  that  is  the  compo- 
nent of  the  tractive  force  in  the  direction  of  the  radius  of  the  curve.  The 
approximate  direction  of  the  frame  of  the  locomotive  may  be  found  by  consid- 
ering that  the  frame  is  tangent  to  the  curve  at  the  point  of  rotation  of  the 
turning  movement  of  the  locomotive  around  the  curve,  that  has  already  been 
referred  to.  The  point  of  rotation  has  been  found  to  be  at  or  near  the  next  to 
the  last  inner  driver.  For  the  Santa  Fe  type  locomotive,  on  a  10°  curve,  the 
angle  of  the  direction  of  the  locomotive  with  the  tangent  to  the  curve  would 
then  be  not  more  than  2°,  and  probably  less,  and  for  the  other  locomotives  and 
for  lighter  curves,  the  angle  would  be  smaller  still.  It  will  be  seen  that  under 
these  conditions  the  lateral  component  of  the  tractive  force  may  be  expected 
to  be  small  in  comparison  with  the  other  loads  and  forces  acting.  The  effect 
of  this  lateral  component  applied  at  the  point  of  the  coupling  will  be  to  tend 
to  swing  the  rear  end  of  the  locomotive  inwardly  of  the  curve  and  the  front 
end  outwardly.  The  effect  at  the  rear  drivers  will  be  to  relieve  the  outward 
lateral  thrust  on  the  rail  at  that  point  if  these  drivers  do  not  slip  outwardly, 
and  to  increase  the  lateral  force  acting  on  the  locomotive  at  that  point  if  the 
rear  drivers  do  slip  outwardly.  Both  conditions  would  tend  to  increase  the 
lateral  inward  thrust  of  the  driver  at  the  point  of  rotation  and  also  the  outward 
lateral  thrust  at  the  front  driver  or  front  truck  wheel.  From  the  small  value 
of  the  angle  of  obliquity  and  the  possible  magnitude  of  the  tractive  force,  it 
seems  very  probable  that  all  the  lateral  thrusts  due  to  obliquity  of  traction  are 
small.  Whether  they  actually  have  any  serious  bearing  on  the  lateral  bending 
of  the  rail  may  best  be  found  from  experiments.  It  may  be  added  that  Welling- 
ton in  the  discussion  of  the  effect  of  obliquity  of  traction  on  train  resistance 
came  to  the  conclusion  that  the  additional  force  required  to  pull  the  train 
due  to  this  cause  was  too  small  to  need  consideration. 

On  straight  track,  there  are  ordinarily  lateral  movements  of  locomotives 
and  cars,  or  so-called  vibrations,  which  cause  lateral  bending  stresses  in  the 
rail.  These  may  be  due  to  variations  in  the  track,  or  to  lateral  motion  of  the 
locomotives  and  cars.  The  lateral  bending  stresses  produced  in  this  way  may 
be  of  considerable  magnitude,  as  has  already  been  shown.  On  curved  track, 
the  lateral  outward  and  inward  movements  may  be  expected  to  be  less  than 
those  on  straight  track,  because  of  the  action  of  the  lateral  component  of  the 
load  due  to  the  transverse  inclination  of  the  track  and  of  the  lateral  forces 
developed  in  the  turning  of  the  locomotive.  Even  at  the  speed  of  super-eleva- 
tion the  lateral  forces  will  be  quite  effective  in  keeping  the  wheels  in  a  given 
position.    It  is  true,  of  course,  that  if  the  curved  track  is  not  in  well-kept  con- 
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dition  of  line  and  super-elevation,  the  lateral  movement  may  be  much  greater 
than  on  straight  track,  as  when  the  locomotive  and  cars  careen  from  side  to 
side. 

It  should  be  understood  that  the  discussion  of  the  action  of  curved  track 
here  made  is  preliminary  to  the  discussion  of  the  results  of  the  tests;  no 
analytical  treatment  can  have  finality. 

IS. — General  Results  of  Tests  on  Curved  Trach. — In  so  complicated  a  prob- 
lem, it  is  not  easy  to  present  the  data  of  the  tests,  interpret  the  meaning  of 
the  results,  and  distinguish  between  the  effects  of  the  various  factors  which 
together  influence  the  action  of  the  locomotive  and  track.  It  is  to  be  ex- 
pected then  that  there  may  be  some  repetition  or  duplication  of  statement  in 
the  discussion.  Space  will  permit  the  presentation  of  only  a  part  of  the  data, 
but  representative  parts  have  been  selected  and  general  average  values  are 
given  in  the  tables  and  diagrams. 

Figs.  42  to  63,  inclusive,  give  the  stresses  at  the  inside  edge  and  the  outside 
edge  of  the  base  of  the  inner  and  the  outer  rail  under  the  wheels  of  six  locomo- 
tives at  several  speeds  throughout  the  revolution  of  the  driver  in  the  tests  on 
the  Atchison,  Topeka  and  Santa  Fe  Railway  and  the  Delaware,  Lackawanna 
and  Western  Railroad.  The  observations  from  which  these  averages  were  ob- 
tained, when  plotted  with  respect  to  the  revolution  of  the  driver,  were  found 
to  be  somewhat  more  scattered  than  is  the  case  with  straight  track,  as  is  to  be 
expected  from  the  greater  number  of  variable  factors  entering  into  the  prob- 
lem, but  the  body  of  the  observed  values  lies  in  a  belt  that  is  frequently  within 
6  000  lb.  per  sq.  in.  of  stress  of  the  line  of  average  stress  although,  in  some  cases, 
the  range  is  much  wider.  This  is  true  for  diagrams  representing  mean  stress, 
stress  at  inner  edge,  and  stress  at  outer  edge  of  base  of  rail.  It  is  evident  then 
that,  as  in  the  case  of  straight  track,  the  line  or  curve  of  average  stress  may 
be  taken  to  be  representative  of  the  values,  with  the  understanding  that  values 
may  frequently  be  expected  greater  and  less  than  this  line  of  average  stress 
within  the  limits  of  the  belt,  with  occasional  values  greater  or  less  than  these 
limits,  and  that  the  range  of  stress  above  and  below  the  average  line  may  be 
taken  to  be  4  000  to  12  000  lb.  per  sq.  in.  for  the  rail  sections  and  loads  used  in 
the  tests. 

In  Figs.  64  to  67^  inclusive,  are  given  the  stresses  at  the  inside  edge  and 
the  outside  edge  of  the  base  of  the  inner  and  the  outer  rail  under  the  several 
wheels  of  three  types  of  locomotives  at  the  speeds  used  in  the  tests. 

In  making  comparisons  between  tests,  reference  may  be  made  to  the  prop- 
erties of  the  rail  sections  given  in  Table  1  and  the  weights  of  the  locomotives 
given  in  Figs.  1  to  3. 

From  an  examination  of  the  diagrams,  it  is  evident  that  there  are  marked 
differences  in  stresses  under  the  several  drivers,  that  these  differences  vary 
greatly  with  speed,  and  that  there  are  high  lateral  bending  stresses  in  the  rail 
under  certain  wheels. 

IJf. — Stresses  Due  to  Vertical  Bending  of  the  Rail. — The  mean  stress  in 
the  base  of  rail  (the  average  of  the  stresses  observed  at  the  two  edges  and  gen- 
erally hereafter  called  the  vertical  bending  stress),  may  be  taken  as  represen- 
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Fig.  42. — Stress  at  the  Inside  and  Outside  Edges  of  the  Base  of  the  Inner  Rail  of 

THE  6°  Curve,  Series  5319-5337,  Mountain  Type  Locomotive  of  thb 

Atchison,  Topeka  and  Santa  Fe  Railway. 
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THE  10°  Curve,  Series  5351-5365,  Mountain  Type  Locomotive  of  the 

Atchison,  Topeka  and  Santa  Fb  Railway. 
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THE  6°  Curve,  Series  5383-5400    Heavy  Santa  Fe  Type  Locomottvb  of  the 

Atchison,  Topeka  and  Santa  Fb  Railway. 


STRESSES    IN   KAILEOAD   TRACK 


991 


40  000 
30  000 
20  000 
10  000 
0 

-10  000 

20  000 

10  000 

0 

-10  000 

30  000 

20  000 

ID  000 

0 

-10  000 


—2D  000 


OOO  OOP         ^      00®Q(O     O 


OUTER  RAIL  OF  6  CURVE 

LOCOMOTIVE  3813 

SANTA  FE  TYPE 

90-LB.  S.F.  RAIL 


^riT^^I^ 


y 


o 


oni 


5  miles 
per  hour ' 


tea? 


ll-JI-1444 


25  miles 
per  hour 


-Edge  of  Base  of  Rail- 

Inside  Outside 


pPq 


10  milea 
per  hour 


Speed  of  8-e  35  miles  per  hour 
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THE   4°   Curve,   Series   5150-5169,   Mikado   Type   Locomotive   of  the 

Delaware,  Lackawanna  and  Western  Railroad. 
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THE  TY2°  Curve,  Series  5170-5190,  Mikado  Type  Locomotive  of  the 

Delaware,  Lackawanna  and  Western  Railroad. 
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Fig.  58. — Stress  at  the  Inside  and  Outside  Edges  of  the  Base  of  the  Inner  Rail  of 

THE  4°  CuBVE,  Series  5100-5116,   Pacific  Type  Locomotivb  of  the 

Delaware,  Lackawanna  and  Western  Railroad. 
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Fig.  59. — Stress  at  the  Inside  and  Outside  Edges  of  the  Base  of  the  Outer  Rail,  or 

THE  4°  Curve,   Series  5100-5116,  Pacific  Type  Locomotivb  of  the 

Delaware,  Lackawanna  and  "Western  Ratlroad. 
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Fig.   60. — Stress  at  the  Insibe  and  Outside  Edges  of  the  Base  of  the   Inner  Rail  of 

THE  71/2°  Curve,  Series  5117-5135,  Pacific  Type  Locomotive  of  the 

Delaware,  Lackawanna  and  Western  Railroad. 


STRESSES  IN  RAILROAD  TRACK 


1005 


40000 
30  000 
20000 
10  000 

0 

I 

j -10000 

.     20  000 

10  000 

0 

-10  000 

20000 

10  000 

-10000 

30000 

20000 

J.0000 

0 

-10  000 


zti 


on    on f)    Q(^Qn  o 


OUTER  RAIL  OF  7>2''CURVE 

LOCOMOTIVE  1131 

PACIFIC  TYPE 


105-LB.  D.L.  &W.-RAIL 


iTjr 


5  miles 
pLT  hour 


m 


Da 


25  mi  lea 
per  hour 


^ 


i^Tstffl 


Speed  of  s-e  36  miles  per  hour 


iM-4-4| — I 


40  miles 
per  hour 


-l+M 


-Edge  of  Base  of  Rail- 
inside        Outside 


I 


RHR 


50  miles 
per  nour 


TT 


Fig.  61. — Stress  at  the  Inside  and  Outside  Edges  of  the  Base  of  the  Outer  Rail  of 

THE  7^!°  Curve,  Series  5117-5135,  Pacific  Type  Locomotive  of  the 

Delaware,  Lackawanna  and  Western  Railroad. 
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FlG.  63. — Stress  at  the  Inside  and  Outside  Edges  of  the  Base  of  the  Outer  Rail  of 

THE  10°  Curve  at  Ft.  Madison,  Ia.,  Series  5459-5466.  Pacific  Type  Locomotive 

of  the  Atchison,  Topeka  and  Santa  Fe  Railway. 
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tative  of  the  bending  of  the  rail  in  a  vertical  plane,  or,  more  strictly,  of  the 
bending  in  a  direction  normal  to  the  inclination  of  the  track,  the  two  effects 
being  practically  identical  for  the  super-elevation  of  the  track  used  in  the 
tests  as  the  cosine  of  the  angle  of  inclination  is  very  close  to  unity.  Although 
stresses  in  rail  are  not  exactly  proportional  to  the  loads  when  the  same  total 
load  is  differently  distributed  among  the  several  wheels  or  differently  divided 
between  the  two  rails,  yet,  when  the  differences  are  not  great,  the  sum  of  the 
stresses  in  the  rail  under  all  the  wheels  will  generally  not  differ  greatly  for 
different  divisions  or  distribution  of  load,  and  summations  of  the  stresses  for 
each  rail  may  be  useful  for  making  comparisons  and  in  checking  the  action 
of  the  locomotive  and  track.  By  means  of  the  analytical  method  given  in  the 
first  progress  report  and  the  solution  for  unknowns  in  equations  based  thereon, 
the  load  which  will  produce  the  given  mean  stress  may  be  estimated  quite 
approximately.  It  will  be  seen,  therefore,  that  the  values  of  the  mean  stresses 
in  base  of  rail  (vertical  bending  stresses)  not  only  will  permit  comparisons 
with  the  stresses  in  straight  track  to  be  made,  but  will  enable  the  vertical  load 
to  be  distinguished  from  the  lateral  forces  or  loads  that  are  also  developed  in 
passing  around  the  curve.  A  close  estimate  may  then  be  made  of  the  distribu- 
tion of  vertical  load  among  the  wheels  and  between  the  two  rails  as  it  is  found 
on  the  various  curves.  Two  discussions  will  be  given,  the  first  based  on  the 
average  stresses  in  the  two  rails,  and  the  second  based  on  the  loads  at  the 
individual  wheels  and  the  stresses  in  the  rails. 

Fig.  68  gives  the  average  of  the  vertical  bending  stresses  in  the  inner  and 
the  outer  rails  for  the  Mountain  type  locomotive  on  the  6°  curve  of  the  Atchi- 
son, Topeka  and  Santa  Fe  Railway  and  also  the  average  vertical  bending  stress 
in  base  of  rail  found  on  straight  track  with  the  same  locomotive.  These 
stresses  are  the  average  of  those  found  throughout  the  revolution  of  the  driver. 
It  is  seen  that  the  average  of  the  vertical  bending  stresses  for  the  inner  and 
outer  rail  does  not  differ  greatly  from  the  stress  found  on  straight  track.  Gen- 
erally speaking,  in  most  of  the  tests  on  the  curved  track,  the  sum  of  the  verti- 
cal bending  stresses  under  all  the  wheels  was  nearly  that  found  on  straight 
track,  although  in  some  cases  it  was  somewhat  larger  on  the  curved  track. 
It  is  evident  that  the  total  of  the  vertical  load  effects  does  not  differ  greatly 
in  the  two  kinds  of  tracks. 

It  may  be  interesting  to  find  whether  the  load  is  divided  between  the  two 
rails  in  the  manner  indicated  by  Equations  (31)  and  (32),  in  Article  12,  "The 
Action  of  Curved  Track".  For  this  purpose,  the  sum  of  the  vertical  bending 
stresses  in  base  of  rail  for  each  of  the  drivers,  trailer,  and  front  truck  wheel 
on  one  rail  was  taken,  and  also  the  sum  of  the  vertical  bending  stresses  in  the 
base  of  the  other  rail.  The  ratio  found  by  dividing  the  sum  in  the  outer  rail 
by  the  average  of  the  two  sums  for  the  various  tests  is  given  in  Tables  21  and 
22,  as  is  the  corresponding  ratio  for  the  inner  rail.  In  subsequent  discussion, 
it  is  shown  that  the  sum  of  the  stresses  is  closely  representative  of  the  relative 
loads  on  the  two  rails.  If  the  sum  of  the  stresses  found  on  straight  track  was 
used  as  the  divisor,  the  resulting  ratios  would  have  quite  similar  values.  The 
ratios  are  given  in  Tables  21  and  22  for  the  various  speeds  at  which  tests 
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were  made.    The  ratios  calculated  by  Equations  (31)  and  (32)  are  also  given 
in  these  tables. 
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F^G.   68. — Values   of  the  Average  of  the   Stresses   in   the   Inner   and   Outer  Rail  of 

THE  6°  Curve  and  the  Average  Stress  on  Straight  Track,  Heavy  Santa  Fe 

Type  Locomotive  of  the  Atchison,  Topeka  and  Santa  Fe  Railway. 

For  the  lower  speeds,  it  is  seen  that  the  division  of  stress  between  the  two 
rails  (and  presumably  also  the  division  of  load)  for  the  Pacific  type  on  the  4° 
and  7i°  curves  of  the  Delaware,  Lackawanna  and  Western  Railroad  and  the 
Mountain  type  and  Heavy  Santa  Fe  type  on  the  6°  and  10°  curves  of  the  Atchi- 
son, Topeka  and  Santa  Fe  Railway  agree  very  closely  with  the  ratios  calculated 
from  the  inclination  of  track  and  centrifugal  force,  thus  confirming  the  analy- 
sis. The  stresses  observed  under  the  Mikado  type  on  the  4*  curve  at  the  lower 
speeds  give  ratios  which  are  much  closer  to  unity  than  the  calculated  ratios;  it 
is  not  known  why  these  differ;  for  the  7i°  curve,  the  agreement  is  close.  The 
Pacific  type  of  the  Atchison,  Topeka  and  Santa  Fe  Railway,  on  the  10°  curve, 
with  a  super-elevation  of  2  in.,  gives  ratios  of  observed  stresses  which  vary  from 
unity  by  an  amount  that  is  about  twice  as  great  as  the  calculated  ratios.  It 
appears  from  this  that,  for  slight  super-elevation,  curvature  alone  gives  an 
effect  in  changing  the  division  of  load  between  the  two  rails  greater  than  that 
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found  from  tlie  inclination  of  track  and  the  centrifugal  force.  Evidently, 
there  is  some  transfer  of  load  by  other  means,  possibly  the  action  of  the  equal- 
izing levers. 

For  the  higher  speeds,  above  those  corresponding  to  the  speeds  of  super-eleva- 
tion, more  variation  in  the  results  are  found.  The  observed  stresses  give  ratios 
which  correspond  to  those  obtained  by  analysis  in  the  case  of  the  Mikado  type 
locomotive  on  the  4°  curve,  the  Pacific  type  on  the  4°  curve,  the  Mountain  type 
on  the  6°  and  10°  curves,  and  the  Heavy  Santa  Fe  type  on  the  10°  curves. 
Others  give  seemingly  inconsistent  ratios  at  the  higher  speeds ;  the  Mikado  type 
locomotive  on  the  7h°  curve  gives  ratios  derived  from  the  test  values  which  are 
larger  than  those  obtained  from  the  analytical  values. 

As  the  summation  of  the  stresses  under  the  wheels  of  the  locomotive  for 
each  rail  may  be  taken  to  represent  closely  the  relative  loads  on  the  inner  and 
outer  rail,  it  is  evident  that  at  the  lower  speeds,  except  for  the  10°  curve  with 
only  2  in.  of  super-elevation,  the  division  of  the  total  load  between  the  inner  and 
outer  rails  is  closely  represented  by  the  calculated  values  based  on  the  transverse 
inclination  of  track  and  the  centrifugal  force.  The  distribution  of  load  among 
the  several  wheels  and  even  its  division  between  the  two  wheels  of  one  axle 
are  quite  different  matters,  and  important  variations  from  the  distribution 
found  on  straight  track  will  be  noted. 

Consideration  will  now  be  given  to  the  vertical  bending  stresses  under  the 
individual  wheels  and  the  loads  necessary  to  produce  them. 

The  vertical  bending  stress  in  base  of  rail  under  the  various  wheels  of  the 
locomotive  (the  average  stress  throughout  the  revolution  of  the  driver)  is 
recorded  in  Figs.  69  to  72  for  both  outer  and  inner  rails  for  the  speeds  used  in 
the  tests  on  curved  track.  Comparison  may  be  made  with  the  stresses  under 
the  same  wheels  in  the  tests  on  straight  track,  as  given  in  Figs.  10  to  20, 
inclusive,  and  in  Tables  10  to  18,  inclusive.  In  making  a  study  of  the  stresses, 
it  should  be  kept  in  mind  that  changes  in  values  of  the  vertical  bending  stresses 
at  any  wheel  must  be  due  to  changes  in  the  amount  of  load  on  the  wheel  either 
by  itself  or  in  combination  with  adjoining  wheels. 

Values  of  the  wheel  loads  necessary  to  produce  the  observed  vertical  bending 
stresses  may  be  calculated  by  the  use  of  the  analytical  method  for  determining 
the  stress  in  rail  caused  by  a  group  of  wheel  loads  given  in  the  first  progress 
report.  An  algebraic  equation  is  written  for  the  vertical  bending  stress  at  each 
driver;  the  observed  vertical  bending  stress  at  the  driver  is  a  known  quantity, 
and  the  unknown  wheel  loads  of  the  several  drivers  are  represented  as  unknown 
quantities.  There  will  then  be  as  many  equations  and  unknown  quantities 
as  there  are  drivers.  The  effect  of  the  trailer  and  the  wheels  of  the  front  truck 
is  taken  into  account  whenever  necessary.  The  solution  of  these  equations  is 
not  troublesome.  The  fact  that  the  siun  of  all  the  loads  thus  found  agrees 
quite  closely  with  the  total  load  on  the  drivers  should  give  some  confidence  in 
this  method  of  calculating  the  division  of  load  among  the  wheels. 

In  Table  23  are  given  the  calculated  vertical  wheel  loads  on  straight  track 
and  on  the  inner  and  the  outer  rail  of  curves  for  several  types  of  locomotives 
at  a  speed  of  5  or  10  miles  per  hour  as  determined  by  this  method.    The  results 
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VERTICAL  BENDING  STRESSES 


13200  8700 

13900  11300 

15900  13600 

24200  19900 


17600 
17800 
16900 
12700 

e'^Curve 

Mountain  Type  Locomotive  3710 
Superelevation  4.7  in.  for  35  miles  per  hour 


5300 
9800 
13700 


7600  11700 
11800  12800 
12200    15300 


M 


3600 
.4300 
4900 


26700  20000  14500 
20600  15800  13700 
13100   13900   11900 

10°Curve 

Mountain  Type  Locomotive  3710 

Superelevation  4.7  in.  for  27  miles  per  hour 


,mUesperl"o;^'^ 


16500 
21300 


12000 
16300 


9400 
11000 


8500 
10000 


^5300       21600    22800    20300  6600 

15000       17000    21300    18300  8000 

10"  Curve 

Pacific  Type  Locomotive  3406 

Superelevation  2.0  in.  for  17  miles  per  hour 

FIO.    69.-VEHTICAI.  BENBINO   STRESSES    IN   BASK    OF    R^S   OK   CUKVED   TRACK,    McmNXMN    AND 

Pacific  Type  Locomotives  of  the  Atchison,  iopeka  and  oainia  ra 
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6  nines  per 


13800 
14100 
17800 


7200 
10200 
12700 


7300 
8300 
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8500  lennn 
11400   11700 
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18300   19400   20900 
17200   16200   19800   15700   146OO 
15500   14000   18300   16900   14900 
6°Curve 

Heavy  Santa  Fe  Type  Locomotive  3813 
Superelevation  4.7  in.  for  35  miles  per  hour 


„^>>our     15500 
5  mites  per  t^o^'^      ^^^ 


*  14900  -100  7600  5300 
15800  6200  9300  7200 
19800       10200       10600        9000 
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14900 

19700 
27000 


17100      29200      14900 
15200      19000      13700      14400 
12700      12600      14200      I4500 
10°  Curve 

Heavy  Santa  Fe  Type  Locomotive  3813 
Superelevation  4.7  in.  for  27  miles  per  hour 


Josoo 
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11800 


v,nur      9800 
5  mites  per  ^"l^-^      ^3500 


7000 
9900 
13400 


12500  3800  5400 
11500  6100  6200 
12900        9700         9000 


7300 

12200 

9600 

13600 

19200 

0500 

17300 

19800 

7600       27000 

4500       16100 

4100      12400 

10°  Curve 

Heavy  Santa  Fe  Type  Locomotive  3829 
Superelevation  4.7  in.  for  37  miles  per  hour 

^^q;J^~^^S."^'^^  Bending   Stresses   in   Base   of   Rails   of   Curved  Track    Hfavy 
Santa  Fe  Type  Locomotives  of  the  Atchison.  Topeka  and  Santa  I^rTilway? 
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VERTICAL  BENDING  STRESSES 
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6600 

7800 

13200 

14000 

8800 

10000 

14500 

15600 

9400 

11300 

14800 

16800 

12500 

13500 

14900 
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13400  12600 

1^000  13600 

13800  uooo 

12600  14000 

4°  Curve 
Mikado  Type  Locomotive  1220 

for  37  miles  per  hour 
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5200 
5900 

6300 
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■  bour 


10000 
10300 
10900 
12200 


8400  2900  6000  10900 

10000  6200  8100  12400 

12100  8900  9600  moo 
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25700 
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20100 
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22&00  20900 

21700  19000 

19300  20200 

18400  18500 


20200 
19000 
18300 
19900 

6°Curve 

Mikado  Type  Locomotive  1220 

Superelevation  8.5  in.  for  46  miles  per  hour 


9100 
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7300 
8200 
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7000 
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10700 
14200 


8500 
10400 
11000 
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T«^^e^P^         .      17600 


25 
35 
45 


17400 
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1S90U  19500 

16100  18400 

14500         1790O 
12500  15900 

7>^°  Curve 
Mikado  Type  Locomotive  1220 
Superelevation  6.4  in.  for  36  miles  per  hour 


17800 
17000 
15300 
12600 


Fig. 
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71._VKRT1CAI.    BENDING    STHBSSES    IN    BASE    OF    RAU^S    OF    CUE^^D    TkACK^^^^^ 

Locomotive  of  the  Delaware,   Lackawanna  and  western  kaii.k 


TypK 


STRESSES  IN  KAILROAD  TRACK 


1017 


VERTICAL  BENDING  STRESSES 


bout 


13800 
15100 
16200 
17300 


13000 
14400 
16800 
19800 


9200 

9600 

11900 

.15800 


M 


15000  15000 

14300  15000 

12600  12500 

10400  10700 

4°Curve 

Pacific  Type  Locomotive  1131 

Superelevation  3.7  in.  for  37  miles  per  hour 


■  hour 


13000 

25  "   "  ,.    18100 

40  "   "  ..    20300 

60 'i 

^  Tr. 

21000 
20600 
16900 
14200 


12500 

8400 

14400 

10900 

16700 

13800 

20200 

16200 

18900 

21800 

18700 

19500 

14000 

15000 

12400 

13100 

21500 
18200 
16800 
7»^''Curve 
Pacific  Type  Locomotive  1131 
Superelevation  6.4  in.  for  36  miles  per  hour 

Fig.  72. — Vertical  Bending  Stresses  in  Base  of  Rails  of  Curved  Track,  Pacific  Type 
Locomotive  of  the  Delav^are,  Lackawanna  and  Western  Railroad. 
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of  the  calculations  were  changed  proportionally  to  make  the  sum  of  the  wheel 
loads  equal  the  total  load  on  the  drivers.  The  values  given  in  Table  23, 
although  subject  to  some  error,  may  be  taken  as  representative  of  the  vertical 
loads  transmitted  to  the  rail.  The  same  method,  of  course,  may  be  applied  to 
any  speed. 

TABLE    23. — Vertical  Loads  on  Drivers  Calculated  from  Observed  Vertical 

Bending  Stresses  for  Speeds  of  5  and  10  Miles  per  Hour. 

The  nominal  load  on  the  drivers  is  also  given. 


Type  of  locomotive,  degree  of 
curve,  and  location. 


Heavy  Santa  Fe  Type  : 

Nominal  loads  on  straight  track 

Calculated  loads,  on  straight  track. . . 

6°  curve.  Outer  rail 

Ribera,  Inner  rail 

10°  curve,  Outer  rail 

Ribera,  Inner  rail 

lO"  curve.  Outer  rail 

Bealville,  up  grade.  Inner  rail 

10°  curve.  Outer  rail 

Bealville,  wet  rails.  Inner  rail 

10°  curve,  Outer  rail 

Cajon,  up  grade.  Inner  rail 

10°  curve,  Outer  rail 

S.  P.  locomotive,  up  grade.  Inner  rail 

Mountain  Type  : 

Nominal  load  on  straight  track 

Calculated  loads  on  straight  track. . . 

6°  curve.  Outer  rail 

Ribera,  Inner  rail 

10°  curve,  Outer  rail 

Ribera,  Inner  rail 

Pacific  Type  : 

Nominal  loads  on  straight  track 

Calculated  loads  on  straight  track. . . 

10°  curve,  Outer  rail 

Fort  Madison,  Inner  rail 

Mikado  Type  : 

Nominal  loads  on  straight  track 

Calculated  loads  on  straight  track. . . 

4°  curve.  Outer  rail 

Dover,  Inner  rail 

6°  curve,  Outer  rail 

Mt.  Tabor,  Inner  rail 

7}^°  curve.  Outer  rail 

Paterson,  Inner  rail 


Driver  Number. 


32  000 

32  000 

25  000 
37  000 

26  000 
41  000 

25  000 
35  000 

25  000 

33  000 

9  000 
52  000 

25  000 
29  000 


31  200 
33  000 

20  000 
46  000 

8  000 
64  000 

7  000 
60  000 

16  000 
45  000 

21  000 
33  000 

16  000 
50  000 


80  200 
29  000 

22  000 
33  000 

23  000 
32  000 


29  600 
29  000 

29  000 
29  000 

14  000 
38  000 

18  000 
36  000 


31  500 
33  000 

19  000 
47  000 

18  000 
45  000 

21  000 
50  000 

23  000 
44  000 

22  000 
47  000 

20  000 
47  000 


30  200 

31  000 

21  000 
42  000 

16  000 
53  000 


30  700 
38  000 

20  000 
37  000 


29  600 
31  000 

22  000 
38  000 

10  000 
53  000 

18  000 
45  000 


29  800 
29  000 

21  000 
87  000 

18  000 
37  000 

18  000 
37  000 

20  000 
41  000 

17  000 
46  000 

20  000 
36  000 


30  400 
33  000 

21  000 

44  000 

19  000 

45  000 


29  200 
32  000 

20  000 
45  000 


29  600 
31  000 

24  000 
37  000 

15  000 
50  000 

21  000 
46  000 


30  200 

28  000 

29  000 
29  000 

28  000 

24  000 

23  000 

26  000 

25  000 
32  000 

24  000 
81  000 

27  000 
27  000 


30  700 
29  000 

22  000 
88  000 

23  000 
32  000 


29  900 

30  000 

19  000 
39  000 


29  600 

27  000 

28  000 

30  000 

19  000 
38  000 

20  000 
83  000 


It  is  evident  from  the  diagrams  and  tables  that  the  changes  in  vertical 
bending  stresses  and  in  vertical  loads  at  the  several  drivers  are  very  marked  and 
that  important  additions  to  the  bending  moments  in  the  rail  and  in  the  bearing 
pressures  at  the  top  of  the  rail  are  found  on  curves.  The  increased  stress  in 
the  inner  rail  under  certain  drivers  is  greatest  at  the  low  speed,  but  even  at 
speeds  two-thirds  that  corresponding  to  super-elevation  increases  of  stress  of 
75  to  85%  of  the  increase  found  at  the  low  speed  were  common.    At  the  higher 
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speeds,  the  special  increase  in  load  at  the  one  driver  vanishes,  and  the  dis- 
tribution among  the  several  drivers  is  much  the  same  as  v^ould  be  expected  from 
a  consideration  of  transverse  inclination  of  track  and  centrifugal  force,  except 
that  the  vertical  bending  stress  in  the  outer  rail  under  the  outer  front  driver 
is  very  great  at  the  high  speeds. 

Consider  the  results  for  the  Heavy  Santa  Fe  type  locomotive  given  in  Fig. 
70.  At  5  miles  per  hour,  the  vertical  bending  stresses  in  the  inner  rail  of  the 
6°  curve  under  the  third  and  fourth  drivers  are  much  higher  than  the  cor- 
responding ones  in  the  outer  rail — far  higher  than  are  to  be  expected  from 
considerations  of  transverse  inclination  of  track  and  centrifugal  force.  In 
Table  23  it  is  seen  that  the  loads  transmitted  by  these  inner  drivers  estimated 
from  the  observed  vertical  bending  stresses  are  47  000  and  46  000  lb.,  50% 
greater  than  the  nominal  loads.  On  the  10°  curve  at  Ribera,  at  5  miles  per 
hour,  the  vertical  bending  stress  in  the  inner  rail  under  the  fourth  driver  is 
29  000  lb.  per  sq.  in.  By  calculation  from  the  stresses,  the  load  transmitted  by 
this  driver  is  estimated  to  be  64  000  lb.  (see  Table  23),  more  than  twice  the 
normal  load.  The  stresses  in  the  outer  rail  under  wheels  on  the  same  axles 
are  correspondingly  light,  the  stress  under  the  fourth  driver  on  the  10°  curve 
being  zero.  Considering  the  stresses  under  adjoining  wheels,  the  load  on  the 
driver  giving  a  rail  stress  of  zero  is  calculated  to  be  8  000  lb.,  about  one-fourth 
that  acting  on  straight  track.  For  both  curves  the  high  stresses  in  the  inner 
rail  become  smaller  at  the  higher  speeds,  and  at  35  and  40  miles  per  hour 
(above  the  speed  of  super-elevation),  they  are  fairly  uniform  under  the  several 
drivers.  On  the  10°  curve,  the  vertical  bending  stresses  in  the  outer  rail  under 
all  the  drivers  increase  with  the  increase  in  speed.  The  stress  of  27  000  lb. 
per  sq.  in.  under  the  first  driver  at  a  speed  of  35  miles  per  hour  is  the  highest 
vertical  bending  stress  found  in  the  outer  rail,  and  the  corresponding  calculated 
load  is  47  000  lb. 

In  the  Mountain  type  locomotive  (Fig.  69),  the  vertical  bending  stresses 
in  the  inner  rail  of  the  6°  curve  under  the  second  and  third  drivers  at  a  speed 
of  5  miles  per  hour  are  2^  and  2|  times  those  in  the  outer  rail.  This  means 
loads  of  44  000  and  42  000  lb.,  40%  more  than  the  normal  load  on  straight 
track — far  more  than  will  be  produced  by  transverse  inclination  of  track  alone. 
On  the  10°  curve,  the  corresponding  vertical  bending  stress  in  the  inner  rail 
under  the  second  driver  is  nearly  three  times  as  great  as  that  in  the  outer  rail 
and  under  the  third  driver  five  times  as  great.  This  means  loads  of  45  000  and 
53  000  lb.,  50%  more  than  on  straight  track  for  the  second  driver  and  75%  for 
the  third  driver,  the  latter  driver  thus  giving  a  very  high  bearing  pressure  on 
the  rail.  At  the  speed  of  35  miles  per  hour,  the  stresses  in  the  two  rails  of  the 
6°  curve  under  the  various  wheels  have  approached  each  other  and  are  nearly 
equal.  A  somewhat  similar  condition  exists  on  the  10°  curve  for  the  two  rails, 
although  the  tendency  to  high  stresses  in  the  outer  rail  under  the  first  and  last 
driver  is  present  with  this  locomotive,  as  with  the  Heavy  Santa  Fe  type.  At 
the  speed  of  25  miles  per  hour,  the  calculated  load  on  the  third  driver  on  the 
inner  rail  of  the  10°  curve  is  42  000  lb.  On  the  6°  curve,  at  50  miles  per  hour, 
the  vertical  bending  stress  in  the  outer  rail  at  the  first  driver  is  25  400  lb.  per 
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sq.  in.  and  that  at  the  fourth  driver,  24  200  lb.  per  sq.  in.  The  trailer  of  the 
Mountain  type  gives  high  stresses  in  one  rail  or  the  other,  the  highest  value 
being  reached  in  the  outer  rail  of  the  10°  curve  at  35  miles  per  hour.  It  is  seen 
that  except  for  the  trailer  the  speed  that  is  higher  than  that  corresponding  to 
the  super-elevation  gives  the  most  Uniform  values  of  the  stresses  under  all  the 
wheels  and  in  the  two  rails. 

The  Pacific  type  locomotive  on  the  10°  curve  at  Fort  Madison,  Iowa, 
(Fig.  69),  develops  a  vertical  bending  stress  in  the  inner  rail  under  the  first 
driver  at  a  speed  of  5  miles  per  hour  that  is  2.2  times  that  in  the  outer 
rail,  and  one  under  the  second  driver  that  is  2.4  times  the  corresponding  stress 
in  the  outer  rail.  The  loads  necessary  to  produce  these  stresses  in  the  inner 
rail  (39  000  and  45  000  lb.)  are  1.3  and  1.5  times  the  normal  loads  on  these 
two  drivers  (the  driver  loads  that  apply  to  straight  track),  although  the  calcu- 
lated ratio  (see  Tables  21  and  22)  of  load  on  inner  rail  to  normal  load  for  the 
super-elevation  of  2  in.  is  only  1.08.  At  25  miles  per  hour  (the  speed  cor- 
responding to  the  super-elevation  is  17  miles  per  hour),  the  vertical  bending 
stress  in  the  inner  rail  under  the  main  driver  is  still  nearly  double  that  in 
the  outer  rail  and  the  corresponding  calculated  loads  are  40  000  and  24  000 
lb.  The  distribution  of  load  among  the  drivers  at  both  speeds  is  evidently 
considerably  different  from  that  which  obtains  on  straight  track.  It  seems 
that  for  this  sharp  curve  and  small  super-elevation  the  equalizing  system 
does  not  act  to  give  an  equal  distribution  of  load  among  the  drivers.  The 
Pacific  type  locomotive  on  the  4°  curve  of  the  Delaware,  Lackawanna  and 
Western  Railroad,  at  5  miles  per  hour,  develops  vertical  bending  stresses  in 
the  inner  rail  under  the  first  and  second  drivers  that  are  1.6  times  the  cor- 
responding stresses  in  the  outer  rail.  These  stresses  indicate  that  the  loads  on 
these  two  drivers,  39  000  and  41000  lb.,  are  20  and  25%  greater  than  the 
normal  load,  although  the  calculated  ratio  (and  also  the  ratio  of  observed 
values  for  the  locomotive  as  a  whole)  is  only  1.15.  On  the  7^°  curve,  at  5 
miles  per  hour,  the  same  drivers  develop  vertical  bending  stresses  in  the 
inner  rail  2.4  and  2.6  times  those  in  the  outer  rail;  the  corresponding  loads  on 
the  inner  rail  are  40  000  and  49  000  lb.,  40  to  50%  greater  than  the  normal 
loads,  while  the  ratio  calculated  from  the  transverse  inclination  of  the  track 
is  only  1.27.  On  both  the  4°  and  the  11°  curves,  at  speeds  at  and  slightly 
above  those  corresponding  to  super-elevation,  the  vertical  bending  stresses  in 
both  rails  under  all  the  drivers  of  this  locomotive  approach  common  values, 
showing  that  the  distribution  of  load  is  much  the  same  as  that  given  by  the 
equalizing  levers  on  straight  track. 

The  Mikado  type  locomotive  of  the  Delaware,  Lackawanna  and  Western 
Railroad,  which  has  the  first  and  second,  and  also  the  third  and  fourth,  drivers 
connected  by  equalizing  levers,  shows  a  different  distribution  and  grouping 
of  the  stresses.  The  ratios  of  the  vertical  bending  stress  in  the  inner  rail  of 
the  4°  curve,  at  5  miles  per  hour,  to  stress  on  straight  track  derived  by  the 
analysis  and  calculation,  are  in  the  order  of  the  drivers,  1.04,  1.22,  1.26,  and 
1.04.  For  each  two  drivers  that  are  connected  by  equalizers,  the  ratio  is  higher 
for  the  intermediate  driver  than  for  the  front  or  rear  one,  but  the  average 
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is  close  to  1.15,  the  value  calculated  from  the  inclination  of  track.  On  the 
7J°  curve,  at  5  miles  per  hour,  the  same  transfer  of  load  from  first  to  second 
driver  and  from  fourth  to  third  occurs.  The  ratios  of  stress  in  inner  rail 
to  stress  in  outer  rail  are  1.5,  2.3,  2.7,  and  2.0,  respectively.  The  corresponding 
loads  on  the  inner  rail  are  33  000,  46  000,  45  000,  and  36  000  lb.  These  loads 
show  that  there  is  a  considerable  increase  in  the  bearing  pressure  on  the 
inner  rail  over  its  normal  value.  For  the  higher  speeds,  the  stresses  in  the 
two  rails  are  much  the  same  for  all  the  drivers.  For  the  6°  curves,  the  loads 
on  the  second  and  third  drivers  on  the  inner  rail  calculated  from  the  stresses, 
at  5  miles  per  hour  (see  Table  23),  are  50  000  and  53  000  lb.,  respectively,  and 
at  25  miles  per  hour,  45  000  and  47  000  lb. 

It  is  seen  that  for  all  the  curves  the  relation  of  the  average  of  the  vertical 
bending  stresses  under  all  the  wheels  of  a  locomotive  on  the  inner  rail  to  the 
corresponding  average  of  the  stresses  in  the  outer  rail,  taken  as  a  measure  of 
the  bending  of  the  rail  in  a  vertical  plane,  in  the  main  conform  fairly  closely 
to  what  may  be  expected  from  the  analytical  consideration  of  the  transverse 
inclination  of  the  track  and  the  centrifugal  force,  as  far  as  the  locomotive  as 
a  whole  is  concerned.  The  principal  variation  from  this  conformity  to  analysis 
is  the  Pacific  type  locomotive  on  the  10°  curve  having  a  super-elevation  of  2  in. 

The  outstanding  result  of  the  foregoing  study  of  vertical  bending  stresses 
on  curved  track  is  the  variable  distribution  of  load  among  the  drivers,  and, 
particularly,  the  greatly  increased  loads  found  on  some  of  the  drivers  beyond 
that  normally  expected.  These  high  loads  occur  principally  on  the  inner  rail 
and  are  most  marked  at  the  low  speed,  although  high  values  were  found  in  a 
number  of  cases  at  speeds  two-thirds  that  corresponding  to  the  super-elevation. 
Further  examples  of  high  loads  under  individual  drivers  at  moderate  speeds 
are  cited  in  the  discussion  of  the  tests  in  California  (see  Article  20,  "Eesults 
of  Tests  on  10°  Curves  in  California")-  Loads  ranging  up  to  100%  in  excess 
of  the  normal  load  were  found  with  several  of  the  locomotives.  These  excessive 
loads  produce  high  stresses  in  the  rail,  but  more  important  still  they  give 
very  high  bearing  pressures  on  the  rail.  It  is  a  well  known  fact,  of  course, 
that  the  inner  rail  of  curves  suffers  greatly  from  the  high  pressure  on  it.  The 
bearing  pressures  on  the  rail  on  straight  track  constitute  a  serious  problem, 
and  the  conditions  on  the  curves  seem  to  be  far  worse  than  they  have  been 
thought  to  be.  As  the  bearing  pressures  found  are  considerably  higher  under 
some  of  the  wheels  than  those  which  ordinary  analysis  of  the  effect  of  trans- 
verse inclination  of  track  and  centrifugal  force  would  predict,  it  would  seem 
well  to  have  a  study  made  of  the  action  of  the  equalizing  levers  and  the 
springs  on  curved  track  to  try  to  find  the  cause  of  the  concentration  of  load, 
and  to  attempt  to  modify  the  design  so  as  to  obviate  such  gross  inequalities. 

15. — Lateral  Bending  of  Rail  on  Curves. — When  forces  are  applied  laterally 
to  the  rails  of  a  curve  by  the  wheels  of  the  locomotive  (the  component  forces 
in  the  direction  of  the  radius  of  the  curve,  either  inward  or  outward,  being 
meant),  lateral  bending  of  the  rail  is  produced  and  a  set  of  stresses  is  developed 
which  may  be  termed  lateral  bending  stresses.  As  the  beam  strength  of  the 
rail  in  a  lateral  direction  is  much  less  than  that  which  resists  bending  in  a 
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vertical  direction  (the  section   modulus,  — ,  a1)out  a  vertical    axis   being  only 

about  one-fifth  of  that  about  a  horizontal  axis),  large  lateral  bending  stresses 
will  be  developed  by  a  lateral  bending  moment  relatively  much  smaller  than 
the  vertical  bending  moment  that  causes  vertical  bending  stresses  of  the 
same  magnitude.  The  stress  in  any  fiber,  of  course,  will  be  the  sum  of  the 
fiber  stress  due  to  vertical  bending  and  that  due  to  lateral  bending,  the  nature 
of  the  stress  either  tension  or  compression  being  taken  into  consideration. 
It  will  help  in  understanding  the  cause  of  the  lateral  bending  and  in  applying 
the  analysis  given  in  Article  12,  "The  Action  of  Curved  Track",  if  something 
is  known  of  the  position  and  direction  taken  by  the  wheels  of  the  locomotive 
in  traversing  a  curve. 

In  Figs.  73  and  74  are  shown  the  relative  positions  of  the  wheels  of  five 
locomotives  on  several  curves,  the  dimensions  are  given  in  inches  and  repre- 
sent the  distance  from  the  gauge  side  of  the  rail  to  the  fiange  of  the  wheel. 
The  measurements  were  made  with  a  view  of  obtaining  a  general  notion  of  the 
position  and  direction  taken  by  the  wheels,  but  no  effort  was  made  to  secure 
great  accuracy  or  completeness  in  the  tests  and  measurements.  The  results, 
however,  may  be  taken  to  be  fairly  accurate.  The  locomotive  was  run  over 
the  track  at  slow  speed  and  allowed  to  come  to  rest  without  the  application  of 
the  brakes.  The  test  was  not  repeated.  On  the  Atchison,  Topeka  and  Santa 
Fe  Railway,  measurements  were  made  between  the  gauge  side  of  the  rail 
and  the  fiange  of  the  wheel.  A  steel  scale  was  used  and  notwithstanding  the 
difficulties  of  measurement  the  data  are  probably  accurate  to  -^  in.  On  the 
Delaware,  Lackawanna  and  Western  Railroad,  no  measurements  were  made 
except  for  the  last  diagram  of  Fig.  74,  but  observations  were  taken  to  see 
whether  the  fiange  bore  on  the  side  of  the  rail,  or  was  away  from  it  a  distance 
less  than  or  more  than  i  in.  The  radial  line  on  Figs.  73  and  74  is  drawn 
at  the  position  where  the  radius  of  the  curve  is  perpendicular  to  the  line 
taken  by  the  wheel  base,  the  determination  being  made  on  a  large  scale 
drawing.  The  point  at  which  this  radial  line  crosses  the  inner  rail  may  be 
taken  to  be  the  probable  center  of  rotation  of  the  locomotive  frame.  Generally 
speaking,  the  flange  of  the  outer  front  driver  bears  against  or  is  close  to  the 
outer  rail,  and  a  line  along  the  gauge  side  of  the  flanges  of  the  drivers  cuts 
the  outer  rail  at  the  outer  front  driver  or  somewhat  in  front  of  it.  The  flange 
of  the  outer  rear  driver  does  not  touch  the  outer  rail  and  in  several  cases  the 
flange  of  the  inner  rear  driver  is  closer  to  the  rail  than  that  of  the  outer  one 
The  fiange  of  the  inner  front  driver  is  well  away  from  the  rail.  Generally,  too, 
the  flange  of  the  driver  next  to  the  rear  one  is  close  to  the  inner  rail,  although 
it  does  not  bear  against  it  as  the  outer  front  driver  bears  against  the  outer 
rail.  The  center  of  rotation  (if  this  is  the  center  of  rotation)  is  the  point 
at  which  the  radial  line  marked  on  the  diagrams  crosses  the  inner  rail.  For 
the  locomotives  having  eight  or  ten  drivers,  this  point  is  located  on  the  inner 
rail  at  the  driver  next  to  the  rear  driver.  Locomotive  No.  3710,  on  the  10° 
curve,  appears  to  be  an  exception  to  this;  the  point  is  here  found  under  the 
second  driver.    In  the  case  of  the  Pacific  type  locomotive,  one  diagram  shows 
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the  point  to  be  at  the  rear  driver  and  one  between  the  second  and  third 
driver.  The  former  has  the  front  driver  flange  against  the  outer  rail;  in  the 
second  one,  it  is  well  away  from  it. 

The  flange  of  the  outer  wheel  of  the  front  truck  generally  bears  against  the 
outer  rail.  In  the  case  of  the  four-wheel  leading  truck,  both  outer  wheels 
have  this  bearing.  The  flanges  of  the  trailers  do  not  touch  the  outer  rail. 
In  one  case  only  do  they  touch  the  inner  rail.  They  take  a  position  away 
from  the  two  rails  sometimes  closer  to  one  and  sometimes  to  the  other.  The 
first  wheel  of  the  trucks  of  the  tender  generally  bears  against  the  outer  rail 
and  the  line  of  the  wheel  base  is  a  secant  line  cutting  the  outer  rail  at  this 
point.  In  some  cases,  the  front  truck  does  not  take  this  position;  its  location 
seems  to  be  somewhat  variable.  For  those  trucks  having  the  front  wheel 
bearing  against  the  outer  rail,  the  center  of  rotation  seems  to  be  at  or  near 
the  rear  wheel  of  the  truck. 

The  positions  given  in  Figs.  73  and  74  may  be  taken  to  be  representative 
of  the  position  of  the  wheels  at  low  speeds.  For  higher  speeds,  some  modifica- 
tions may  be  expected.  The  tendency  will  be  for  the  wheels  to  move  some- 
what toward  the  outer  rail,  although  it  seems  evident  that  generally  there 
will  not  be  much  change  in  position  with  respect  to  the  two  rails.  There  will 
be,  of  course,  an  increase  of  the  pressure  of  the  flange  of  the  front  wheel 
against  the  rail  and  also  a  change  in  the  amount  of  lateral  pressure  trans- 
mitted by  means  of  friction  between  the  wheel  and  the  rail,  but  these  changes 
may  not  be  expected  to  result  in  any  marked  change  in  the  relative  position 
of  the  wheels  and  rails.  This  conclusion  is  borne  out  by  the  nature  and  amount 
of  the  lateral  bending  stresses  found  in  the  tests. 

In  Figs.  75  to  78,  inclusive,  is  recorded  the  magnitude  of  the  lateral 
bending  stresses  in  the  outer  and  inner  rails  under  the  several  wheels  of  the 
locomotive  and  tender  at  the  speeds  at  which  tests  were  made,  the  stress 
being  given  in  pounds  per  square  inch,  for  the  tests  at  Ribera,  N".  Mex.,  Fort 
Madison,  Iowa,  and  Dover,  Paterson,  and  Mount  Tabor,  N.  J.  This  lateral 
bending  stress  is  the  stress  by  which  the  stress  at  one  edge  of  the  base  of  the 
rail  exceeds  that  at  the  middle  of  the  base  of  rail;  its  magnitude  is  found  by 
taking  one-half  the  difference  between  the  stresses  at  the  inside  and  outside 
edges  of  the  base  of  rail.  The  sign  in  front  of  the  stress  is  indicative  of  the 
nature  of  the  lateral  bending  of  the  rail;  a  positive  sign  indicates  that  the 
bending  acts  to  increase  the  curvature  of  the  rail,  the  negative  that  the  bending 
tends  to  straighten  the  rail.  The  signs  apply  alike  to  both  outer  and  inner 
rail.  A  positive  bending  in  the  outer  rail  at  the  point  of  contact  of  a  wheel 
implies  an  outward  thrust  against  the  rail  at  the  given  point ;  a  positive  bend- 
ing in  the  inner  rail  implies  that  a  lateral  pull  on  this  rail  acts  toward  the 
outer  rail.  The  diagrams  give  important  information  on  the  presence  and 
nature  of  lateral  forces  and  the  manner  of  the  lateral  bending  in  the  rail. 
Some  of  the  outstanding  features  may  be  noted,  as  follows : 

The  lateral  bending  in  the  outer  rail,  under  the  wheels  of  the  front  truck, 
is  found  to  be  always  positive  (indicating  an  outward  thrust)  and  it  is  gen- 
erally positive  also  in  the  inner  rail.    This  is  true  at  all  speeds.    It  indicates 
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Fig.  74. — Relative  Position  of  Wheels  of  LocoMOTrvEs  and  Tenders  with  Respect  to 
THE  Rails  of  Curved  Track  on  the  Delaware,  Lackawanna  and  Western  Railro.^d. 
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Heavy  Santa  Fe  Type  Locomotive  3829 

Superelevation  4.7  in.  for  27  miles  per  hour 

76. — Lateral,  Bending  Stresses  in  Base  of  Rails  of  Curved  Track,  Heavy  Santa  Fb 
Type  Locomotives  of  the  Atchison,  Topeka  and  Santa  Fe  Railway. 
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that  the  flanges  of  the  outer  wheel  of  the  front  truck  always  have  an  important 
part  in  changing  the  direction  of  the  locomotive. 

In  the  locomotive  having  two-wheel  front  trucks,  the  lateral  bending  of  the 
outer  rail  at  the  outer  front  driver  is  positive  at  all  speeds,  with  the  exception 
of  the  Mikado  type  on  the  6°  curve,  where  the  super-elevation  is  8.5  in.  With 
the  locomotives  having  four-wheel  leading  tinicks,  the  bending  at  the  outer 
front  driver  is  generally  negative  at  the  low  speed,  becoming  positive  at  a 
higher  speed,  with  the  exception  that  it  remains  negative  in  the  case  of  the 
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7;^  Curve 

Pacific  Type  Locomotive  1131 

Superelevation  6.4  in.  for  36  miles  per  hour 

-Lateral  Bending  Stresses  in  Base  of  Rails  of  Curved  Track,  Pacific  Type 
Locomotive  of  the  Delaware,  Lackawanna  and  Western  Railroad. 


Pacific  type  locomotive  on  the  7^°  curve.  The  nature  of  the  bending  of  the 
outer  rail  is  in  agreement  with  what  is  to  be  expected  from  the  position  of  the 
outer  front  driver  given  in  Figs.  73  and  74. 

The  outer  rear  driver  gives  a  positive  lateral  bending  in  the  outer  rail 
(outward  thrust  on  the  rail)  at  all  speeds,  the  one  exception  being  the  Pacific 
type  locomotive  on  the  4°  curve  at  a  speed  of  5  miles  per  hour. 

At  low  speeds,  all  the  other  drivers  generally  give  negative  bending  in 
both  inner  and  outer  rail,  tending  to  straighten  the  rail.     The  principal  ex- 
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ception  is  that  the  bending  moment  under  the  inner  fifth  driver  of  the  Santa 
Fe  type  locomotive  is  sometimes  positive. 

An  increase  of  speed  results  in  an  increase  of  lateral  bending  in  the  outer 
rail,  decreasing  the  value  of  the  lateral  bending  stress  if  the  bending  is  nega- 
tive and  increasing  the  stress  if  it  is  positive. 

An  increase  of  speed  results  in  a  decrease  in  the  lateral  bending  in  the 
inner  rail,  the  numerical  value  of  the  lateral  stress  decreasing  when  the  bend- 
ing moment  is  negative  and  increasing  when  it  is  positive. 

The  trailer  has  an  outward  thrust  on  the  outer  rail  in  every  case  at  the 
higher  speeds  and  almost  generally  at  the  lower  speeds.  The  lateral  bending 
of  the  inner  rail  under  the  trailer  may  be  one  way  or  the  other. 

For  the  wheels  of  the  tender,  a  study  of  Figs.  42  to  63,  inclusive,  will  show 
that  when  there  is  positive  lateral  bending  at  the  outer  front  wheel  of  a 
truck,  the  position  of  the  wheel  in  Figs.  73  and  74  shows  its  flange  bearing 
against  the  outer  rail.  There  is  no  uniformity,  however,  in  the  way  in  which 
the  bending  stresses  under  the  trucks  of  the  tender  are  distributed  in  the 
various  locomotives. 

The  lateral  bending  stresses  in  the  base  of  rail  found  on  curved  track  and 
shown  in  these  diagrams  are  of  considerable  magnitude — in  many  cases  ex- 
tremely high.  Severe  lateral  bending  stresses  were  found  in  the  inner  rail  of 
the  10°  curve  under  the  fourth  driver  of  the  Santa  Fe  type  locomotive  at  the 
low  speed.  The  value  given  on  one  of  the  diagrams  is  23  500  lb.  per  sq.  in. 
In  the  tests  at  Bealville,  Calif.,  which  will  be  described  in  Article  20,  "Results 
of  Tests  on  10°  Curves  in  California",  the  lateral  bending  stress  under  the 
fourth  driver  of  the  Santa  Fe  type  locomotive  of  the  Atchison,  Topeka  and 
Santa  Fe  Railway,  at  the  low  speed,  was  25  800  lb.  per  sq.  in.  and  that  under 
the  same  driver  of  the  Southern  Pacific  locomotive  was  20  300  lb.  per  sq.  in. 
(see  Fig.  96).  Under  the  outer  front  driver  of  Locomotive  No.  3813,  at  the 
highest  speed,  the  lateral  bending  stress  in  the  outer  rail  was  22  600  lb.  per 
sq.  in.  The  lateral  bending  stress  in  the  inner  rail  of  the  10°  curve,  under 
the  third  driver  of  the  Mountain  type  locomotive,  at  5  miles  per  hour,  was 
19  800  lb.  per  sq.  in.,  an.d  the  similar  stress  on  the  6°  curve  was  11  800  lb. 
per  sq.  in.  (see  Fig.  75).  The  lateral  bending  stress  under  the  trailer  of  the 
Mountain  type  on  the  10°  curve,  at  35  miles  per  hour,  was  14  900  lb.  per  sq. 
in.  The  Pacific  type  locomotive  developed  a  lateral  bending  stress  of  11  600 
lb.  per  sq.  in.  under  the  third  driver  in  the  inner  rail  of  the  10°  curve  at 
Fort  Madison,  at  5  miles  per  hour,  and  of  10  100  lb.  per  sq.  in.  in  the  outer 
rail  under  the  trailer,  at  a  speed  of  25  miles  per  hour  (see  Fig.  75).  The 
Mikado  type  locomotive  developed  a  lateral  bending  stress  of  21  000  lb.  per 
sq.  in.  in  the  base  of  the  inner  rail  of  the  6°  curve  \inder  the  third  driver  and 
15  600  lb.  per  sq.  in.  under  the  second  driver,  these  stresses  being  developed 
at  slow  speeds  on  track  having  a  super-elevation  of  8.5  in.  (see  Fig.  77). 
On  the  7^°  curve,  with  a  super-elevation  of  6.4  in.,  the  corresponding  lateral 
bending  stresses  were  6  200  and  7  600  lb.  per  sq.  in.,  respectively  (see  Fig. 
77).  On  the  4°  curve,  the  corresponding  lateral  bending  stresses  were  7  200 
and  7  900  lb.  per  sq.  in.     The  Pacific  type  locomotive  of  the  Delaware,  Lack- 
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awanna  and  Western  Railroad  developed  a  lateral  bending  stress  of  9  200  lb. 
per  sq.  in.  in  the  inner  rail  under  the  first  driver,  on  the  4°  curve,  and  on  the 
7i°  curve,  11  700  lb.  per  sq.  in.  under  the  second  driver;  even  on  a  4°  curve, 
it  is  seen  that  the  lateral  bending  stress  under  some  of  the  wheels  is  con- 
siderable in  comparison  with  the  vertical  bending  stress  in  the  rail  under  these 
same  wheels  (see  Fig.  78). 

When  the  stress  due  to  lateral  bending  is  combined  with  that  due  to  vertical 
bending,  it  will  be  seen  that  the  resulting  stress  may  be  very  great  (see  Figs. 
42  to  67).  This  is  the  more  marked  because  the  high  lateral  bending  stresses 
generally  occur  under  wheels  giving  v-ery  high  vertical  bending  stresses,  much 
greater  than  those  developed  on  straight  track.  Thus,  for  example,  at  the 
outside  edge  of  the  base  of  the  inner  rail  of  the  10°  curve,  under  the  fourth 
driver  of  the  Santa  Fe  type  locomotive,  at  5  miles  per  hour,  the  stress  is  the 
sum  of  23  500  and  29  200,  resulting  in  a  stress  of  52  700  lb.  per  sq.  in.  This 
value  is  the  average  of  a  large  number  of  runs ;  not  infrequently  stresses  several 
thousand  pounds  greater  than  this  were  found,  indeed,  one  of  75  000  lb.  per 
sq.  in.  was  recorded.  It  may  be  added  that  the  value  of  the  lateral  bending 
stresses  under  many  of  the  wheels  ranged  from  40  to  100%  of  the  vertical 
bending  stress  under  the  same  wheel. 

The  lateral  bending  stresses  observed  at  points  between  wheels  are  of  meas- 
urable magnitude.  Their  values  bear  somewhat  the  same  relation  to  the  stresses 
under  the  wheels  as  that  found  with  the  vertical  bending  stresses  on  straight 
track.  In  general,  the  direction  of  the  bending  at  points  between  wheels  is 
opposite  in  character  to  that  at  the  wheels,  positive  bending  if  that  at  the 
wheels  is  negative  and  negative  bending  if  the  other  is  positive.  This  inward 
and  outward  bending  corresponds  to  the  positive  and  negative  bending  moments 
found  ordinarily  at  and  between  wheels  for  vertical  load  alone.  The  torsional 
stresses  developed  have  not  been  analyzed. 

16. — Lateral  Bending  Moments. — The  lateral  resisting  moment  developed 
in  the  rails,  which,  of  course,  at  any  point  is  equal  to  the  lateral  bending 
moment,  may  be  readily  calculated  from  the  observed  lateral  bending  stress 

by  the  use  of  the  lateral  section  modulus,  — ,  of  the  rail.     The  variation  in  the 

lateral  bending  moment  at  and  between  wheels  throughout  the  length  of  the 
locomotive  and  at  the  several  speeds  offers  an  interesting  view  of  the  lateral 
bending  action  of  the  rails  of  curved  track  as  the  load  passes.  Figs.  79  to  83, 
inclusive,  show  the  lateral  bending  moment  in  the  outer  and  inner  rails  for 
four  types  of  locomotives  on  several  curves  of  different  degrees  of  curvature. 
As  before,  positive  bending  is  taken  to  be  that  which  increases  the  curvature 
of  the  rail,  and  negative  bending  that  which  tends  to  straighten  the  rail. 

A  study  of  these  diagrams  brings  out  interesting  characteristics  of  the  dif- 
ferent locomotives.  The  Mountain  type  on  the  6°  curve  (Fig.  79)  has  much 
the  same  characteristics  as  it  has  on  the  10°  curve,  although  on  the  6°  curve, 
except  at  low  speed,  the  lateral  bending  moments  are  small  with  the  exception 
of  the  outer  rail  under  the  fourth  driver.  Except  at  the  speed  of  50  miles  per 
hour,  the  principal  turning  action  is  given  by  the  wheels  of  the  front  truck ;  on 
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Fig.  79.— Lateral  Bending  Moments  in  Outer  and  Inner  Rails  „»^^Curved  Track  with 
Mountain  Type  Locomotive  of  the  Atchison,  Topeka  and  Santa  Fe  Railway. 
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Fig.   80. — Lateral  Bending  Moments  in  Outer  and   Inner  Rails  of  CtJRVED  Track  with 
Heavy  Sajnta  Fe  Type  Locomotive  of  the  Atchison,  Topeka  and  Santa  Fe  Railwat. 
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Pig.  81. — Lateral  Bending  Moments  in  Outer  and  Inner  Rails  of  Cupa-ed  Track  with 
Mikado  Ttpe  Locomotive  of  the  Delaware,  Lackawanna  and  Western  Railroad. 
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both  curves  at  the  high  speed,  the  front  outer  driver  also  participates  in  the 
turning  action.  With  the  Santa  Fe  type  locomotive  (Fig.  80),  the  magnitude 
of  the  bending  moment  on  the  10^  curve  is  quite  marked,  and  it  varies  con- 
siderably with  the  speed.  In  this,  as  vpith  the  other  locomotives,  it  will  be  noted 
that  the  lateral  bending  moment  developed  by  the  wheels  of  the  front  truck  does 
not  vary  greatly  with  a  change  in  speed,  while  that  under  the  outer  front  driver 
generally  increases  materially  with  an  increase  in  speed.  It  is  apparent  that 
the  trailer  has  sufficient  lateral  swing  on  the  6°  curve  to  give  freedom  from 
lateral  bending  action  on  the  rail;  on  the  10°  curve,  the  lateral  bending  in  the 
outer  rail  under  the  trailer  is  very  noticeable.  The  Double  Trailer  Heavy 
Santa  Fe  type  locomotive  (Fig.  83)  gives  small  lateral  bending  at  points  back 
of  the  fourth  driver.  It  will  be  noted  that  the  sum  of  the  lateral  bending 
moments  in  the  outer  rail  under  the  front  truck  and  first  driver  with  this  loco- 
motive is  equal  to  the  corresponding  sum  found  under  the  same  wheels  with 
the  ordinary  Santa  Fe  type  locomotive.  It  will  be  remembered  that  the  locomo- 
tive diagrams  and  the  observed  vertical  bending  stresses  show  that  in  the  double 
trailer  type  a  part  of  the  load  has  been  transferred  from  the  first  driver  to  the 
front  truck  wheel.  The  Pacific  type  locomotive  on  the  10°  curve  (see  Fig.  82) 
shows  that  the  lateral  bending  moment  in  the  inner  rail  may  be  considerable, 
even  when  the  super-elevation  is  small.  It  is  evident  also  that  the  trailer  of  this 
locomotive  does  not  have  full  freedom  to  swing,  but  bears  against  the  outer  rail 
as  the  locomotive  is  turned  on  the  curve. 

The  Pacific  type  of  the  Delaware,  Lackawanna  and  Western  Railroad 
(Fig.  82)  shows  a  bending  moment  in  the  105-lb.  rail  of  only  moderate  magni- 
tude, except  at  a  speed  of  5  miles  per  hour  on  the  7^°  curve.  The  bending 
moment  in  the  inner  rail  under  the  second  and  third  drivers  of  the  Mikado 
type  locomotive  on  the  6°  curve,  at  a  speed  of  5  miles  per  hour,  is  much  more 
marked  than  that  on  the  4°  and  7^°  curves.  The  stress  due  to  vertical  bend- 
ing in  the  inner  rail  under  the  main  driver  is  not  much  greater  in  the  6°  curve 
than  in  the  7J°  curve,  so  that  it  may  be  expected  that  the  large  amount  of 
super-elevation  is  not  the  only  cause  of  the  large  bending  moment. 

The  lateral  bending  moments  for  the  outer  and  inner  rails  have  been  added 
algebraically  and  plotted  in  Figs.  84  and  85.  The  general  trend  of  the  com- 
bined bending  moments  under  and  between  the  several  wheels  is  very  striking. 
Figs.  79  to  83,  inclusive,  illustrate  the  large  bending  action  developed  in  the 
two  rails  separately;  these  diagrams  show  the  intense  and  severe  lateral  bend- 
ing action  which  comes  on  the  track  as  a  whole  as  the  locomotive  passes  around 
the  curve,  tending  to  push  the  ties  and  ballast  first  to  one  side  and  then  to 
another  and  to  throw  the  curve  out  of  line. 

It  may  be  of  interest  to  estimate  this  lateral  bending  moment  in  terms  of 
the  vertical  bending  moment  of  the  rail  under  the  same  wheel.  The  ratio  of 
the  lateral  bending  moment  in  the  inner  rail  under  the  fourth  driver  of  three 
Santa  Fe  type  locomotives  (two  of  them  belonging  to  the  Atchison,  Topeka  and 
Santa  Fe  Railway  and  one  to  the  Southern  Pacific  Company)  to  the  vertical 
bending  moments  developed  at  the  same  time  averages  0.16  at  the  lowest  speed 
on  the  10°  curves.  It  should  be  recalled  too  that  the  vertical  bending  stress 
under  this  driver  was  far  greater  than  the  normal  and  that  the  pressure  of  the 
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Pig.   S3. — Lateral  Bending  Moments  in  Outer  and  Inner  Rails  of  Curved  Track  with 

Double  Trailer  Heavy  Santa  Fe  Type   Locomotive   of  the 

Atchison,  Topeka  and  Santa  Fe  Railway. 
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^^''  84.— Combined  Lateral  Bending  Moments  in  the  Two  Rails  op  Curved  Track  with 
the  mikado  Type  Locomotive  of  the  Delaware,  Lackawanna  and  Western  Railroad. 


1038 


STRESSES  IN  RAILROAD  TRACK 


driver  on  the  rail  must  have  been  nearly  twice  the  normal  load.  The  ratio 
of  the  lateral  bending  moment  under  the  same  wheels  to  the  vertical  bending 
moment  found  generally  on  straight  track  averaged  0.04,  although  values  as 
great  as  0.14  were  found.  As  the  section  modulus  of  the  rail  about  a  vertical 
axis  is  only  about  one-fifth  that  about  a  horizontal  axis,  the  lateral  bending 
stresses  in  the  rail  are  relatively  great  in  comparison  with  the  lateral  bending 
moments.    It  will  be  seen  that  the  lateral  bending  effect  on  the  10°  curve  under 
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Pig.  85. — Combined  Lateral  Bending  Moments  in  the  Two  Rails  of  Curved  Track  with 

THE  Heavy   Santa  F^   Type    Locomotive   of   the   Atchison, 

ToPEKA  and  Santa  Fe  Railway. 

the  fourth  driver  of  this  locomotive  (taking  the  average  value  found)  is  at 
least  four  times  the  average  value  found  on  straight  track  and  at  least  twice 
the  highest  value  that  may  be  expected. 

17. — Measurements  of  the  Lateral  Deflection  of  the  Rail  and  the  Distor- 
tion of  the  Alignment  of  Curves. — In  order  to  learn  to  what  extent  the  rail 
deflects  laterally  and  the  alignment  of  the  curve  changes  under  the  load  of  a 
locomotive  and  to  see  the  conditions  under  which  lateral  bending  moments  of 
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considerable  magnitude  are  developed,  some  measurements  were  made  on  both 

6°  and  10°  curves.  An  instrument  was  devised  with  which  the  middle  ordinate 
of  a  6-ft.  chord  along  the  rail  was  measured.  The  two  bearing  ends  of  the 
instrument  were  placed  in  punch  marks  in  the  side  of  the  head  of  the  rail  and 
the  plunger  of  an  Ames  dial  at  the  middle  of  the  instrument  was  also  placed  in 
contact  with  the  side  of  the  head  of  the  rail.  The  measurements  were  taken 
at  every  3  ft.  of  length  of  rail  on  both  inner  and  outer  rail,  thus  overlapping 
one  another.  A  set  of  readings  (zero  reading)  with  no  load  on  the  track  was 
taken;  the  locomotive  was  then  run  on  and  a  second  set  of  readings  taken, 
check  readings  also  being  generally  made.  The  tests  were  not  as  complete  as 
was  desired ;  they  show  however,  the  nature  of  the  movement  of  the  rails.  More 
tests  of  this  nature  should  give  information  of  value. 

Fig.  86  shows  the  alignment  of  the  track  with  the  locomotive  standing  on 
the  6°  and  10°  curves,  at  Ribera,  with  reference  to  the  original  alignment. 
The  values  recorded  on  the  diagram  represent  the  distance  the  rail  is  deflected 
from  its  original  position,  the  measurement  being  given  in  inches.  As  the 
measurements  were  taken  on  the  head  of  the  rail  a  part  of  the  distortion  of  the 
alignment  may  be  due  to  tilting  of  the  rail  on  the  tie.  Necessarily,  in  enlarg- 
ing the  small  dimensions  sufficiently  to  show  the  new  position  of  the  rails,  the 
lines  on  the  diagram  appear  distorted  and  also  the  axles  are  not  shown  as 
parallel  to  each  other.  Attention  is  called  to  the  position  of  the  rail  joints; 
their  smaller  lateral  stiffness  evidently  contributes  to  the  lateral  deflection. 

It  is  seen  that  with  the  Mountain  type  locomotive  on  the  10°  curve  the  inner 
rail  deflects  more  than  J  in.  from  its  original  position  and  that  the  gauge  of 
the  track  is  increased  from  4  ft.  8|  in.  to  as  much  as  4  ft.  9i  in.  The  outward 
deflection  of  the  outer  rail  at  the  front  truck  wheel  and  first  driver  is  large, 
0.35  in.  at  the  first  driver.  The  greatest  deflection  is  that  of  the  inner  rail 
under  the  third  driver,  0.54  in.  The  changes  from  positive  to  negative  bending 
between  wheel  points  are  evident. 

With  the  Mountain  type  locomotive  on  the  6°  curve,  the  lateral  deflection 
of  both  rails  is  much  less,  that  of  the  inner  rail  under  the  third  driver  being 
only  0.13  in.,  and  the  gauge  of  the  track  was  increased  only  about  I  in. 

With  the  Double  Trailer  Santa  Fe  type  locomotive  on  the  10°  curve,  the 
inner  rail  under  the  fourth  driver  was  deflected  0.7  in.  The  outer  rail  under 
the  fourth  driver  was  deflected  inwardly  of  the  track  0.14  in.,  so  the  gauge 
■of  the  track  was  increased  0.56  in.  There  was  also  an  outward  deflection  of 
the  outer  rail  of  0.42  in,  at  the  first  trailing  wheel. 

The  general  shape  of  the  alignment  which  the  rails  take  and  the  position 
of  the  many  points  of  contrafiexure  are  in  general  accord  with  the  lateral  bend- 
ing moment  diagrams  given  in  Article  16.  It  is  plain  that  the  alignment  of 
a  curve  changes  materially  as  the  locomotive  passes  around  it  and  that  the 
track  as  a  whole  has  large  and  varied  stresses  put  into  it. 

18. — Effect  of  Speed  and  Counterbalance  on  Curves. — It  has  already  been 
fovind  that  the  average  of  the  stresses  in  the  two  rails  of  curved  track  under 
all  the  wheels  of  a  locomotive,  at  a  speed  of  5  miles  per  hour,  found  by  divid- 
ing the  sum  of  the  stresses  under  all  the  wheels  of  the  locomotive  for  both  rails 
by  the  number  of  wheels,  in  general  agrees  closely  with  the  average  of  the  corre- 
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spending  stresses  under  the  same  wheels  on  straight  track.  If  the  average  stress 
under  all  the  wheels  for  the  two  rails  of  any  curve  is  found  for  each  of  the 
speeds  of  any  test  and  compared  with  the  corresponding  average  stress  on 
straight  track,  it  will  be  seen  that  the  average  stress  on  the  curved  track  is 
generally  no  higher  and  sometimes  lower  than  that  on  straight  track,  or,  at 
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Fig   86  —Changes  in  the  Augnment  of  the  Rails  of  Curved  Track  with  the  Locomo- 
tive Standing  on  the  Curve. 

any  rate,  that  the  effect  of  speed  on  the  average  stress  under  the  locomotive  as      ^ 
a  whole  does  not  differ  greatly  on  curves  from  that  found  on  straight  track.      "* 
even  though  the  transfer  of  weight  from  wheel  to  wheel  on  one  side  of  the  loco- 
motive and  from  the  wheel  at  one  end  of  an  axle  to  that  at  the  other,  found  on 
curves,  does  change  the  stresses  under  individual  wheels  very  greatly.     The 
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lateral  bending  stresses  in  rails  on  curves,  of  course,  are  not  involved  in  the 
foregoing  statement. 

The  effect  of  counterbalance  on  the  stresses  in  rail  on  curved  track  is  much 
more  variable  than  that  found  on  straight  track.  In  a  few  cases  well  defined 
counterbalance  curves  could  be  drawn  through  the  plotted  points,  but  gener- 
ally no  line  seemed  representative  of  the  effect  of  counterbalance.  The  points 
are  scattered  throughout  a  large  vertical  range,  and  there  is  much  more  varia- 
tion in  the  results  than  is  found  on  straight  track.  In  estimating  the  stress 
that  will  include  the  effect  of  counterbalance,  the  best  that  can  be  done  is  to 
take  the  average  stress  throughout  the  revolution  of  the  driver  and  then  allow 
for  a  very  much  greater  variation  in  the  stress  above  and  below  this  line  than 
would  be  done  for  straight  track.  One  interesting  result  of  the  study  of  the 
data  is  that,  under  a  number  of  the  wheels,  the  stresses  at  the  outside  edge 
of  the  rail  showed  marked  effect  of  counterbalance,  whereas  those  at  the  inside 
edge  show  almost  no  counterbalance  effect. 

The  effect  of  speed  on  the  division  of  the  load  of  the  locomotive  between 
the  two  rails  of  the  eui've  is  quite  another  matter.  In  most  cases,  the  total  load 
on  the  outer  rail  transmitted  by  all  the  wheels  of  one  side  of  the  locomotive 
bears  the  numerical  relation  to  the  total  load  on  the  inner  rail  that  would  be 
given  by  the  analytical  calculation  of  the  effect  of  transverse  inclination  of 
track  and  centrifugal  force  at  the  given  speed.  This  means  that  at  slow  speeds 
the  load  on  the  inner  rail  is  considerably  greater  than  the  normal  load,  the 
vertical  bending  stresses  in  the  inner  rail  with  the  Mikado  type  locomotive 
running  at  a  speed  of  5  miles  per  hour  being  found  to  be  as  much  as  37"?^ 
greater  with  the  super-elevation  of  8.5  in.  on  the  6°  curve  of  the  Delaware, 
Lackawanna  and  Western  Railroad  than  on  straight  track.  At  and  near  the 
speed  of  super-elevation,  in  most  of  the  tests  on  curved  track,  the  vertical  bend- 
ing stresses  in  the  two  rails  do  not  differ  much  from  each  other.  It  may  be 
noted  that  analysis  shows  that  the  speed  may  be  increased  considerably  beyond 
the  speed  of  super-elevation  before  the  load  on  the  outer  rail  would  become 
equal  to  that  imposed  on  the  inner  rail  at  low  speeds.  Although  the  ratio 
varies  with  the  degree  of  curve  and  the  super-elevation  used,  it  may  be  said 
that  for  the  track  used  in  the  tests  the  speed  may  be  increased  30  to  40%  beyond 
that  of  super-elevation  before  the  load  on  the  outer  rail  may  be  expected  to 
equal  that  fotmd  on  the  inner  rail  at  low  speeds.  The  foregoing  discussion 
refers  to  the  sum  of  the  loads  under  all  the  wheels;  the  distribution  of  load 
among  the  several  drivers  may  be  quite  unequal,  the  vertical  bending  stresses 
in  the  rail  under  one  driver  of  one  type  of  locomotive  being  as  much  as  double 
what  might  be  expected  in  the  case  of  the  10°  curve  and  50%  more  on  the 
6°  curve. 

The  lateral  bending  stresses  developed  in  the  rails  also  vaiy  with  the  speed. 
The  lateral  bending  stresses  in  the  inner  rails  are  very  great  at  the  slow  speeds, 
especially  at  the  driver  in  front  of  the  rear  driver,  and  sometimes  the  on§  in 
front  of  this,  in  the  case  of  the  locomotives  having  eight  and  ten  drivers.  For 
medium  speeds,  say,  up  to  two-thirds  of  the  si>eed  of  super-elevation,  the  lateral 
bending  stress  under  the  rear  intermediate  driver  continues  to  be  of  consider- 
able magnitude.     For  the  higher  speeds,  the  lateral  bending  stresses  xmder 


104-<?  STRESSES    IN'    EAILROAD   TRACK 

these  wheels  decrease  markedly  and  at  the  speed  of  super-elevation  the  highest 
lateral  bending  stress  in  the  inner  rail  may  not  differ  greatly  from  the  highest 
stress  found  in  the  outer  rail.  The  greatest  lateral  bending  stress  in  the  outer 
rail  under  a  driver  is  found  at  the  outer  front  driver  in  those  locomotives  in 
which  the  wheel  of  the  leading  truck  does  not  assume  the  principal  part  in 
changing  the  direction  of  the  locomotive.  With  an  increase  in  speed,  this  lat- 
eral bending  stress  increases.  As  the  stresses  in  the  outer  rail  under  the  wheels 
of  the  front  truck  do  not  increase  with  an  increase  in  speed,  it  is  evident  that 
the  greater  effort  to  change  the  direction  of  the  locomotive  at  the  higher  speeds 
is  taken  by  the  flange  of  this  first  outer  driver. 

The  effect  of  speed  on  the  stress  at  the  two  edges  of  the  base  of  rail  (com- 
bined vertical  bending  stress  and  lateral  bending  stress)  is  well  shown  in  Figs. 
64,  65,  66,  and  67.  A  marked  decrease  in  the  stress  at  the  outside  edge  of  the 
base  of  the  inner  rail  under  the  driver  in  front  of  the  rear  driver  with  increase 
of  speed  is  very  noticeable.  The  increase  of  stress  in  both  edges  of  the  outer 
rail  under  the  companion  driver  is  also  apparent.  It  may  be  noted  also  that 
the  stresses  at  the  four  edges  of  the  two  rails  under  the  wheels  of  the  tender 
generally  approach  tmiformity  of  magnitude  at  the  speed  of  super-elevation. 

19. — Effect  of  Degree  of  Curve  and  Super-Elevation. — It  has  been  seen  that 
both  the  vertical  bending  stress  and  the  lateral  bending  stress  have  wide  ranges 
in  value  in  the  two  rails  and  for  the  individual  wheels  of  the  several  loco- 
motives used.  It  may  be  expected  that  these  differences  will  vary  with  the 
degree  of  curve  and  the  super-elevation  of  the  outer  rail,  although  it  may  not 
be  possible  to  distinguish  between  the  effects  of  the  two.  In  comparing  the 
action  of  the  locomotives,  it  will  be  convenient  to  refer  to  the  values  given  in 
Figs.  69  to  72  and  Figs.  75  to  78. 

With  the  Santa  Fe  type  locomotive  on  the  10°  curve,  at  5  miles  per  hour,  the 
vertical  bending  stress  of  29  200  lb.  per  sq.  in.  in  the  inner  rail  under  the  fourth 
driver  may  be  contrasted  with  the  stress  of  19  400  lb.  i)er  sq.  in.  on  the  6°  curve 
having  the  same  super-elevation,  4.7  in.,  the  corresponding  stress  on  straight 
track  being  about  12  000  lb.  per  sq.  in.  It  is  evident  that  vertical  bending 
stress  under  this  driver,  which  must  be  considered  an  excessive  stress  for  both 
curves,  increases  with  the  increase  in  curvature,  although  the  curves  have  the 
same  super-elevation.  At  the  speed  corresponding  to  the  super-elevation,  the 
stress  under  this  wheel  in  both  curves  decreased  nearly  to  what  might  be 
expected  under  an  even  division  of  load  among  the  drivers.  The  vertical  bend- 
ing stress  in  the  inner  rail  of  the  10°  curve  under  the  first  driver,  at  a  speed  of 
5  miles  per  hour,  is  less  than  would  be  expected,  and  decreases  with  an  increase 
of  speed,  while  on  the  6°  curve  it  remains  nearly  constant  for  the  three  speeds. 
The  vertical  bending  stress  in  the  outer  rail  of  the  10°  curve  under  the  first 
driver,  at  5  miles  per  hour,  is  not  much  higher  than  that  which  would  normally 
be  expected.  The  high  value  of  27  000  lb.  per  sq.  in.,  at  35  miles  per  hour,  is, 
of  course,  at  a  speed  well  above  that  of  super-elevation.  The  vertical  bending 
stresses  in  the  outer  rail  under  the  third  and  fourth  drivers  are  small;  that 
under  the  fourth  driver,  at  5  miles  per  hour,  is  very  small,  showing  that  the 
load  transmitted  by  this  driver  is  only  a  small  proportion  of  its  normal  load; 
the  driver  opposite  it  on  the  inner  rail  takes  most  of  the  load.     Even  at  the 
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highest  speeds,  the  stresses  in  the  outer  rail  of  both  curves  under  this  driver 
are  below  normal  values.  It  is  evident  that  on  both  curves  the  distribution  of 
the  load  among  the  drivers  given  by  the  equalizing  system  is  markedly  different 
from  that  on  straight  track.  The  lateral  bending  stress  in  the  inner  rail,  at  5 
miles  per  hour,  is  very  great  under  the  fourth  driver,  23  500  lb.  per  sq.  in.  on 
the  10"*  curve  and  11  800  lb.  per  sq.  in.  on  the  6°  curve,  which  are  very  severe 
stresses  in  both  cases.  Even  at  25  miles  per  hour,  the  stress  recorded  for  the 
10°  curve  was  15  600  lb.  per  sq.  in.  At  the  highest  speed,  the  lateral  bending 
stresses  in  the  inner  rail  become  much  smaller.  The  lateral  bending  stresses  in 
the  outer  rail  under  the  first  driver,  indicative  of  the  participation  of  this  driver 
in  changing  the  direction  of  the  locomotive,  at  a  speed  of  5  miles  per  hour, 
are  12  600  lb.  per  sq.  in.  on  the  10°  curve  and  8  800  lb.  per  sq.  in.  on  the  6° 
curve.  These  lateral  bending  stresses  increase  markedly  from  the  low  speed 
to  the  highest,  becoming  22  600  lb.  per  sq.  in.  on  the  10°  curve,  at  35  miles  per 
hour,  and  13  200  lb.  per  sq.  in.  on  the  6°  curve,  at  40  miles  per  hour.  Bearing 
in  mind  that  the  lateral  bending  stresses  at  the  outer  wheel  of  the  front  truck 
vary  little  with  changes  in  speed,  the  results  indicate  that  altogether  a  larger 
amount  of  lateral  pressure  is  required  to  change  the  direction  of  the  locomotive 
at  the  higher  speeds  than  at  the  low  speeds.  The  amount  of  the  lateral  pressure 
given  by  the  front  driver  also  increases  somewhat  with  the  degree  of  curve, 
although  the  influence  of  the  curvature  does  not  seem  to  be  as  great  as  that  of 
speed. 

"With  the  Mountain  type  locomotive  on  the  10°  curve,  at  5  miles  per  hour, 
the  greatest  vertical  bending  stress  in  the  inner  rail  (average  stress)  is  under 
the  third  driver,  26  700  lb.  per  sq.  in.  On  the  6°  curve,  the  vertical  bending 
stresses  are  high  under  the  first,  second,  and  third  drivers,  that  under  the  third 
driver,  19  700  lb.  per  sq.  in.,  being  about  the  same  as  that  under  the  other  two. 
An  increase  of  speed  to  that  corresponding  to  the  super-elevation  brings  the 
vertical  bending  stresses  in  the  inner  rail  of  two  curves  under  the  fourth 
drivers  down  to  about  the  srame  average  value  as  the  others,  although  that 
under  the  third  driver  on  the  10°  curve,  20  600  lb.  per  sq.  in.,  remains  greater 
than  the  others.  At  speeds  above  the  speed  of  super-elevation,  the  vertical 
bending  stresses  in  the  inner  rail  have  decreased  materially  and  are  much  the 
same  on  both  curves  for  all  the  drivers.  The  vertical  bending  stresses  in  the 
outer  rail,  particularly  under  the  second  and  third  drivers,  are  somewhat 
smaller  on  the  10°  curve  than  on  the  6°  curve,  these  wheels  being  on  the 
same  axle  as  those  giving  very  high  vertical  bending  stresses  in  the  inner  rail. 
The  stresses  normally  to  be  expected  are  not  found  until  a  speed  higher  than 
that  of  super-elevation  is  reached.  The  lateral  bending  stress  in  the  inner 
rail  is  greatest  under  the  third  driver  at  5  miles  per  hour,  19  800  lb.  per  sq. 
in.  on  the  10°  curve  and  11  800  lb.  per  sq.  in.  on  the  6°  curve.  These  values 
are  roughly  proportional  to  the  degree  of  curve.  On  the  6°  curve,  a  small 
value  is  found  at  the  speed  of  super-elevation,  but  on  the  10°  curve,  even  at 
25  miles  per  hoxir,  the  lateral  bending  stress  is  14  000  lb.  per  sq.  in.,  although 
the  stress  decreases  rapidly  with  further  increases  of  speed.  In  the  outer  rail, 
due  probably  to  this  locomotive  having  a  four-wheel  leading  truck,  the  first 
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driver  does  not  participate  in  chang'ing  the  direction  of  the  locomotive,  except 
at  the  higher  speeds.  At  50  miles  per  hour,  on  the  6°  curve,  the  outward 
lateral  bending  stress  under  the  first  driver  becomes  7  800  lb.  per  sq.  in.  It  is 
worth  noting  also  that  the  outward  bending  stress  in  the  outer  rail  under  the 
fourth  driver,  on  the  6°  curve,  reaches  11  800  lb.  per  sq.  in.,  at  a  speed  of 
50  miles  per  hour.  At  the  lower  speeds,  it  is  evident  that  there  is  a  transfer 
of  load  from  the  outer  to  the  inner  rail  on  both  curves,  but  the  change  is  the 
greater  on  the  10°  curve.  It  is  apparent  that  the  lateral  bending  stress  in  the 
inner  rail  for  low  speeds  is  a  function  of  the  curvature,  the  super-elevation 
being  the  same. 

With  the  Mikado  type  locomotive  on  the  Delaware,  Lackawanna  and 
Western  Railroad,  the  even  distribution  of  vertical  bending  stresses  in  the 
inner  mil  under  all  the  drivers,  at  a  speed  of  5  miles  per  hour,  is  very  apparent 
for  all  three  curves,  but  the  stresses  differ  on  the  three  curves,  and  it  may  be 
a  question  as  to  what  extent  these  differences  in  stress  are  due  to  super-eleva- 
tion and  to  what  extent  they  are  due  to  curvature.  The  vertical  bending 
stresses  under  the  four  drivers  average  about  13  000  lb.  per  sq.  in.,  on  the 
4°  curve  (3.7  in.  super-elevation,  105-lb.  rail),  18  000  Ik  per  sq.  in.,  on  the 
7J°  curve  (6.4  in.  super-elevation,  105-lb.  rail),  and  22  400  lb.  per  sq.  in., 
on  the  6°  curve  (8.5  in.  super-elevation,  92-lb.  frictionless  rail).  It  may  be 
noted  that  this  uniformity  of  stress  under  all  the  drivers  is  quite  different 
from  that  found  with  the  locomotives  on  the  track  of  the  Atchison,  Topeka 
and  Santa  Fe  Railway.  The  vertical  bending  stresses  in  the  outer  rail  have 
small  values  under  all  the  drivers,  particularly  under  the  main  driver.  They 
do  not  reach  the  values  found  in  the  inner  rail  until  a  speed  well  above  that 
corresponding  to  super-elevation  has  been  reached.  The  lateral  bending  stresses 
in  the  inner  rail  are  much  more  marked  in  the  6°  curve  and  are  somewhat 
higher  in  the  4°  curve  than  in  the  7^°  curve.  It  is  not  clear  that  the  super- 
elevation is  the  cause  of  this  variation.  It  is  worth  noting  that,  although  this 
locomotive  has  a  two-wheel  leading  truck,  the  lateral  bending  stresses  in  the 
outer  rail  under  the  first  driver,  at  a  speed  of  5  miles  per  hour,  show  that 
this  driver  does  not  participate  in  changing  the  direction  of  the  locomotive, 
except  on  the  4°  curve.  On  the  6°  curve,  which  has  the  frictionless  rail,  the 
lateral  bending  moments  in  the  outer  rail  at  the  first  driver  are  negative  for 
all  speeds. 

With  the  Pacific  type  locomotive  of  the  Atchison,  Topeka  and  Santa  Fe 
Railway,  on  the  10°  curve  at  Fort  Madison,  Iowa,  the  super-elevation  being 
only  2  in.,  the  vertical  bending  stress  in  the  inner  rail  under  the  three  drivers, 
at  a  speed  of  5  miles  per  hour,  is  nearly  double  that  in  the  outer  rail.  This 
goes  to  show  that  in  this  case  the  curvature  and  not  the  super-elevation  is 
the  main  cause  of  shifting  the  load  of  the  locomotive  to  the  inner  rail.  With 
the  Pacific  type  locomotive  of  the  Delaware,  Lackawanna  and  Western  Rail- 
road, the  shift  of  load  to  the  inner  rail  is  somewhat  greater  on  the  7J°  curve 
than  on  the  4°  cTirve;  both  the  curvature  and  the  sui)er-elevation  may  be 
responsible  for  this.  Considering  the  difference  in  the  rail  sections,  the  lateral 
bending  stress  in  the  inner  rail,  at  5  miles  per  hour,  is  really  greater  on  the 
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7^°  curve  than  that  found  on  the  10°  curve  of  the  Atchison,  Topeka  and 
Santa  Fe  Railway;  it  is  lower  still  on  the  4°  curve.  The  outer  rail  shows 
no  turning  action  by  the  front  driver  on  any  of  the  three  curves,  at  a  speed 
of  5  miles  per  hour,  most  of  the  change  of  direction  evidently  being  accom- 
plished by  the  wheels  of  the  front  truck.  At  the  higher  speeds,  the  front 
driver  participates  in  the  turning  action  in  the  case  of  the  4°  curve  and  the 
10°  curve,  but  not  the  7i°  curve. 

To  sum  up  the  foregoing:  On  all  the  curves  and  for  locomotives  having 
eight  and  ten  drivers,  at  the  lower  speeds  the  vertical  bending  stress  is  markedly 
greater  in  the  inner  rail  under  the  next  to  the  last  driver  than  that  in  either 
rail  under  any  other  driver;  for  locomotives  of  the  Pacific  type  the  stress  in 
the  inner  rail  is  greater,  but  to  a  somewhat  less  degree,  under  all  three  drivers 
than  that  in  the  outer  rail.  The  vertical  bending  stress  in  the  outer  rail  is 
correspondingly  small  under  the  companion  driver  of  the  one  giving  the 
high  stresses  in  the  inner  rail.  These  effects  are  especially  noticeable  at  the 
low  speeds;  they  continue  at  moderate  speeds,  and  generally  disappear  at  or 
above  the  speed  of  super-elevation.  Although  part  of  the  increased  value  of 
the  vertical  bending  stress  in  the  inner  rail  is  due  to  the  transfer  of  load  to 
the  lower  rail  by  reason  of  the  transverse  inclination  of  the  track,  the  excess 
over  what  may  be  expected  on  straight  track  is  greater  than  may  be  accounted 
for  by  the  super-elevation,  and,  frequently,  this  discrepancy  is  unexpectedly 
great.  It  appears  then  that  the  equalizing  system  acts  differently  on  curves 
than  on  straight  track  and  that  much  more  load  is  concentrated  on  one 
inner  driver,  the  outer  driver  being  relieved  of  a  corresponding  amount  of 
load.  This  phenomenon  was  found  on  all  the  curves.  Although  this  lack  of 
even  distribution  of  stresses  under  the  drivers  of  one  side  was  not  present  in 
the  tests  with  the  Pacific  type  locomotive,  yet  the  vertical  bending  stresses 
in  the  inner  rail  with  this  locomotive  are  higher  than  may  be  explained  by 
the  transverse  inclination  of  the  track.  It  will  be  seen  that  on  all  the  curves 
an  increase  of  speed  to  one  at  or  above  the  speed  corresponding  to  the  super- 
elevation results  in  vertical  bending  stresses  under  the  different  wheels  of  the 
two  rails  more  nearly  what  may  be  expected  when  the  effects  of  transverse 
inclination  and  centrifugal  force  are  considered. 

The  lateral  bending  stress  in  the  inner  rail  under  the  driver  giving  the 
large  vertical  bending  stresses  and  also  under  the  one  ahead  of  it  is  quite 
marked  at  the  lower  speeds  on  all  the  curves.  Although  the  value  of  the 
stress  is  considerably  greater  on  the  10°  curve,  its  magnitude  is  of  considerable 
importance  on  the  6°  and  4°  curves. 

The  lateral  bending  stress  in  the  outer  rail  under  the  first  driver,  resulting 
from  the  flange  of  this  driver  assisting  in  the  change  of  direction  of  the  loco- 
motive, when  found  at  the  low  speed,  seems  not  to  increase  much  with  increased 
curvature  of  the  track.  As  has  already  been  noted,  this  lateral  bending 
stress  does  increase  with  an  increase  in  speed. 

20. — Results  of  Tests  on  10°  Curves  in  California. — The  data  of  tests  made 
by  the  Atchison,  Topeka  and  Santa  Fe  Railway  and  the  Southern  Pacific 
Company,  in  April,  1922,  on  the  tracks  of  the  two  railways,  as  they  relate 
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to  the  purposes  of  this  rei)ort,  have  been  made  available  to  the  Committee. 
These  tests  were  conducted  on  a  10°  curve  of  the  Southern  Pacific  Company, 
at  Bealville,  Calif.,  and  on  a  10°  curve  of  the  Atchison,  Topeka  and  Santa  Fe 
Railway  at  Cajon,  Calif.  The  locomotives  were  the  Heavy  Santa  Fe  type 
of  the  Atchison,  Topeka  and  Santa  Fe  Railway  and  the  Heavy  Santa  Fe 
type  of  the  Southern  Pacific  Company,  both  being  equipped  with  oil  burners. 
The  rail  at  Bealville  was  90-lb.  A.  R.  A. -A.  section;  that  at  Cajon  was  90-lb. 
S.  F.  section.  As  already  noted,  the  properties  of  these  rails  are  nearly  iden- 
tical. At  Bealville,  there  was  5  in.  of  new  rock  ballast  on  a  thick  mixed  rock 
ballast  foundation.  At  Cajon,  there  was  10  in.  of  gravel  ballast.  The  former 
gave  the  stiffer  track. 

The  purpose  of  the  tests  was  to  determine  the  action  and  rigidity  of  the 
locomotives  used  in  the  tests.  On  the  tests  made  at  Cajon,  a  flangeless  tire 
was  substituted  for  the  flanged  wheel  ordinarily  used  for  the  fourth  driver, 
the  third  driver  being  flangeless  as  usual.  As  used  at  the  first  part  of  the 
tests,  the  bearing  part  of  the  tread  of  the  fourth  driver  was  cylindrical.  Later, 
a  groove  to  approximate  the  conditions  after  wear  was  machined  into  the 
tread.  Speeds  of  10  and  18  miles  per  hour  were  used  at  both  locations.  The 
runs  were  made  on  2.2%  compensated  grade,  net  grades  of  1.8%  on  the 
Atchison,  Topeka  and  Santa  Fe  Railway  and  of  2.0%  on  the  Southern  Pacific 
Company.  Runs  were  made  in  two  directions — up  grade  and  down  grade.  The 
up-grade  tests  were  made  with  the  locomotive  working  steam  and  pulling  from 
9  to  12  loaded  cars,  the  load  pulled  being  altogether  approximately  500  tons. 
The  draw-bar  pull,  as  measured  by  the  dynamometer  car  placed  immediately 
behind  the  tender,  recorded  about  30000  lb.  on  the  various  runs.  On  the  down- 
grade tests,  the  locomotives  ran  light  and  without  working  steam,  that  is, 
coasting. 

Figs.  87  to  94,  inclusive,  show  the  average  stresses  for  the  several  runs  at 
the  inside  edge  and  outside  edge  of  both  inner  and  outer  rails  of  the  10° 
curves  at  Bealville  and  Cajon,  and  at  the  two  speeds.  Figs.  95  and  96  give  the 
values  of  the  vertical  bending  stress  and  the  lateral  bending  stress  at  Bealville 
and  Figs.  97  and  98  the  values  at  Cajon.  Attention  should  be  called  to  the 
fact  that,  in  the  down-grade  tests  at  Bealville,  with  both  locomotives,  it  was 
raining  and  misting  all  day  and  the  rails  were  continually  wet;  this  seems 
to  have  had  an  effect  on  the  stresses  developed  under  one  of  the  locomotives 
and  to  a  less  extent  on  the  other. 

The  stresses  in  the  rails  with  the  locomotive  of  the  Atchison,  Topeka  and 
Santa  Fe  Railway,  at  Bealville,  are,  in  general,  very  much  the  same  in  mag- 
nitude and  character  as  those  found  with  a  locomotive  of  the  same  class  on  the 
10°  curve  at  Ribera,  N.  Mex.,  except  that,  on  account  of  the  locomotive  used 
in  California  being  equipped  with  oil  burners,  the  weight  on  the  trailers  was 
only  about  three-fourths  of  that  of  the  locomotive  used  in  New  Mexico,  and 
the  stresses  under  the  trailers  were  correspondingly  smaller.  The  stresses 
with  the  locomotive  of  the  Southern  Pacific  Company  differed  in  some  import- 
ant respects  from  those  under  that  of  the  Atchison,  Topeka  and  Santa  Fe 
Railway,  as  did  those  with  the  locomotive  with  modified  drivers  used  at  Cajon. 
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Table  23  shows  that  loads  at  individual  wheels  calculated  from  the  vertical 
bending  stresses,  at  a  speed  of  10  miles  per  hour,  are  excessively  high,  namely, 
50  000,  52  000,  and  60  000  lb.  These  high  loads  do  not  necessarily  occur  under 
the  same  drivers,  the  variations  seemingly  being  dependent  on  the  presence 
or  absence  of  flanges.  It  will  be  seen,  from  Fig.  95  and  Fig.  97,  that  the  vertical 
bending  stresses  under  the  inner  driver  that  gives  the  high  vertical  bending 
stress  and,  therefore,  transmits  the  high  load,  are  nearly  as  great  at  18  miles 
per  hour  as  at  10  miles  per  hour,  the  speed  of  super-elevation  being  26  miles 
per  hour. 

Figs.  99  and  100  give  the  average  stress  for  the  several  runs  at  the  inside 
and  outside  edges  of  both  inner  and  outer  rail  of  the  10°  curve  at  Bealville 
when  the  locomotives  were  backing  down  grade  at  10  miles  per  hour.  The 
rails  were  dry.  The  records  of  the  locomotives  of  the  two  companies  are 
given. 

The  results  of  the  tests  on  the  10°  curves  in  California  will  be  discussed 
with  those  of  the  other  tests  in  Articles  21,  22,  and  23,  on  "Type  of  Loco- 
motive", "Effect  of  Pulling  and  Coasting  and  of  Condition  of  Rail",  and 
"Tests  with  Locomotive  Backing  over  Curved  Track",  respectively. 

31. — Type  of  Locomotive. — On  straight  track  the  stresses  developed  in 
the  rail  are  controlled  by  such  matters  as  the  wheel  loads  and  the  wheel 
spacing.  Lateral  bending  stresses  are  developed  by  reason  of  the  coning  of 
the  wheels,  the  variations  in  the  movement  of  the  locomotive,  and  by  irreg- 
ularities in  track  conditions.  Variations  in  the  design  of  locomotives,  such 
as  the  length  of  wheel-base,  the  number  of  drivers,  the  use  of  two-wheel  or 
fovir-wheel  trucks,  may  be  made  without  bringing  unduly  high  stresses  into 
the  rail,  provided  proper  care  is  used  in  making  the  design.  On  curved 
track,  other  considerations  wiU  be  found  to  enter  into  the  development  of 
stresses  in  the  track.  The  change  of  direction  of  the  locomotive  in  going 
around  a  cvirve  is  effected  by  pressure  between  the  flanges  of  the  outer  wheels 
of  the  front  truck  and  the  outer  rail  and  frequently,  also,  by  the  outer  first 
driver,  resulting  in  a  lateral  bending  of  the  outer  rail.  An  unexpected  effect 
is  the  greatly  increased  load  transmitted  to  the  inner  rail  by  one  or  more 
of  the  drivers  at  low  and  medium  speeds  and  a  corresponding  decrease  in 
the  load  on  the  opposite  driver,  the  conditions  producing  excessive  vertical 
bending  stresses  in  the  inner  rail.  The  lateral  spreading  action  on  the  inner 
rail  develops  marked  lateral  bending  stresses  in  that  rail.  In  all  these  mat- 
ters, the  characteristics  of  the  type  of  locomotive  will  be  found  to  influence 
the  action  of  the  locomotive  and  the  nature  and  amoimt  of  the  stresses 
developed  in  the  rail  under  the  various  wheels. 

In  the  matter  of  changing  the  direction  of  the  locomotive,  it  seems  evident 
from  the  tests  that  the  four-wheel  truck  of  the  Pacific  and  ^Mountain  types 
presents  advantages  over  the  two-wheel  truck  of  the  Santa  Fe  and  llikado 
types.  With  the  four-wheel  leading  truck  used,  the  loads  on  the  wheels  are 
such  as  to  give  moderate  vertical  bending  stresses.  The  lateral  bending 
stresses  in  the  outer  rail  under  the  outer  wheels  of  the  four-wheel  truck  on 
curves  from  4°  to  10°,  may  be  termed  moderate.    With  the  locomotives  having 
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Santa  Fe  Railway  and  the  Southern  Pacific  Company. 
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VERTICAL  BENDING  STRESSES 
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Fig.    98. — Lateral  Bending   Stresses   in   Base   of  Rails   of  the   10°   Curve  at   Cajon, 

Calif.,   Heavy    Santa   Fe    Type    LocoMOTn'E    of   the   Atchison, 

ToPEKA  AND  Santa  Fe  Railway. 
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the  four-wheel  trucks,  there  is  little  or  no  outward  bending  stress  developed 
in  the  outer  rail  under  the  first  driver,  this  driver  participating  in  the  turning 
action  only  at  the  highest  speeds.  With  the  two-wheel  front  truck,  the 
lateral  bending  stress  in  the  outer  rail  under  the  first  driver  may  become 
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Pig.  99. — Stress  at  the  Inside  and  Outside  Edges  of  the  Base  of  the  Inner  and  Otjteb 

Rails  of  the  10°  Curve  at  Bealville,  Calif.,  Series  5518,  Heavy  Santa  Fb 

Ttpb  Locomotive  of  the  Atchison,  Topeka  and  Santa  Fe  Railway, 
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very  great,  and  the  value,  22  600  lb.  per  sq.  in.,  found  under  the  first  driver 
of  the  Santa  Fe  type  on  the  10°  curve,  at  a  speed  of  35  miles  per  hour,  may 
be  considered  a  very  excessive  stress.  It  would  appear  that  the  use  of  a  four- 
wheel  truck  would  improve  the  conditions  under  the  front  outer  driver  of 
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this  locomotive.  In  the  ease  of  the  Double  Trailer  Santa  Fe  type,  the  load 
has  evidently  been  redistributed  in  such  way  as  to  give  an  increased  vertical 
load  on  the  wheels  of  the  front  truck.  (It  will  be  recalled  that  this  locomotive 
was  not  re-designed  for  the  use  of  the  four-wheel  trailer.)     The  resulting 
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Fig.   lUO. — Stress  at  the  Inside  and  Outside  Edges  of  the  Base  of  the  Inner  and  Outer 

Rails  of  the  10°  Curve  at  Bealville,  Calif.,  Series  5517,  Heavy  Santa  Fe 

Type  Locomotive  of  the   Southern  Pacific  Company, 

Backing  Down  Grade,  Light. 


lateral  bending  stress  at  the  outer  wheel  of  the  truck  is  very  great,  16  000  lb. 
per  sq.  in. 

The  lateral  bending  stress  in  the  inner  rail  under  the  intermediate  drivers 
of  these  locomotives  is  so  important  that  its  presence  and  possible  magnitude 
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are  matters  that  should  receive  careful  consideration  in  designing  such  loco- 
motives. It  is  evident  that  the  magnitude  of  the  lateral  bending  stress  in  the 
inner  rail  may  be  expected  to  depend  on  the  wheel  base,  although  the  lateral 
bending  stress  under  the  third  driver  of  the  Mountain  type  on  the  10°  curve  is 
nearly  as  great  as  that  under  the  fourth  driver  of  the  Santa  Fe  type,  19  800  lb., 
as  compared  \\'ith  23  500  lb.,  per  sq.  in.  The  driver  wheel  base  of  the  former 
is  18  ft.  and  that  of  the  latter,  22  ft.  The  connection  of  the  front  truck  of 
the  Mountain  type  (four-wheel)  may  be  less  flexible  than  that  of  the  Santa 
Fe  type  locomotive  (two-wheel). 

It  is  of  interest  to  note  the  effect  of  removing  flanges  from  intermediate 
drivers.  Ordinarily,  on  the  Santa  Fe  type  locomotive  of  the  Atchison,  Topeka 
and  Santa  Fe  Railway  only  the  third  drivers  are  flangeless.  In  the  tests  at 
Cajon,  both  the  third  and  the  fourth  drivers  of  the  locomotive  were  equipi)ed 
with  flangeless  tires  (blind  drivers).  This  omission  of  the  flange  and  the  use 
of  the  cylindrical  tire  shifted  the  very  high  vertical  bending  stress  in  the  inner 
rail  from  the  fourth  driver  to  the  fifth  driver,  and  the  vertical  bending  stress 
was  changed  from  29  000  lb.  per  sq.  in.  under  the  fourth  driver  to  29  000  lb. 
per  sq.  in.  \inder  the  fifth  driver.  The  highest  lateral  bending  stress  was  also 
shifted  to  the  fifth  driver  and  changed  to  25  900  lb.  per  sq.  in.  The  Heavy 
Santa  Fe  type  locomotive  of  the  Southern  Pacific  Company,  used  in  the  tests 
on  the  10°  curve  at  Bealville,  was  equipped  with  flanges  on  all  the  drivers, 
which  is  the  regular  practice  of  this  Company.  In  these  tests,  the  greatest  lat- 
eral bending  stress  was  under  the  fourth  driver,  but  the  third  driver  helped  con- 
siderably, and  the  lateral  bending  stress  under  the  fourth  driver  was  smaller 
than  that  found  with  the  locomotive  of  the  Atchison,  Topeka  and  Santa  Fe 
Eailway  on  the  same  10°  curve,  18  600  for  the  former  as  compared  with  25  800 
lb.  per  sq.  in.  for  the  latter. 

It  should  be  noted  that  the  axle  of  the  first  driver  of  the  locomotive  of  the 
Southern  Pacific  Company  was  designed  to  have  some  lateral  play  in  the  bear- 
ings. The  lateral  bending  stress  in  the  outer  rail  under  the  first  driver  at  the 
speeds  used,  differed  so  little  in  nature  and  magnitude  from  those  found  with 
the  locomotive  of  the  Atchison,  Topeka  and  Santa  Fe  Railway  that  it  appears 
that  this  play  had  no  effect  on  the  guiding  action  of  this  driver  or  on  the  lateral 
bending  stresses  developed  by  the  intermediate  drivers.  It  seems,  also,  that  the 
outward  bending  or  deflection  of  the  inner  rail  and  consequent  temporary  in- 
crease of  gauge  at  the  fourth  and  fifth  drivers,  in  case  the  third  driver  is 
flangeless,  and  also  at  the  third  driver,  in  case  it  is  flanged,  throw  light  on  the 
ability  of  a  rigid  wheel-base  to  pass  around  a  sharp  curve  without  permanently 
spreading  the  track,  even  though  the  flange  of  the  outer  rear  driver  keeps  away 
from  the  outer  rail. 

The  lateral  bending  stresses  under  the  trailers  of  the  Mountain  and  Santa 
Fe  types  have  high  values  on  the  10°  curve,  although  they  are  moderate  on  the 
6°  curve.  It  is  evident  that  there  is  sufficient  freedom  in  turning  to  give  low 
lateral  bending  stresses  on  the  6°  curve,  but  that  the  restraint  on  the  10°  curve 
develops  high  lateral  pressures  against  the  outer  rail.  The  double  trailer 
Santa  Fe  type,  however,  has  such  freedom  of  motion  that  relatively  small  lat- 
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eral  bending  stresses  are  developed  under  these  wheels  on  the  10°  curve.  It 
should  also  be  recorded  that  the  lateral  springs  regulating  the  lateral  swing  of 
the  trailer  truck  in  the  Mountain  type  locomotive  were  loosened  for  one  day's 
runs;  the  lateral  bending  stresses  developed  in  the  two  rails  of  the  10°  curve 
with  the  trailer  truck  in  this  condition  did  not  differ  particularly  from  those 
found  when  the  springs  were  in  their  usual  condition. 

22. — Effect  of  Pulling  and  Coasting  and  of  Condition  of  Rail. — In  the  dis- 
cussion of  the  tests  on  straight  track,  it  has  been  shown  that  the  stress  in  rail 
under  the  wheels  of  the  locomotive  does  not  diifer  greatly  whether  the  locomo- 
tive is  pulling  a  load  or  coasting.  On  the  curved  track  at  Bealville,  the  aver- 
age of  the  vertical  bending  stresses  in  base  of  rail  for  both  outer  and  inner 
rails  of  the  10°  curve  at  all  the  wheels  of  the  locomotive  did  not  differ  notice- 
ably whether  the  locomotive  was  pulling  a  load  of  500  tons  up  grade  or 
whether  it  was  coasting  down  grade.  This  load  was  about  one-half  the  full 
capacity  of  the  locomotive  in  operating  on  the  2.2%  grade.  The  stresses  under 
individual  wheels,  however,  showed  some  differences. 

At  Cajon,  the  stress  in  the  outside  edge  of  the  inner  rail  under  the  fifth 
driver  (see  Figs.  91  to  94)  was  somewhat  greater  when  the  locomotive  was 
pulling  load  than  when  coasting  for  those  tests  when  the  tire  of  the  fourth 
driver  was  cylindrical  (typical  of  new  blind  tire),  and  only  slightly  greater  in 
the  tests,  when  the  fourth  driver  was  grooved.  It  is  seen  then  that  the  lateral 
bending  stresses  were  about  the  same  in  the  two  cases.  The  vertical  bending 
stresses  in  the  outer  rail  under  the  fifth  driver  were  somewhat  smaller  when 
the  locomotive  was  pulling.  The  stresses  in  the  inner  rail  under  the  second 
and  third  drivers  were  soraewhat  smaller  when  the  locomotive  was  pulling  a 
load  than  when  coasting.  The  difference  in  the  stresses  in  the  outer  rail  at  the 
first  driver  and  at  the  wheel  of  the  front  truck  (and  also  the  lateral  bending 
stress  at  other  wheels)  does  not  indicate  a  change  that  can  be  considered  char- 
acteristic. Altogether  no  very  marked  differences  in  stress  under  the  various 
wheels  are  noticeable  in  the  two  ways  of  operating  the  locomotive. 

The  comparison  of  the  results  of  the  tests  at  Bealville  is  complicated  by 
the  fact  that  the  down-grade  tests  were  made  on  wet  rails,  while  in  the  up- 
grade tests  the  rails  were  dry.  It  is  seen,  however,  that  the  vertical  bending 
stress  under  the  rear  driver,  which  is  the  location  giving  apparently  somewhat 
higher  stresses  when  the  locomotive  is  pulling  load  and  the  one  for  which  higher 
stresses  may  possibly  be  expected  for  this  condition  if  at  all,  does  not  differ  in 
either  rail  for  the  up-grade  and  down-grade  tests  with  either  locomotive.  It  is 
apparent,  however,  that  there  is  a  considerable  difference  in  the  distribution  of 
the  stresses  under  the  intermediate  drivers  due,  no  doubt,  to  differences  in  fric- 
tion of  the  wheel  on  the  rail  for  the  two  conditions  of  wet  and  dry  rail  and, 
therefore,  to  differences  in  the  position  of  the  center  of  rotation  in  the  change 
of  direction  of  the  locomotive  on  the  curve.  At  the  outside  edge  of  the  inner 
rail,  under  the  fourth  driver  of  the  locomotive  of  the  Atchison,  Topeka  and 
Santa  Fe  Railway,  the  stress  drops  from  54  700  lb.  per  sq.  in.  when  the  rail  is 
dry  (up  grade,  pulling)  to  36  600  lb.  per  sq.  in.  when  the  rail  is  wet  (down 
grade,  light).    The  stresses  under  the  first,  second,  and  third  drivers  are  some- 
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what  less  with  the  dry  rail.  The  lateral  bending  stresses  in  the  outer  rail  under 
the  first  driver  and  the  wheel  of  the  front  truck  are  higher  with  the  wet  rail. 
With  the  locomotive  of  the  Southern  Pacific  Company,  a  reduction  in  stress 
with  the  wet  rail  is  found  at  the  main  driver,  that  at  the  fourth  driver  remain- 
ing the  same.  It  is  evident  that  the  condition  of  the  rail  has  an  effect  on  the 
development  of  stress  at  the  different  wheels. 

2S. — Tests  with  Locomotive  Backing  over  Curved  Track. — On  curved  track, 
with  the  locomotive  moving  forward,  the  guiding  and  the  change  of  direction 
around  the  curve  are  effected  by  the  flanges  of  the  outer  wheel  of  the  front 
truck  and  generally,  also,  by  that  of  the  first  driver.  When  the  direction  of  the 
locomotive  is  reversed,  it  is  to  be  expected  that  the  turning  action  will  be 
effected  by  the  fifth  driver  and  also  by  the  trailer  if  its  connections  are  not  too 
flexible.  It  is  also  to  be  expected  that  the  inner  second  driver  will  cause  large 
lateral  and  vertical  bending  stresses  in  the  rail  at  the  point  where  the  fourth 
driver  develops  these  large  stresses  when  the  locomotive  is  moving  forward. 
That  this  reasoning  is  correct  is  shown  by  an  examination  of  Figs.  99  and  100, 
which  give  stresses  in  rail  when  the  Santa  Fe  type  locomotives  of  the  two  rail- 
roads were  backed  around  the  10°  curve  at  10  miles  per  hour,  the  rails  being 
dry  in  these  tests.  The  magnitude  of  the  stress  at  these  wheels  is  not  as  great 
as  may  be  expected.  It  will  be  noted  that,  with  the  locomotive  of  the  Atchison, 
Topeka  and  Santa  Fe  Railway,  the  turning  action  is  effected  by  the  pressure  of 
the  flange  of  the  trailer  against  the  outer  rail,  while,  with  the  locomotive  of  the 
Southern  Pacific  Company  the  turning  action  is  taken  more  largely  by  the 
fifth  driver.  Evidently,  the  trailer  of  the  former  locomotive  is  more  restrained 
in  its  connections.  This  restraint  was  also  noticed  with  a  locomotive  of  the 
same  type  in  the  tests  on  the  10°  curve  at  Ribera  (the  locomotive  moving  for- 
ward), but  as  that  restraint  did  not  appear  on  the  6°  curve  at  Ribera,  it  would 
seem  that  there  is  sufiicient  freedom  of  action  in  the  connection  of  the  trailer 
not  to  develop  lateral  bending  stresses  under  the  trailer  on  the  6°  curve. 

2Jf. — Lateral  Bending  of  the  Bail  Section. — When  a  lateral  force  is  applied 
to  the  head  of  the  rail  and  the  base  of  the  rail  is  held  in  place  either  wholly  or 
partly,  it  may  be  expected  that  the  rail  web  will  bend  and  the  head  of  the  rail 
will  deflect  outwardly  or  inwardly  relatively  to  the  original  vertical  axis  of  the 
rail.  To  determine  whether  this  lateral  bending  of  the  rail  section  is  a 
measurable  quantity,  an  instrument  was  made,  which  was  fastened  firmly  to  the 
base  of  the  rail  and  had  a  vertical  standard  rising  at  one  side  of  the  rail.  An 
Ames  dial  at  the  level  of  the  middle  of  the  depth  of  the  head  of  the  rail  was 
attached  to  this  standard;  its  plunger  bore  against  the  side  of  the  head  of  the 
rail.  The  locomotive  was  run  by  at  a  slow  speed,  1  to  2  miles  per  hour,  and 
readings  were  taken  as  a  wheel  passed  the  instrument  and  again  between  wheels. 
The  observation  proved  to  be  definite  and  positive,  and  succeeding  runs  con- 
firmed the  readings.  It  should  be  noted  that  the  observations  are  independent 
of  any  tilting  of  the  rail  about  its  base  or  its  support  on  the  tie;  such  tilting 
may  also  occur. 

Measurable  values  of  the  lateral  bending  of  the  rail  section  were  found. 
Reference  will  be  made  only  to  the  general  nature  of  the  results.    The  deflec- 
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tion  varied  from  zero  to  0.016  in.  The  values  on  the  10°  curve  were  somewhat 
higher  than  on  the  6°  curve.  The  Santa  Ye  type  gave  somewhat  higher  values 
than  the  Mountain  type.  As  would  be  expected  from  the  low  speed  used,  the 
deflections  were  greatest  in  the  inner  rail,  and  the  direction  of  deflection  in 
the  inner  rail  was  generally  away  from  the  track.  The  direction  of  the  deflec- 
tion in  the  outer  rail  did  not  always  correspond  with  the  character  of  the 
observed  lateral  stress  in  the  base  of  rail.  As  the  lateral  bending  of  the  rail 
itself  is  the  result  of  a  number  of  forces,  including  those  acting  at  the  supports 
of  the  rail,  it  is  possible  that  the  sign  of  the  bending  moment  at  a  wheel  point 
may  not  be  in  keeping  with  the  direction  of  the  lateral  force  acting  at  that 
point.  An  interesting  feature  occurred  when  the  Santa  Fe  type  was  backed 
over  the  track.  A  very  high  value  of  the  deflection  was  observed  in  the 
inner  rail  under  the  fifth  driver,  a  deflection  of  0.016  in.  away  from  the  track 
for  the  10°  curve,  and  one  of  0.014  in.  for  the  6°  curve.  The  absence  of  leading 
wheels  to  guide  the  driving  wheel-base  is  evident  in  these  results.  Values  of  the 
deflection  as  great  as  0.007  in.  were  found  at  the  wheels  of  the  tender,  the 
middle  wheel  of  a  truck  on  the  inner  rail  giving  large  deflections. 

25. — Preliminary  Tests  on  the  Illinois  Central  Railroad. — Preliminary  to 
the  main  tests  on  curved  track  heretofore  described,  tests  were  made  on  two 
curves  on  the  Illinois  Central  Railroad  for  the  purpose  of  developing  the 
method  of  testing  curved  track,  of  learning  the  technique  necessary  for  a  suc- 
cessful test,  and  of  trying  out  the  instrumental  equipment.  The  results  are 
of  sufficient  interest  to  warrant  recording. 

Fig.  101  gives  the  stresses  in  the  inner  and  the  outer  rail  of  a  7°  cuiTe  at 
^turphysboro.  111.,  with  a  Mikado  type  of  locomotive  (No.  1861)  of  the  same 
general  class  as  that  used  in  the  tests  on  straight  track,  described  in  the  second 
progress  report,  the  rail  being  90-lb.  A.  R.  A. -A.  section,  whereas  in  the  earlier 
tests  on  straight  track  the  rail  was  85-lb.  Am.  Soc.  C.  E.  section.  The  super- 
elevation of  the  track  was  3|  in.,  corresponding  to  a  speed  of  28  miles  per  hour. 
It  is  seen  that  the  turning  action  is  taken  by  the  flanges  of  the  outer  front 
truck  wheel  and  the  first  driver,  and  there  is  little  difference  in  lateral  bending 
stresses  under  these  wheels  at  the  two  speeds  used.  The  fourth  driver  and  the 
trailer  push  outwardly  on  the  outer  rail  at  both  speeds;  the  trailer  also  acts  to 
increase  the  curvature  of  the  inner  rail.  The  main  lateral  bending  stresses  in 
the  inner  rail  are  at  the  second  and  third  drivers.  The  vertical  bending  stress 
at  the  third  driver,  at  a  speed  of  5  miles  per  hour,  is  80%  more  than  that  on 
straight  track  and,  at  25  miles  per  hour,  it  is  30%  greater  than  on  straight  track. 
In  the  outer  rail,  the  stresses  at  the  second  and  third  drivers  are  very  small. 

Fig.  102  gives  the  stresses  in  the  inner  and  outer  rail  of  a  14°  curve  con- 
necting the  Havana  Branch  at  Champaign,  111.  The  locomotive  is  a  ten-wheel 
type  (4-6-0).  The  wheel  loads  are  relatively  small.  The  rail  is  85-lb.  section. 
The  super-elevation  of  the  track,  3|  in.,  corresponds  to  a  speed  of  20  miles 
per  hour.  It  is  seen  from  the  stresses  that  the  turning  of  the  locomotive  at 
both  speeds  is  produced  by  the  action  of  the  flanges  of  the  two  outer  wheels  of 
the  front  truck.  The  third  driver  pushes  outwardly  on  the  outer  rail  at  both 
8i)eeds.     The  first  and  second  drivers  push  outwardly  on  the  inner  rail,  the 
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lateral  bending  stress  under  the  second  driver  being  of  considerable  magnitude 
at  both  speeds.  The  vertical  bending  stress  in  the  inner  rail  at  the  second 
driver  is  nearly  50%  greater  than  on  straight  track  for  both  speeds.  It  is  seen 
that  even  this  type  of  locomotive  shows  great  variation  in  stress  on  this  curve. 

26. — Progress  of  Other  Work. — Other  investigations  not  reported  herein 
have  been  carried  on.  Some  further  progress  has  been  made  on  the  transmis- 
sion of  pressure  through  granular  materials.  A  few  tests  made  with  a  loaded 
car  equipped  with  a  wheel  having  a  large  flat  spot  showed  that  strains  of  con- 
siderable magnitude  are  caused  by  this  condition  and  proved  the  practicability 
of  measuring  these  strains  by  the  stremmatograph. 

Laboratory  tests  on  several  of  the  forms  of  rail  joints  commonly  used  in 
track  have  been  conducted.  In  these  tests,  measurements  of  the  strains  in 
different  parts  of  the  bars  and  the  rail  under  ordinary  loads  and  somewhat 
higher  loads  have  been  made  with  a  view  of  learning  where  stresses  are 
developed  and  how  they  are  transmitted  between  rail  and  joint,  in  an  effort  to 
learn  more  of  the  characteristics  of  the  joints.  A  few  tests  to  find  what 
stresses  are  developed  in  the  joints  in  track  have  also  been  made. 

In  the  test  program  under  consideration  are  included  the  effect  of  canted 
rails,  stresses  under  heavily  loaded  cars,  and  tests  with  electric  locomotives 
where  the  conditions  of  center  of  gravity,  relation  of  unsprung  to  sprung 
weight,  and  spacing  of  wheels  may  be  quite  different  from  those  of  the  steam 
locomotive. 

Respectfully  submitted, 

The  Special  Committee  to  Eeport  on  Stresses  in  Railroad  Track, 

Arthur  N.  Talbot,  Chairman, 
G.  H.  Bremner, 
John  Brunker, 
W.  J.  Burton, 
Charles  S.  Churchill, 
w.  c.  cushing, 
W.  M.  Dawley, 
H.  E.  Hale, 
Robert  W.  Hunt, 
J.  B.  Jenkins, 
George  W.  Kittredge, 
Paul  M.  La  Bach, 
U.  G.  E.  Larsson, 
G.  J.  Ray, 

Albert  F.  Reichmann, 
H.  R.  Safford, 
Earl  Stimson, 
f.  e.  turneaure, 
November  29,  1922.  J.  E.  Willoughby. 


DISCUSSION   ON   STRESSES   IN  RAILROAD  TRACK  10G9 

33  I  SOUS  SI  ON 


S.  TiMOSHENKO,*  Esq.  (by  letter). — The  problem  of  dynamic  stress  in 
rails  is  one  of  great  complexity,  and  only  by  systematic  experiments  is  it 
possible  to  separate  the  effects  of  counterbalance,  flat  spots  on  wheels,  low 
spots  on  rails,  and  various  other  causes  of  dynamic  stress.  The  Special  Commit- 
tee on  Stresses  in  Railroad  Track,  in  its  secondf  and  third:}:  progress  reports, 
studies  separately  and  in  detail  the  effect  of  counterbalance.  The  other  causes 
are  not  brought  out,  and  their  average  effect  is  marked  under  "sp>eed  effect." 
Although  the  average  value  of  this  si)eed  effect  is  not  "unreasonably  high",  to 
use  the  words  of  the  report,  the  observed  values  of  stress  that  are  recorded,  show, 
for  the  several  wheels  and  rail  sections,  considerable  variations  for  which  no 
explanation  is  given. 

In  this  discussion,  it  will  be  shown  that,  in  some  cases,  this  variation  can 
be  attributed  to  the  vertical  motion  of  the  wheel  due  to  the  causes  mentioned 
previously.  By  taking  into  consideration  the  yielding  of  the  track  acting  as 
a  spring,  it  is  easily  shown  that  the  effect  of  the  counterweights  is  greater  than 
that  given  by  static  formulas,  and  explanation  is  obtained  for  the  fact  that  the 
maximum  stress  occurs  somewhat  after  the  counterweight  has  reached  its 
lowest  position. 

The  additional  stresses  produced  in  the  rail  by  the  vertical  motion  of  the 
wheel,  due  to  a  flat  spot  or  other  irregularities  in  the  wheel  or  rail,  are  readily 
calculable.  It  is  shown  that  the  additional  deflection  produced  by  a  flat  spot 
is  proportional  to  the  depth  of  the  spot  and  depends  on  the  time  required  for 
the  wheel  to  pass  over  the  flat  spot.  From  this,  it  follows  that  the  more  rigid 
rail  gives  a  somewhat  higher  proportional  increase  of  this  stress  with  increase 
of  speed  than  a  less  rigid  one. 

The  method  of  calculating  additional  stresses  due  to  vertical  motion  of  a 
wheel  will  be  shown  in  the  very  simple  case  of  a  single  wheel.  Considering 
the  track  as  an  elastic  structure,  the  following  relation  between  the  pressure, 
P,  and  the  deflection,  y,  of  the  rail  can  be  obtained  :§ 

P  =  Tcy ia) 

in  which, 


Ti  =  yl  ME  lu^ (6) 

E  I  denotes  the  flexural  rigidity  of  the  rail,  and  u  denotes  modulus  of  elasticity 
of  rail  support  defined  as  the  pressure  -per  unit  of  length  of  each  rail  required 
to  depress  the  track  one  unit. 

Considering  the  rail  as  a  spring,  the  rigidity  of  which  is  determined  by 
Equation  (fe),  the  equation  of  free  vibration  of  the  wheel  on  the  rail  can  be 
written  in  the  well  known  form : 

•  Research  Dept.,  Westinghouse  Elec.  &  Mfg.  Co.,  East  Pittsburgh,  Pa. 

t  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXII    (1918),  p.   1191. 

t  See  p.  907. 

§  See  First  Progress  Report,  Bulletin,  Am.  Ry.  Eng.  Assoc,  1918.  p.  887. 
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jU^'y-" <=) 

in  which,  q  denotes  the  weight  of  the  wheel,  together  with  the  haK  weight  of 
the  axle  and  the  weights  of  other  parts  rigidly  connected  to  the  axle.* 

The  period  of  free  vibration  of  the  wheel  on  the  rail,  from  Equation  (c), 
will  be, 

^^^''NT ^'^^ 

in  which, 

^  =  i ''> 

denotes  the  static  deflection  of  the  rail  under  the  pressure,  q. 

Assuming,  for  instance,  for  a  100-lb.  rail,  that  ^  7  =  30  X  10"  X  44  lb.  in.^, 
and  u  =  1  500  lb.  per  inch  length  of  rail  per  inch  depression,  and  g  =  3  000  lb., 
Equation  (d)  gives  t  =  0.0483  sec,  that  is,  the  wheel  performs  about  20  vibra- 
tions per  sec. 

Consider  now  different  forces  acting  on  the  wheel:  The  forces  acting  on 
the  wheel  through  the  spring  may  be  considered  as  constantf  and  the  corre- 
sponding depression  of  the  rail  may  be  calculated  from  Equation  (a). 

The  vertical  component  of  the  centrifugal  force,  C,  due  to  the  unbalanced 
rotating  parts,  will  be, 

in  which  t^  denotes  the  period  of  one  complete  revolution  of  the  wheel  and 
a  is  a  constant  depending  on  the  initial  position  of  the  counterweight. 

The  vertical  motion  of  the  wheel  produced  by  this  force  may  be  found  from 
the  well  known  equation  of  forced  vibrations : 

q   d^  y        -,            ^         /•2  7t  t          \ 
i._|+,,  =  Cco,(---.) (/) 

By  integrating  Equation  (/),  the  expression  for  the  forced  vibration  may 
be  obtained  in  the  form: 

Q 

in  which  - —  is  the   deflection,  obtainable  from  the  static  Equation  (a).     It  is 
k 

seen  that  the  amplitude  of  the  forced  vibration,  Equation  (gf),  is  greater  than 

Q 

—-  in  the  ratio, 
Ac 

*  The  mass  of  the  vibrating  part  of  the  rail  is  negligible  In  comparison  with  the  mass 
of  the  wheel. 

t  The  variation  of  this  force,  due  to  the  vibration  of  the  locomotive  on  its  springs,  can 
also  be  taken  into  consideration  without  difficulty,  as  the  period  of  this  vibration  may  be 
considered  to  be  large,  in  comparison  with  t  and  the  static  formulas  may  be  used  in  calculating 
the  deflection  of  the  rail. 


G  cos 
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■b-m 


';L^-U;j-. '"' 

When  the  time,  t^,  of  a  revolution  of  the  wheel  is  large  as  compared  with 
the  period,  r,  of  free  vibrations  of  the  wheel,  the  ratio,  Equation  (h),  differs 
little  from  unity  and  the  static  Equation  (a)  may  be  used  without  essential 

errors.     Assuming,  for  instance,  —   =  —  that  is,  taking  about  5  rev.  of  the 
wheel  per  second: 


[' 


1.06< 


1 

The  maximum  deflection,  therefore,  due  to  the  counterbalance,  is  about  7% 
greater  than  the  value  given  by  the  static  Equation  (a).  The  ratio,  Equation 
(h),  increases  with  the  diminishing  of  the  time,  r^,  of  a  revolution.  If,  for 
instance,  the  effect  of  the  inertia  forces  of  the  second  order,  is  taken,  for 
which  the  period  is  equal  to  ^  r,  we  obtain,  for  the  example  just  given. 


-[^^(r^J]  — 


that  is,  the  difference  between  the  results  obtainable  from  Equation  (a)  and 
Equation  (g)  is  about  33  jyer  cent. 

As  C  is  pi'oportional  to  the  square  of  the  speed,  and  the  ratio,  Equation  (/i), 
increases  with  the  speed,  it  may  be  concluded  from  Equation  (g)  that  the  stress 
due  to  counterbalance  increases  much  further  than  the  square  of  the  speed. 

By  taking  into  consideration  the  damping  effect  of  friction,  it  is  easy  to 
show  that  the  maximum  depression,  due  to  the  counterbalance,  must  occur 
somewhat  after  the  counterweight  has  reached  its  lowest  position. 

Consider,  now,  the  effect  of  a  flat  spot  on  the  deflection  of  the  rail.  Let  t] 
denote  the  variable  depth  of  the  flat  spot  and  y  the  deflection  of  the  rail. 
Then,  the  vertical  displacement  of  the  wheel  is  equal  to  y  -{-  r],  and  the  differ- 
ential equation  of  motion  of  the  wheel  in  the  vertical  direction,  due  to  the 
effect  of  the  flat  spot  only,  will  be, 

q   d^  (?/  +  77) 

7       df^       +ky  =  o (0 

from  which, 

g   d  t'^^y  -       Yd  f' ^^^ 

When  the  shape  of  the  flat  spot  and  the  speed  of  the  locomotive  are  known, 
7}  can  be  easily  expressed  as  a  function  of  the  time.     Suppose, 

q   d^  Tf 
~^dl' 

in  which,  ^  is  a  known  function  of  the  time.  Then,  from  Equation  (y),  we 
obtain, 

±-^,+  lcy  =  t.m ..w 

By  comparing  the  forms  of  Equations  (/)  and  {k),  it  is  seen  that  the 
effect  of  the-flat  spot  is_the  same  as  thatoi  an  external  force,  t,  (t).    The  deflec- 


tt;  =  ?  (0 


1072 


DISCUSSION  ON  STRESSES   IN  RAILROAD  TRACK 


tion  produced  by  this  force  at  the  moment,  t,  may  be  calculated  by  using  the 
known  formula  for  forced  vibrations, 

y=l^-—^   \    C  («,)  sin —  («-«,)  fU, (0 

As  an  example,  consider  the  effect  of  a  flat  spot  the  shape  of  which  is  deter- 
mined by, 


/ 


2  ;r  a; 


2    0        -"      I 


COS 


,(m) 


in  which  I  denotes  the  circumferential  lengrth  of  the  flat  spot,  and  /  the  depth 
of  the  spot  at  the  middle  of  its  length.     Substituting  in   Equation    {m), 
a;  =  V  i,  in  which  t;  is  the  speed,  we  obtain, 
q  d"^  -n       _q_ 
9 


C  (0  =  - 


/     4   TT^  t)2  2ltVt 


9    d  e 

Substituting  this  in  Equation  (Z)   and  integrating,  the  additional  deflection 
produced  by  the  flat  spot  has  then  the  following  expression : 


y  ^^ 


1 


1-^ 


2  it  t 


2  Tt  t 


(n) 


in  which,  as  previously,  t  denotes  the  period  of  free  vibration  of  the  wheel  on 

I 
the  rail,  and  r^  =  —  denotes  the  time  required  for  the  wheel  to  pass  over  the 

flat  spot.     Equation  («)  can  be  used  for  calculating  additional  deflection  at  any 

I 
time  between  {  =  0  and  ^  =  r,  =  — .     This  deflection  is  proportional  to  /  and 


depends  on  the  magnitude  of  the  ratio,  — -.     The  variation  of  the  deflection  of 

the  rail  under  the  wheel  in  the  interval  0  ;^  ^  ;^  Tj,  for  different  values  of  the 

ratio,  — ^,  is  represented  in  Fig.  103. 

It  should  be  noted  that,  in  the  first  moment,  owing  to  the  flat  spot,  the 
pressure  on  the  rail  diminishes,  and  the  wheel  b^ins  to  move  vertically  down- 
ward with  acceleration.  Then,  the  retardation  of  this  movement  begins  and, 
with  it,  the  increase  in  pressure  and  deflection.  The  values  of  the  maximum 
deflections,  calculated  from  Equation   {n)   for   different  values  of  the  ratio, 

— ^ ,  are  given  in  Table  24. 

TABLE  24. 
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The  maximum  deflection,  equal  to  about  1.47,  occurs  at  the  speed  corre- 

T  2 

spouding  to  — -  =  — .     Taking,  for  example,  /  =  X  in.,  it  may  be  calculated 
r  3 

from  Equatioa  (a)  that  the  force,  corresponding  to  the  additional  deflection, 
equal  to  Jj|^^  in.,  is  about  12  000  lb.  Thus,  a  comparatively  small  flat  spot  pro- 
duces, at  certain  speeds,  very  appreciable  dynamic  effect.  Similar  results  can  be 
obtained  for  flat  spots  of  different  shapes,  for  instance,  in  the  case  where  the 
variation  of  the  depth,  rj,  follows  the  parabolic  law,  or  the  law  represented  by 
a  broken  line.* 

The  vertical  motion  of  the  wheel  for  ^  >  Xg  can  be  considered  as  a  free  vibra- 
tion. The  initial  displacement  and  the  initial  si)eed  of  these  vibrations,  that 
is,  the  deflection  and  the  speed  at  ^  =  r.,,  may  be  found  from  Equation  (n). 
Owing  to  the  damping  effect,  these  vibrations  die  out  very  quickly. 

In  all  the  considerations  presented,  the  mass  of  the  vibrating  part  of  the 
rail  was  neglected  in  comparison  with  the  mass  of  the  wheel.  The  error  involved 
in  this  simplification  of  the  problem  is  not  essential  if  the  time,  To,  which  is 
required  for  the  wheel  to  pass  over  the  flat  spot,  is  long  enough  in  comparison 
with  the  period  of  the  fundamental  type  of  free  vibration  of  the  rail.  With 
increasing  speed,  the  error  increases  and  the  elementary  solution,  given  pre- 
viously, may  be  considered  as  a  first  approximation.  The  exact  solution  can 
be  obtained  only  on  the  consideration  of  the  vertical  motion  of  the  wheel, 
together  with  the  transverse  vibrations  of  the  rail.f 

•  See  the  writer's  paper,  "On  the  Stresses  in  Railway  Track",  Transactions,  Inst,  of 
Engrs.   nf  Ways  of  Communication,   Petrograd.  1915. 

t  Solutions  of  a  number  of  problems  on  vibration.?  of  rails  are  given  in  the  writer's 
paper,  "On  the  Vibrations,  of  Kails",  Bulletin.  Electro-Technical  Inst.  Vol.  XIII  (1915), 
Petrograd.  See,  also,  the  writer's  paper,  "Etude  de  I'Action  des  Charges  roulantes  sur  les 
Ralls",  Le  Genie  Civil,  1921,  p.  555. 
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Synopsis 


The  purpose  of  this  paper  is  primarily  to  determine,  by  scientific  methods, 
values  of  safe  working  stresses  for  the  several  types  of  reinforced  concrete 
columns,  and  to  indicate  those  excessive  and,  therefore,  unsafe  stresses  per- 
mitted by  the  1917  and  1921  Specifications  suggested  by  the  Joint  Committees 
on  Concrete  and  Reinforced  Concrete:}:  and  on  Standard  Specifications  for 
Concrete  and  Reinforced  Concrete,§  respectively,  particularly  the  excessive 
and  dangerous  stresses  permitted  by  the  1921  Specifications  for  spirally  rein- 
forced columns.  II 

In  Section  I,  the  effect  of  the  non-homogeneity  of  concrete  on  its  various 
constants  of  stress  and  elasticity  is  analyzed.  An  analysis  based  on  the  test 
data  and  observations  of  all  appropriate  columns  tested  in  the  United  States, 
in  which  the  effect  of  the  variation  of  the  ultimate  strength  of  the  concrete 
is  mathematically  eliminated,  leads  to  equations  expressing  the  ultimate 
strength  of  the  several  types  of  reinforced  concrete  columns  in  terms  of  all  the 
column  variables.     The  analysis  gives  a  clear  insight  into  and  establishes  the 

*  Presented   at  the  meeting  of  February  14,   1923. 

t  Pittsburgh,  Pa. 

t  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXI   (1917),  p.  1101. 

§  Proceedincis,  Am.   Soc.  C.  E.,  August,  1921,  p.  59. 

II  The  Specifications  submitted  by  the  Joint  Committees  on  Concrete  and  Reinforced 
Concrete  and  on  Standard  Specifications  for  Concrete  and  Reinforced  Concrete  will  be  referred 
to  in  this  paper  as  the  "1917  Specifications"  and  the  "1921  Specifications,"  respectively. 
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functioning  of  the  several  column  components  and  the  strength  to  be  expected 
from  them  per  se.  One  important  result  attained  is  the  knowledge  of  the 
uniformity  of  strength  developed  by  longitudinal  reinforcing  rods  per  unit 
area. 

In  Section  II,  the  mathematical  equations  for  the  spirally  reinforced 
concrete  column  are  developed.  By  the  substitution  of  known  values  for  the 
variables  of  these  equations,  simultaneous  values  of  longitudinal  column  core 
stress  and  spiral  stress  are  obtained,  that  check  observation  values  within 
experimental  measure,  thus  verifying  the  equations.  It  can  be  sho^vn  by  these 
equations  that: 

1. — The  ultimate  strength  of  spirally  reinforced  concrete  is  independent 
of  the  yield-point  strength  and  the  ultimate  strength  (tensile)  of 
the  spiral  reinforcement. 
2. — The  spirally  reinforced  concrete  column  develops  maximum  strength 
and  fails  when  the  spiral  is  stressed  at  most  to  the  yield  point. 
The  failure  of  the  spiral  in  tension  by  further  increase  in  column 
compression  strain  is  a  relatively  unimportant  phenomenon. 
3. — It  is  impossible  to  stress  the  steel  spiral  beyond  the  yield  point  by 
compression  on  the  concrete  core  of  the  column. 

In  Section  III,  the  concept  of  reliability  is  analyzed.  Factors  governing 
reliability  are  critically  examined,  and  a  method  of  accurately  expressing  it 
in  a  reliability  number  determined  by  the  well  known  error  function  is 
developed.  The  reliability  number  is  applied  to  substantiate  the  equations  of 
Section  I  and  is  also  a  necessary  factor  in  the  determination  of  the  safe 
working  stresses  in  Section  IV. 

In  Section  IV,  the  factors  essential  in  the  determination  of  safe  working 
stresses  in  general  are  enumerated.  Formulas  are  derived  mathematically 
without  the  inclusion  of  the  "guesswork"  factor  of  safety  or  its  equivalent, 
for  the  determination  of  safe  stresses  for  the  several  types  of  reinforced  con- 
crete columns.  Stresses  calculated  from  these  formulas  for  many  examples 
within  the  range  of  possible  selection  of  column  variables  are  tabulated  in 
comparison  with  those  permitted  by  the  1917  and  1921  Specifications.  By 
comparison,  the  stresses  permitted  by  these  specifications  are  shown  to  be 
inconsistent  and,  in  miany  cases,  unsafe. 


SECTION  I.— EMPIEICAL  FOKMULAS* 
1 . — In  trodu  ctio  n 

Because  of  the  relatively  large  expense  and  the  necessity  of  special  equip- 
ment, only  a  small  number  of  plain  and  reinforced  concrete  columns  have  been 
tested.  In  each  series  of  tests  the  number  of  specimens,  especially  of  duplicate 
specimens,  has  been  less  than  desirable  in  order  to  determine  definitely  the 
effect  of  each  variable  affecting  the  strength  of  the  column. 

*  An  empirical  formula  is  one  derived  directly  from  an  experimental  basis,  assumed  to 
be  resolvable  Into  simpler  laws,  and  is  only  to  be  accepted  as  true  for  values  lying  within 
the  limits  of  the  observed  quantities. 
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This  Section  is  devoted  to  an  analysis,  as  one  large  group,  of  the  various 
important  groups  of  columns  that  have  been  tested,  thereby  eliminating,  not 
only  the  variation  in  results  due  to  factors  both  unknown  and  incapable  of 
being  measured,  but  also  the  personal  equation  of  each  investigator.  By  thus 
increasing  the  range  of  variables  and  the  number  of  test  specimens,  a  surer 
and  wider  insight  into  the  functions  of  the  reinforcing  components  and  a 
more  exact  derivation  of  empirical  formulas  are  obtained.  The  formulas  devel- 
oped in  this  Section,  besides  being  of  direct  benefit  in  the  determination  of  the 
probable  strength  of  a  compound  column,  are  applied  in  Section  IV  in  the 
determination  of  safe  working  stresses.  No  common  dimensions  of  the  col- 
umns, such  as  length,  diameter,  slenderness  ratio,  strength  of  concrete,  per- 
centage of  reinforcement,  etc.,  are  found  in  the  several  groups  of  tests.  It  is 
a  diflScult  task,  therefore,  to  co-ordinate  all  the  tests  and  from  them  to  deter- 
mine the  effect  of  each  variable  and  to  formulate  a  general  law  for  the  strength 
of  the  columns  of  each  type.  Evidently  columns  having  concrete  of  different 
strengths  and  different  percentages  of  spiral  and  longitudinal  reinforcement, 
cannot  be  directly  compared.  Some  means  of  comparison,  therefore,  must  be 
found,  in  order  to  derive  the  benefit  of  including  every  column  in  the  mathe- 
matical analysis.  A  different  method  of  analysis  must  of  necessity  be  adopted 
for  each  type  of  column. 

2. — Importance  of  the  Empirical  Formula 
The  formulas  in  this  paper  are  derived  from  an  almost  purely  empirical 
basis.  Such  formulas  are  not  generally  held  in  highest  esteem,  but  they  should 
not,  especially  in  this  case,  be  considered  of  little  importance.  One  important 
branch  of  mathematics,  the  Theory  of  Errors,  deals  with  its  subject-matter 
empirically.  Scientifically,  there  is  no  such  thing  as  an  error.  The  "error"  or 
discrepancy  from  a  predicted  result  or  from  other  observations  is  due  to  an 
accumulation  of  minutias  or  influences,  of  which  knowledge  is  limited  or  lack- 
ing, or  of  influences  too  complicated  to  permit  an  attempt  at  a  mathematical 
solution.  Empirical  formulas  give  no  insight  into  underlying  operating  causes. 
Newton  considered  a  "force"  as  an  operating  cause  and  a  concrete  thing  in  it- 
self ;  modern  science  has  shown  that  a  "force"  is  merely  a  means  of  measuring 
change  in  motion,  cannot  be  measured  by  any  other  unrelated  means,  and  is 
incapable  of  being  separated  from  matter. 

In  Science  the  attitude  of  endeavoring  to  determine  the  reason  for 
phenomena  has  changed  to  one  of  determining  the  manner  in  which  the 
phenomena  occur;  it  is  a  change  from  formerly  asking  why  to  the  present 
inquiry  of  how. 

The  engineer  is  most  concerned  with  results.  The  empirical  formula  gives 
results  accounting  for  the  effects  of  all  actuating  influences  without  in  any 
way  attempting  to  analyze  and  separate  the  effect  of  each,  and  directly  dis- 
counting the  effect  of  the  accumulation  of  minutiae  and  unknown  influences. 

3. — Types  of  Columns 
The  types  of  columns  included  in  this  analysis  are: 
1. — Structural  steel. 
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2. — Cast  iron. 

3. — Concrete,  unreinforced  (permissible  up  to  six  diameters). 

4. — Concrete,  reinforced : 

(a)  With  longitudinal  steel  rods,  wire  laterals  binding  the  rods 

at  intervals  about  equal  to  the  column  diameter. 
(&)  With    structural   steel   elements,    these   elements   themselves 
forming  a  column.     The  steel  structure  as  a  whole,  col- 
umns, floor-beams,  etc.,  is  first  erected,  the  concrete  being 
cast  in  place  in  forms  built  around  the  steel  structure. 

(c)  With  wire  spiral.    This  type  is  not  used  in  practice,  building 

codes  requiring  longitudinal   steel  rods  as  reinforcement 
in  addition  to  the  spiral. 

(d)  With  spiral  and  longitudinal  steel  rods. 

(e)  von  Emperger  type:  A  spiral  and  rod  reinforced  concrete 

column  in  the  center  of  which  is  a  cast-iron  tube  or  column. 

This  type  was  originated  by  Dr.  von  Emperger,  of  Austria. 
The  structural  steel  and  cast-iron  columns  are  included  for  comparison 
because,  in  most  cases,  they  can  be  substituted  for  the  reinforced  concrete 
column  and  vicet  versa.  The  plain  concrete  and  spiral,  without  rod  reinforced 
columns  are  included  to  develop  the  formulas  for  the  strength  of  the  rod  rein- 
forced and  the  spiral  and  rod  reinforced  columns.  Timber,  stone,  and  brick 
columns,  or  rather  piers,*  not  in  the  same  category  with  the  reinforced  con- 
crete column,  are  omitted. 

4. — Comparison  Equations 

Formulas  giving  the  reduction  in  strength  with  length  for  different  types 
of  columns  are  in  common  usage.  These  formulas,  however,  do  not  afford  a 
means  of  comparing  the  relative  reduction  in  strength  of  different  types  of 
columns.  In  order  to  afford  such  a  comparison.  Equations  (1)  and  (2)  were 
developed.  Although  a  square  steel  column  cannot  strictly  be  compared  with 
a  round  one,  by  substituting  as  the  diameter,  the  distance  from  face  to  face  of 
the  steel  column,  in  Equations  (1)  and  (2),  satisfactory  results  are  obtained. 

For  built-up  steel  columns  or  cast-iron  columns  of  one  cross-sectional  area 
the  reduction  in  strength  with  length  is  not  uniform  for  all  conceivable  dis- 
tribution of  this  area.  The  usual  variation  of  this  distribution,  however,  is 
not  great,  owing  to  the  limited  possible  methods  of  fabrication,  etc.  The  rela- 
tion between  ultimate  strength  and  length  of  column  is  shown  in  Equation 
(1),  as  follows: 

L 
1) 
in  which, 

U^  =  ultimate  strength  of  the  column ; 
L  =  length  of  the  column; 
D  =   diameter  of  the  column ;  and 
K^  and  K^  are  constants. 

•  In  Technologic  Paper  No.  Ill,  U.  S.  Bureau  of  Standards,  Mr.  J.  G.  Bragg  gives  the 
results  of  a  comprehensive  series  of  tests  on  brick  piers,  by  far  the  largest  ever  tested,  and 
also  a  resum§  of  the  only  other  important  series  of  tests  that  have  been  made  on  brick  piers 


U^  ^K,-K,— (1) 
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Equation  (1)  can  be  reduced  to: 

r/o      K, 

7v  2  L 

K\       K,  - 

~  ii,  D 

or, 

U=  1- 

-4 

(2) 


Equation  (2)  furnishes  a  means  of  comparing  the  relative  reduction  in 
strength  with  length,  for  various  types  of  columns,  by  means  of  the  constant, 
K,  for  each  type. 

5. — Unreinforced  Concrete 

A. — General 

Concrete  is  exceedingly  non-homogeneous,  and,  therefore,  its  properties 
such  as  strength,  rigidity,  etc.,  vary  throughout  its  mass.  Because  of  this 
non-homogeneity,  the  various  constants,  such  as  ultimate  stress,  Poisson's 
ratio,  etc.,  for  concrete  are  difficult  to  determine.  As  the  constants  vary  when 
all  known  and  controllable  operating  factors  are  made  constant,  not  only  must 
the  average  value  of  the  constant  be  determined,  but  also  the  manner  of  its 
variation,  that  is,  a  number  that  measures  a  quantity  corresponding  to  the 
probable  error. 

There  is  no  means  of  accurately  determining  the  strength,  even  the  average 
strength,  that  concrete  made  from  a  hitherto  unused  aggregate  will  develop 
except  by  means  of  test  specimens  made  in  the  same  manner,  the  same  pro- 
portions, percentage  of  water,  etc.,  as  the  concrete  to  be  used  in  the  final 
structure  itself.*  Steel  made  under  rigid  supervision  and  qualifying  for 
certain  definite  strength  tests,  is  received  as  a  finished  product  at  the  point 
of  erection  and  is  erected  with  the  positive  knowledge  of  its  possessing  a  certain 
definite  strength. 

The  actual  strength  of  the  concrete  in  a  structure  is  different.  Such 
strength  cannot  be  determined  until  the  concrete  has  been  placed  and  test 
cylinders  from  the  same  mix  as  that  of  the  structure  have  been  tested. 

B. — Test  Specimens 

Concrete  test  specimens  are  made  in  two  standard  forms :  The  cube,  usually 
6  in.  along  an  edge,  and  the  cylinder,  two  diameters  in  height,  usually  8  by  16 
in.,  or  6  by  12  in.  The  test  cylinder  gives  directly  the  ultimate  strength  of  a 
column  made  from  the  concrete,  corrected  for  loss  in  strength  due  to  length. 

Arthur  N.  Talbot,  Past-President,  Am.  Soc.  C.  E.,  states  :t  "The  strength 
of  columns  and  cylinders  agrees  fairly  well."  The  strength  of  cylinders  and 
columns  agrees  only  "fairly  well"  owing  to  the  natural  variation  in  the  strength 
of  the  concrete  itself,  irrespective  of  its  external  form.  Two  columns,  or  two 
cylinders,  made  from  the  same  batch  of  concrete,  will  not  be  of  the  same 

•  Complete  fundamental   information   on   the   preparation   and   properties   of   concrete   is 
contained  in  Technologic  Paper  No.  58,  U.  S.  Bureau  of  Standards. 
t  Bulletin  No.  20,  Univ.  of  Illinois  Eng.  Experiment  Station. 
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strength,  and,  for  the  same  reason,  a  column  and  a  cylinder  made  from  the  same 
batch,  except  by  chance,  will  not  be  of  the  same  strength. 

The  cube  develops  considerably  more  strength  than  the  cylinder,  but  is  a 
form  more  difficult  to  mould  properly,  requires  more  skill  to  make,  and  gives 
less  reliable  results.  From  groups  of  auxiliary  test  specimens,  made  to  deter- 
mine the  strength  of  concrete  in  columns,*  Professor  Talbot  has  shown  ex- 
perimentally the  greater  strength  of  cubes.  These  results  show  the  strength 
oi  the  cube  to  be  1.5  times  that  of  the  cylinder.  The  ratio  of  the  strengths, 
liowever,  must  be  dependent  on  the  relative  size  of  the  test  specimen  and  the 
■coarse  aggregate,  hence  there  can  be  no  fixed  ratio  between  the  strength  of  the 
<)oncrete  in  the  cylinder  and  the  cube. 

The  greater  strength  of  the  cube  as  compared  to  that  of  the  cylinder  has  a 
■theoretical  basis  and  is  the  result  of  the  method  of  compression  failure  of 
•concrete.  Concrete  in  compression  fails  in  shear  in  a  plane  or  planes  inclined 
.about  35°  to  the  axis  of  compression.  The  concrete  column  and  the  test 
•cylinder  of  a  length  equal  to  twice  the  diameter  permit  this  shear  to  occur 
freely.  The  form  of  the  cube,  however,  forces  the  shear  failure  to  occur  in  a 
plane  inclined  at  an  angle  of  45°  or  more  and,  therefore,  increases  the  com- 
pressive force  necessary  to  cause  this  shear  and  concomitant  failure.  This 
method  of  failure  must  be  understood  for  the  further  analysis  of  reinforced 
concrete  elements. 

There  is  always  the  danger  that  the  layman  or  even  the  ordinary  supervisor 
-of  tests  will  not  appreciate  the  fact  that  the  ultimate  stress  in  the  cube  is  much 
higher  than  that  which  a  column  of  the  same  material  is  capable  of  developing, 
and,  from  the  results  of  cube  tests,  will  consider  the  concrete  much  stronger 
than  it  actually  is. 

The  late  J.  B.  Johnson,  M.  Am.  Soc.  C.  E.,  statesf  that  "the  cube  is  not 
the  best  form"  of  test  specimen,  because  of  the  discrepancy  between  column 
and  cube  ultimate  stresses,  but  he  did  not  explain  the  reason  for  this  difference. 
Professor  Talbot  has  also  stated:}:  that  it  is  probable  that  many  engineers  have 
been  misled  by  high  values  obtained  on  test  cubes.  On  account  of  the  risk  just 
jnentioned,  the  cube  should  be  discarded  as  a  test  specimen  for  determining 
the  merit  of  concrete  for  compression  members  such  as  columns.  For  high- 
way work,  etc.,  it  is  possible  that  it  may  be  a  better  test  specimen  than  the 
cylinder. 

C. — Constants  for  Concrete 

Ultimate  Stress. — Concrete  being  a  non-homogeneous  material,  its  com- 
pressive strength  varies  along  the  compression  axis  of  a  concrete  column.  A 
column  under  increasing  compression  will  fail  at  the  weakest  point  in  the 
axis,  and  the  ultimate  strength  of  the  concrete,  determined  in  this  manner,  is 
not  its  average  ultimate  strength,  but  is  an  accurate  measure  of  the  weakest 
concrete  in  the  column.  Therefore,  the  longer  the  axis,  the  greater  the  length 
in  which  failure  can  occur,  the  lower  the  average  strength,  and  the  less  the 
variation   in   strength.     This  may  be  the  only  reason   for  the  reduction   in 

*  Bulletin  No.  20,  Univ.  of  Illinois  Eng.  Experiment  Station. 
t  "Materials  of  Construction,"  Paragraph  113,  1919  Edition. 
t  Bulletin  No.  10,  Univ.  of  Illinois  Eng.  Experiment  Station. 
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strength  with  column  length.  Test  cylinders  in  compression  must  fail  within 
a  comparatively  limited  length,  and  for  this  reason  alone  the  test  cylinder, 
therefore,  should  show  a  higher  average  compressive  strength  than  the  column, 
but  a  greater  variation  in  strength.  This  greater  variation  in  strength  is 
known;  but  comparatively,  for  the  length,  the  test  cylinder  is  weaker  than  is 
otherwise  indicated.  This  lesser  strength  is  probably  due  to  the  relative  size 
of  the  largest  aggregate  and  the  diameter  of  the  test  specimen  for  the  cylinder 
and  the  column. 

Ultimate  Strain. — The  ultimate  strain  of  concrete  is  subject  to  variations 
similar  to  those  in  the  ultimate  stress,  and  it  will  vary  when  every  variable  is 
controlled  and  made  constant.  The  ultimate  strain  is  of  use  only  in  its  rela- 
tionship to  the  ultimate  stress,  and  is  to  be  determined  as  a  function  of  that 
stress,  if  it  is  one.  For  various  specimens  of  one  strength,  it  is  not  to  be  ex- 
pected that  the  ultimate  strain  will  also  be  equal  or  constant,  nor  that  the 
ultimate  strains  and  stresses  bear  an  exact  relationship  for  a  group  of  speci- 
mens made  from  one  batch  of  concrete.  The  strain  measurements  of  a  column 
or  test  specimen  are  only  an  average  of  the  strains  along  the  compression  axis 
for  the  length  over  which  these  strains  are  measured.  The  ultimate  strain 
determined  in  this  manner  is  not  the  true  ultimate,  nor  the  strain  in  the 
proximity  of  the  point  of  failure.  The  strain  measurements  on  test  cylinders, 
as  in  the  case  of  those  of  ultimate  stress,  will  be  nearer  the  actual  quantities. 
By  extrapolation  of  the  stress-strain  curves  for  concretes  of  various  strengths,* 
the  three  average  values  of  ultimate  strain  shown  by  the  points  in  Fig.  1  were 
obtained.  The  representative  line  for  these  points  shows  marked  character- 
istics and  an  evident  relationship  between  concrete  strength  and  ultimate 
strain. 

These  values,  obtained  by  extrapolation,  are  roughly  checked  from  observa- 
tion of  the  strain  at  which  the  shell  of  a  spirally  reinforced  column  commences 
to  scale.  Although  this  scaling  would  indicate  the  ultimate  strain  of  unre- 
inforced  concrete,  such  concrete  frequently  spalls  and  gives  indications  of 
failure  prior  to  ultimate  stress.  These  indications,  together  with  the  difficulty 
of  observing  the  exact  stress  and  strain  at  which  initial  spalling  occurs,  make 
results  obtained  from  this  method  less  accurate  than  are  to  be  desired. 

Some  results  seem  to  refute  the  curve  shown  on  Fig.  1,  which  indicates  that 
concrete  of  an  ultimate  strength  of  about  600  lb.  per  sq.  in.  has  an  ultimate 
strain  of  0.0006  in.  per  in.  Apparently  contradicting  this  are  the  reSults  of 
Professor  Talbot's  tests  of  two  concrete  columns  with  structural  steel  rein- 
forcement, the  concrete  having  a  strength  of  680  lb-  per  sq.  in.  Adding  this 
unit  strength  to  that  of  the  steel  reinforcement  to  obtain  the  total  column 
strength  would  indicate  that  before  failure  the  columns  were  strained  to  at 
least  0.0015  in.  per  in.  The  conclusions  to  be  drawn  from  these  two  columns  of 
concrete  of  low  strength  are  not  certain  or  final,  because  some  reason  other 
than  the  ultimate  strain  of  the  concrete  being  greater  than  0.0006  in.  per  in. 
may  have  been  the  cause  of  the  strength  added  by  the  concrete.     The  struc- 

•  Prom  the  curves  given  in  Technologic  Paper  No.  12,  V.  S.  Bureau  of  Standards,  Bul- 
letins Nos.  SOO  and  Jf66,  Univ.  of  Wisconsin,  and  Bulletin  No.  20,  Univ.  of  Illinois,  Eng. 
Experiment  Stations. 
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tural  steel  columns  restrained  the  concrete  inside,  and  may  have  added  to  the 
strength  in  a  manner  similar  to  that  of  a  spirally  reinforced  column.  This 
action,  however,  vpould  not  be  present  in.  a  column  reinforced  only  with  rods, 
as  the  rods  would  have  no  restraining  action  on  the  concrete  enclosed  by  them. 
Poisson's  Ratio. — To  measure  Poisson's  ratio  for  a  non-homogeneous  sub- 
stance such  as  concrete  is  difficult.  Poisson's  ratio  is  that  of  the  lateral  to 
the  longitudinal  strain  for  a  particle  of  the  concrete  infinitely  small,  when 
it  can  be  assumed  that  the  strains  are  homogeneous  throughout  the  particle. 
Any  measurements  of  the  longitudinal  or  lateral  strains  in  concrete  neces- 
sarily must  be  averages,  and  it  is  impossible  to  obtain  measurements  of  these 
quantities  that  are  averages  of  the  same  set  of  points  in  the  concrete.  The 
longitudinal  strain  will  be  an  average  of  the  set  of  adjacent  longitudinal  points 
in  the  length  of  the  column,  and  the  lateral  strain  will  be  an  average  of  the 
set  of  adjacent  lateral  points  in  the  column.  These  two  sets  of  points  will  have 
only  an  infinitesimal  volume  or  only  one  point  in  common,  and  their  ratios 
will  be  valueless  for  giving  Poisson's  ratio.  A  roughly  approximate  value  of 
Poisson's  ratio  can  be  obtained  by  taking  the  average  longitudinal  strain  of 
the  column  for  several  points  around  the  diameter,  and  twelve  or  more 
measurements  of  the  lateral  strain  in  its  length.  Professors  Talbot  and  Withey 
have  made  longitudinal  and  lateral  measurements,  but  the  lateral  measure- 
ment was  taken  at  only  one  place  on  the  column.  The  computation  of  Pois- 
son's ratio  from  these  measurements  leads  in  many  cases  to  absurd  results, 
70oor 


6000 


5000 


4000 


«  3000 


q  2000 


1000 


0.0005  0.001  0.0015  0.002 

Ultimate  Strain  in 

inches  per  inch 


0.10  0.125  0.15  0.175  0.20 
Poisson's  Ratio 
at  J4  ultimate  stress 
Fig.   1. 


3  4  5 

Young's  Modulus  (,Ee) 

in  millions  of  pounds  per 

square  inch  at  \i  ultimate  stress 


the  values  obtained  being  frequently  greater  than  0.5.  This  is  impossible, 
being  a  mathematical  statement  regarding  a  substance  more  fluid  than  a 
perfect  fluid,  or  a  direct  contradiction  of  the  principle  of  the  conservation  of 
energy.     Pig.  7  shows  several  curves  giving  the  relation  between  Poisson's 
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ratio  and  stress,  computed  from  the  measurements  of  Professors  Talbot  and 
Withey.  The  results  have  qualitative  if  not  quantitative  value.  Fig.  1  shows 
the  relation  between  Poisson's  ratio  and  the  ultimate  strength. 

Young's  Modulus. — For  concrete,  Young's  modulus,  Uc>  is  a  variable,  being 
a  function  of  the  stress.  No  part  of  the  stress-strain  curve  of  concrete  obeys 
Hooke's  law,  that  is,  that  Eg  is  a  constant.  The  values  of  Young's  modulus, 
computed  from  the  ultimate  strain  and  ultimate  stress,  are  shown  on  Fig.  1, 
with  the  representative  curve,  the  i)oints  representing  averaged  values  of  the 
quantities  obtained  from  the  same  source  as  the  values  for  Poisson's  ratio. 

Yield  Point. — There  is  no  yield  point  of  concrete.  The  concept  of  yield 
point  was  originated  for  steel  which  has  a  true  yield  point.  The  proof  that 
there  is  no  yield  point  for  concrete  needs  no  other  evidence  than  the  fact  that 
authorities  cannot  agree  on  a  method  of  obtaining  it,  or  arrive  at  the  same 
value  in  their  determination  of  it. 

The  properties  of  other  materials  used  in  a  monolithic  structure  may  make 
it  essential  that  a  certain  strain  is  not  exceeded,  which  would  place  a  limit  on 
the  "working  strain".  There  is  a  stress  (as  in  steel),  a  certain  definite  per- 
centage of  the  ultimate  stress,  an  infinite  number  of  repetitions  of  which  will 
not  cause  failure,  nor  too  large  an  increase  in  strain.  These,  then,  are 
definite  criteria  to  be  observed  in  concrete,  instead  of  the  so-called  "yield 
point." 

6. — Unreinforced  Concrete  Columns 

The  strength  of  the  unreinforced  concrete  column  has  been  forcefully 
indicated  by  compression  tests  on  numerous  full-size  specimens;  nevertheless, 
this  type  of  column  is  not  used  in  practice.  The  columns  tested  have  con- 
crete of  various  strengths,  different  diameters,  and  different  length-diameter 
ratios,  and  cannot  be  directly  compared  to  determine  the  empirical  formula 
expressing  their  length-strength  relation.  The  ultimate  stress  of  the  test 
cylinder  made  from  the  same  batch  of  concrete  as  the  column,  approximately 
equal  to  the  ultimate  stress  of  the  concrete  of  the  column,*  is  a  means  of 
comparison  of  the  various  columns,  and  forms  a  base  from  which  to  measure, 
in  percentage,  the  strength  of  the  individual  column. 

Applicable  test  results  on  only  twelve  columns  are  available,  and  these 
results,  together  with  the  data  on  the  columns,  are  given  in  Table  1. 

From  the  length-diameter  ratio  and  the  ratio  of  the  strength  of  the  column 
to  that  of  the  test  cylinder  for  each  column  of  the  group,  the  relation  between 
length  and  strength  can  be  determined.  These  points  are  shown  on  Fig.  2. 
The  representative  line  passes  the  100%  abscissa  at  the  ordinate  8.3,  which 

L 

signifies  that  a  small  test  specimen  with  the  ratio,  —  =  2,  will    develop    the 

same  ultimate  stress  as  a  column  8.3  diameters  long.     Theoretically,  the  line 


L 
D 
small  test  specimen  has  that  value.     The  discrepancy  is  probably  due  to  the 


should  cross  the  100%  abscissa  at  the  value  of  ^  :=  2,  as  the    ratio    for    the 


*  See  Sub-section  B,  p.  1078. 
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1083 


Source. 

Diameter,  in 

Slen'ierDess 
ratio, 

Ultimate  Stress,  tn  Pounds 
PER  Square  Inch. 

Ratin  : 

Columns 

to  cyUnders. 

iuches. 

bl^ 

Cylinder, 
average. 

Column. 

M.* 

W46e+.... 
A.  0.  I.:.... 

14 

14 

14 
10.5 

20.2 

4.2 

8.5 

16.6 
9.72 

7.2 

2  084 

1  740 

2  272 
2  600 
2  400 
2  250 
2  775 
2  518 

(2  045 
<  2  1H7 
(2  087 
(1  698 
'(  1  836 
i  1  676 
11  819 
2  660 

2  660 

2  480 
2  990 
2  .^00 

97.5 
102.4 
100.1 

97.8 
105.5 

73.6 

80.0 
102.4 

111.0 

110.0 

107.9 

99.3 

*  "  Te.-=ts  on  Concrete  Columns.  Plain  and  Reinforced,"  at  Lehigh  Univ.,  1915,  by  F.  P.  McKibben 
Assoc.  .M.  Am.  SoJr3.  E.,  and  A.  S.  Merrill,  Proceedingt-,  Am.  Concrete  Inst.,  1916,  p.  200. 

+  "  Tests  on  Concrete  Columns,"  by  Prof.  Owen  Morton  Withey,  Univ.  of  Wisconsin,  Bulletin 
1,66,  Eng.  Series. 

t  "  Comprehensive  Tests  for  the  Institute  at  the  Pittsburgh  Branch,  U.  S.  Bureau  of  Standards," 
Proceedings,  Am.  Concrete  Inst.,  February,  1915. 

larger  diameter  of  the  test  coluinn,  the  unit  strength  being  a  function  of  the 
relative  size  of  the  test  specimen  and  the  average  size  of  the  largest  aggregate. 
That  this  is  so  can  be  demonstrated  by  considering  the  extreme  case  in  which 
the  size  of  the  large  aggregate  is  equal  to  the  diameter  of  the  test  specimen.  It 
can  readily  be  seen  that  such  a  test  specimen  would  suffer  a  great  change  in 
strength  due  to  the  large  size  of  the  aggregate. 
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The  equation  of  the  length-strength  line  previously  obtained,  and  expressed 
in  Equation  (1),  is: 

T 

(3) 


Z7o  =  1.17  —  0.020- 

which  can  be  expressed  in  the  form  of  a  reduced  equation  similar  to  Equa- 
tion (2)  : 

L 
U  =  1.00  —  0.0171  Y (4) 
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If  the  ultimate  strength  of  the  concrete  as  developed  in  test  cylinders  is 
desigTiated  by  fc,  then  the  ultimate  stress  of  the  same  concrete  in  a  column 
will  be  given  by  Equation  (5),  as  follows: 

P™       .  /.  L 


^    =  1.17/,  (^1.00- 0.0171  ^j  (5) 

in  which, 

Pm=^  total  ultimate  load,  in  pounds,  on  the  column; 

A    =  cross-sectional  area  of  the  column,  in  square  inches; 

fc  =  ultimate  strengtli  of  the  concrete  in  small  test  cylinders ; 

L    =  length  of  the  column,  in  inches;  and 

D    ==;  diameter  of  the  column,  in  inches. 

7. — Cast-Iron  Columns 

The  stress-strain  diagram  for  cast  iron  is  of  the  same  general  type  as  that 
for  concrete.  Concrete  gives  warning  of  impending  failure  by  spalling,  the 
failure  itself  being  of  the  nature  of  a  combined  shear  and  c^mbling.  Cast 
iron  gives  no  notice  or  warning  of  impending  failure,  which  is  exceedingly 
violent,  almost  explosive  in  character,  fragments,  sometimes  quite  large,  being 
violently  thrown  about. 

Like  concrete,  cast  iron  is  variable  in  strength.  (See  Section  III.)  Uneven 
cooling,  sand  holes,  blow-holes,  internal  cold  shuts,  and  unfused  chaplet  stems, 
are  all  likely  to  occur  and  also  to  have  an  enormous  effect  in  reducing  the 
strength  of  a  cast-iron  element,  such  as  a  column.  By  skillful  foundry 
work,  allowing  proper  thickness  of  metal,  and,  in  general,  by  good  design, 
cast-iron  columns  may  develop  great  reliability  and  strength,  and  there  are 
being  made  commercially  in  the  United  States  columns  of  such  excellence  that 
a  comprehensive  series  of  tests  on  them  is  in  order,  as  their  strength  and  relia- 
bility are  far  superior  to  those  qualities  in  the  columns  that  have  already  been 
tested  and  form  the  basis  of  the  allowable  working  stresses  in  use.  (See 
Section  lY.) 

Frequently,  test  specimens  in  the  form  of  cubes  are  made  to  determine  the 
strength  of  the  cast  iron  in  columns.  For  reasons  already  stated,  it  is  inad- 
visable to  test  materials  in  this  form.  The  American  Society  for  Testing 
Materials  recommends  a  specimen  1  in.  in  diameter  and  from  2.5  to  4  in.  long 
for  compression  tests  of  all  cast  materials.  Specimens  at  least  2  diameters 
long  are  excellent  for  determining  the  true  strength  of  cast  iron,  although  a 
small  specimen  such  as  this  will  probably  be  homogeneous  and  not  have  any 
of  the  faults  of  the  large  eastings,  and  will  develop  a  higher  strength  than 
the  same  metal  cast  into  a  column. 

Table  2  gives  the  data  on  a  representative  group  of  cast-iron  columns 
tested  by  the  New  York  Building  Department  in  1897.*  Although  tested  so 
long  ago,  this  group  seems  to  be  one  of  the  last,  if  not  the  latest  series  of  tests, 
it  being  assumed  that  the  tests  made  during  the  K'ineteenth  Century  gave 
results  that  were  final  for  all  time  for  cast  iron.  Although  data  on  other  tests 
are  available,  this  small  group  is  sufficiently  large  for  the  present  purpose,  as  no 
*  Engineering  Neics,  January  13  and  20,  1898. 
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detailed  analysis  of  cast-iron  columns  is  intended,  the  group  being  used  merely 
as  a  means  of  comparison  with  the  various  types  of  concrete  columns. 

Fig.  3  gives  the  results  of  the  tests  showing  the  variation  of  strength  with 
length,  and  the  line  representing  the  equation. 


-P  =  30  600  —  165  — 
A  JJ 


(f') 


derived  by  William  H.  Burr,  M.  Am.  Soc.  C.  E.,  from  the  combined  results  of 
the  Watertown  tests  and  another  group  tested  by  him  at  Phoenixville,  Pa.,  in 
1898.*  Equation  (7),  for  cast-iron  columns,  which  is  similar  to  Equation  (2), 
is  obtained  by  dividing  Equation  (6)  through  by  30  500,  the  result  being. 


U=  1.000 


0.0055  -T- (7) 


t  Kent's  •■  Mechanical  Engineer's  Handbook  ",  1910  Edition,  p.  275. 

P  L 

1  From  Professor  Burr's  equation  :  —  =  30  500  —  160  —  • 
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8. — Structural  Steel  Columns 

For  structural  grades  of  steel,  the  yield  point  is  35  000  lb.  per  sq.  in.,  and  the 
ultimate  strength,  55  000  lb.  per  sq.  in.,  both  figures  being  approximate.  In  the 
compression  of  short  specimens,  length  equal  to  twice  the  diameter,  a  curve 
the  same  as  the  tension  curve  is  produced.     However,  for  any  compression 

*  Engintering  Neics,   June   30,    1898. 
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member  of  a  commercial  structure,  the  length  is  sufficiently  great  to  cause 
failure  through  buckling  of  the  member  at  the  yield-point  stress. 

Table  3  and  Fig.  4  give  the  data  on  a  set  of  ten  structural  steel  columns 
tested  by  Professor  Talbot.*  These  columns  were  duplicates  of  steel  columns 
that  were  cast  into  concrete  columns,  as  reinforcement  for  the  concrete,  or  vice 
versa.  The  columns  were  excellently  fabricated,  tested  with  the  usual  preci- 
sion and  thoroughness  of  Professor  Talbot,  and,  as  a  group,  are  exactly  fitted 
for  comparison  with  the  other  types  of  columns  discussed  in  this  paper.  The 
steel,  tested  in  two  32-in.  sections  of  the  angles  as  used  in  the  columns,  showed 
an  ultimate  compressive  strength  of  39  800  lb.  per  sq.  in. 

TABLE  3. — Structural  Steel  Columns. 


Leo^h. 

Cross-sectional 
area,  in  square 

Slenderness 
ratio, 

L 

R 

Ultimate  Stress,  in  Pounds  per 
SQUiRB Inch. 

Ratio  :  Actual 
to  theoretical 

inches. 

Actual. 

Theoretical. t 

strength. 

2  ft.  0  in. 

4  ft.  8  in. 

10  ft.  Oin. 

15  ft.  4  in. 
19  ft.  4  in. 

1 

3 

6.1 
14.4 

30.8 

47.2 
59.2 

87  450 

33  700 

34  7on 

31  600 
3-i  700 

32  600 
28  300 
28  900 
28  800 
26  500 

36  180 
34  800 

32  080 

29  350 
27  370 

1.035 
0.968 
0.997 
0.985 
1.019 
1.016 
0.964 
0.981 
1.050 
0.968 

2   y^ ,  the  equation  of  the  line  representative  of  the  fen 

tested   columns.     D  is  the  distance   back  to  back  of  angles,   and  is  approximatelj'  the  column 
diameter. 
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The  equation  for  the  strength  of  the  columns  is: 

^  =  37  200  —  167  ^  . . . 
A  R 


(8) 


or. 


^  =  37  200  —  512^. 
A  D 


(9) 


Described  in  Bulletin  No.  56,  Univ.  of  Illinois  Eng.  Experiment  Station. 
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in  which, 

P^=  the  ultimate  strength  of  the  column,  in  pounds; 

A    =  the  cross-sectional  area,  in  square  inches,   of  the  steel  in  the 

column ; 
E    =  the  radius  of  gyration  of  the  cross-section  of  the  column ;  and 
D  =  the  diameter  of  the  column  (back  to  back  of  angles). 
Dividing  through  by  37  200,  the  comparison  equation  in  the  form  of  Equa- 
tion (2)  is  obtained: 

U  =  1.000  —  0.0139  — (10) 

Professor  Talbot  gives  the  formula: 

P  L 

_™  =  36  500  —  155  — 
A  it 

neglecting  the  2-ft.  specimen,  and,  apparently,  deriving  the  equation  graph- 
ically. Equation  (8)  is  determined  by  means  of  the  normal  equations  of  the 
theory  of  least  squares,  thus  eliminating  all  personal  and  other  errors  present 
in  the  graphical  method,  and  gives  an  incontrovertible  result. 

9. — Eeinforced  Concrete  Columns 
A. — Columns  Reinforced  with  Structural  Steel  Columns 

For  simplicity,  this  type  of  column  will  be  called  the  steel  and  concrete 
column. 

The  question  as  to  what  percentage  of  steel  reinforcement  marks  the  divi- 
sion between  the  two  groups  of  columns,  one  of  which  may  be  considered  as  a 
concrete  column  reinforced  with  steel,  and  the  other  a  steel  column  reinforced 
with  concrete,  has  engaged  considerable  attention.  The  allowable  working 
stress  is  dependent  on  the  group  into  which  the  column  was  placed.  (The 
percentage  selected  as  the  division  was  approximately  4.)  For  this  analysis, 
the  columns  have  been  grouped  as  follows:  Those  the  reinforcement  of  which 
will  stand  compression  stress  unaided  as  an  individual  column,  the  ultimate 
stress  being  about  35  000  lb.  per  sq.  in.,  and  those  the  reinforcement  (longi- 
tudinal rods)  of  which  will  not  stand  an  appreciable  load  when  tested  inde- 
pendently. The  results  of  the  analysis  prove  that  the  steel  will  develop  the 
same  strength  in  either  case,  and,  therefore,  the  division  can  be  eliminated. 

The  reinforcing  element  of  the  steel  and  concrete  column  is  in  itself  an 
independent  structural  element,  capable  of  functioning  as  a  column,  and  can 
be  tested  in  duplicate  to  determine  its  individual  strength.  The  concrete 
will  bear  the  same  load  as  an  unreinforced  column  of  the  same  cross-section. 
The  determination  of  the  load  borne  by  the  reinforced  column  should  be  simple, 
being  apparently  the  sum  of  the  loads  borne  by  the  two  materials  inde- 
pendently. The  only  possible  error  would  be  in  using  a  concrete  with  an 
ultimate  strain  of  less  than  0.0015,  at  which  strain,  structural  steel  in  com- 
pression exerts  its  ultimate  or  maximum  strength.  For  the  longitudinal  rod 
reinforced  column  this  would  result  in  less  strength  being  developed  by  the 
reinforced  column  than  the  sum  of  the  strengths  of  the  steel  and  concrete. 
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The  results  of  tests  on  twelve  columns  of  the  type  under  discussion  have 
been  given  by  Professor  Talbot*  Table  4  gives  the  data  on  these  columns. 
The  twelve  structural  steel  columns  used  as  reinforcement  are  from  the  same 
series  of  tests  and  are  duplicate  specimens  of  the  steel  columns  described  pre- 
viously under  "Structural  Steel  Columns".  As  a  result  of  these  tests,  Pro- 
fessor Talbot  draws  the  conclusions  that  the  strength  of  the  column  is  equal  to 
that  of  the  structural  steel  element  plus  the  strength  per  unit  area  of  con- 
crete equal  to  the  ultimate  strength  of  the  concrete  as  tested  in  8  by  16-in.  test 
cylinders. 

TABLE  4. — Concrete  Reinforced  with  Strlxtural  Steel. 


Ultimate  Stress,  in  Pounds 

PER  Square  Inch. 

Ratio:  Column 
strength. 

Length,   iu 

feet. 

Test 

Average 

Theoretical 

Theoretical 

Actual 

actual  to 
theoretical. 

•      ■     .   ■    1 

cylinder. 

cylinder. 

steel. + 

column. t 

column. 

4.67 

1  350 
1  490 

\       1  420 

34  800 

4  998 

4  805 

5  010 

0.961 
1.002 

10.00 

1  350 
1  490 

[       1  420 

32  080 

4  708 

4  236 
4  860 

0.900 
1.032 

15.33 

1  140 
1  260 

[       1  200 

29  350 

4  210 

1 

3  893 

4  428 

0.925 
1.052 

19.40 

970 
1  1.50 

[•       1  060 

27  370 

i          3  864 

4  076 
4  112 

1.055 
1.064 

10.00 

2  420 
2  520 

[       2  470 

32  080 

1          5  640 

5  290 
5  440 

0.938 
0.964 

10.00 

700 
660 

t          680 

32  080 

4  047 

4  290 
4  407 

1.060 
1.089 

+  From  the  representative  equation  :  —  =  37  200  —  512  —  . 
}  See  text  for  derivation  of  theoretical  column  strength. 

Professor  Talbot  considers  the  strength  of  the  steel  in  the  steel  and  con- 
crete column  as  the  average  of  the  strengths  of  the  two  duplicate  steel  columns 
of  the  same  length,  that  were  tested.  Although  the  results  thus  obtained  are 
good  and  show  close  agreement  between  the  strength  of  the  steel  and  concrete 
column  and  the  sum  of  the  strengths  of  the  concrete  and  the  steel  column, 
better  agreement  between  these  two  quantities  can  be  obtained.  The  strength 
developed  by  the  steel  in  the  steel  and  concrete  column  is  unknown.  A  better 
estimate  can  be  made  of  its  strength  by  deriving  the  strength  from  the  entire 
group  of  ten  steel  columns  than  by  assuming  it  to  be  equal  to  the  average 
strength  of  the  one,  two,  or  three  steel  columns  of  the  same  length  as  the  steel 
and  concrete  column  in  question.  Therefore,  the  strength  of  the  steel  in  the 
steel  and  concrete  column  should  be  taken  as  that  indicated  by  Equation  (8), 
the  straight  line  representing  the  strength  of  the  ten  steel  columns  of  diiierent 
lengths. 

To  emphasize  the  exactness  with  which  the  strength  of  the  columns  coin- 
cides with  the  theoretical  strength  thus  determined,  the  necessary  quantities 
have  been  calculated  and  tabulated  in  Table  4.  The  difference  between  the 
averages  of  the  theoretical  and  the  actual  strengths  of  the  group  of  reinforced 
concrete  columns  is  0.37%,  thus  proving  the  validity  of  the  original  hypothesis 
and  showing  the  care  with  which  the  columns  were  made  and  tested. 
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From  the  length-strength  equation  of  the  columns  of  this  type,  Equation 
(11),  in  the  form  of  Equation  (2),  is  obtained: 

JJ  =  1.000  —  0.0126  ^ (11) 

The  length-strength  relation  cannot  be  obtained  directl.v  from  the  results 
given  in  Table  4  as  the  concrete  in  the  different  length  columns  was  of 
different  strengths.  Equation  (11)  is  obtained  from  theoretical  column 
strengths,  using  one  strength  of  concrete. 

B. — Concrete  Reinforced  with  Longitudinal  Rods 

This  type  of  reinforcement  differs  from  the  structural  steel  type  in  that  the 
rods,  tested  alone,  cannot  support  an  appreciable  load.  There  is  a  wide  differ- 
ence of  opinion  between  testing  engineers  as  to  the  value  of  this  type  of 
reinforcement.  Although  almost  generally  accepted  as  in  the  average  increas- 
ing the  strength,  there  is  still  an  opinion  that  the  rods,  by  their  action  in 
the  testing  raachine,  of  buckling  outward  and  breaking  off  the  concrete 
covering,  hasten  column  failure.  Even  those  engineers  who  most  favor 
this  type  of  column,  cannot  agree  on  the  value  of  the  rods  nor  can  they 
prove  that  they  have  a  definite  value.  When  a  rodded  column  shows  low 
strength,  it  can  be  attributed  to  the  concrete,  or  to  the  rods.  The  only 
rational  method  of  settling  the  question  is  to  draw  logical  and  warranted 
conclusions  from  a  mathematical  analysis  of  a  group  of  such  columns.  The 
following  analysis  includes  all  the  available  test  specimens. 

With  the  longitudinal  rod  reinforced  column,  there  are  two  variable 
quantities:  The  strength  due  to  the  concrete  and  that  due  to  the  rods. 
The  strength  of  the  concrete  in  a  column  differs  from  that  of  similar  con- 
crete in  a  test  cylinder,  due  to  the  natural  variation  in  the  strength  in 
concrete.  This  variation  is  so  great  that  for  one  specimen,  or  even  for 
several,  no  conclusion  can  be  reached  as  to  the  strength  developed  by  the 
rods,  as  the  strength  of  the  concrete  in  individual  columns  cannot  be  deter- 
mined. If  the  number  of  columns  analyzed  is  sufficiently  large,  the  variation 
between  the  average  strength  of  the  concrete  in  the  cylinders  and  that  in 
the  columns  can  be  eliminated.  This  principle  can  be  illustrated  as  follows: 
Suppose  two  test  cylinders  are  made  from  each  of  various  batches  of  con- 
crete of  different  proportions  and  strengths.  The  strengths  of  the  two  cylin- 
ders from  each  batch  will  differ  and  show  no  apparent  relation.  If,  say, 
twenty  batches  are  taken,  the  average  of  the  two  sets  of  cylinders  will  come 
into  close  agreement.  The  larger  the  number  of  batches,  the  closer  the 
agreement  between  the  averages  of  each   set  of  cylinders. 

Mathematical  Determination  of  Rod  Strength. — The  ultimate  column 
stress  for  a  longitudinally  steel  reinforced  column  (neglecting  length,  which 
will  be  treated  subsequently,  all  the  columns  being  considered  for  the  present 
as  of  the  same  length),  is  evidently  of  the  form: 

^  =  S  7v  +  /'„  (1  -  7v) (12) 
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in  which, 

Pm  =  the  total  ultimate  load  on  the  column: 

A     ~  the  cross-sectional  area  of  the  column; 

Tr     =  the  ratio  of  steel  rod  reinforcement; 

fo    =  the  stress  in  the  concrete  at  the  ultimate  strength  of  the  column ; 

and, 
S     =  the  stress  in  the  steel  reinforcement  at  the  ultimate  strength  of 

the  column. 

(1  —  rr)  is  evidently  the  ratio  of  concrete,  f^  must  be  the  ultimate 
strength  of  the  concrete,  as  in  a  rodded  column,  the  rods,  unsupported,  cannot 
carry  any  load;  that  is,  the  strength  of  the  rods  at  maximum  column  strength 
must  be  exerted  while  the  concrete  is  unbroken.  The  rods,  although  increas- 
ing the  strength  of  the  column,  cannot  increase  the  strength  of  the  concrete. 

Equation  (12)  can  be  written  in  the  form  : 

^  =  TV-f(^--r) (13) 

From  the  results  of  column  tests,  all  the  values  of  the  variables  in  Equation 
(13)  are  obtained  with  the  exception  of  8,  which,  therefore,  is  determined, 
being  a  one  valued  explicit  function  of  the  other  variables.  The  result,  8, 
determined  from  any  individual  column  is  valueless,  as  it  depends  on  the 
actual  strength  of  the  concrete  in  the  column,  which  is  not  known. 

However,  by  increasing  the  number  of  test  specimens,  the  average  of  the 
ultimate  strengths  of  the  concrete  in  the  test  cylinders  approaches  the  average 
strength  of  the  concrete  in  the  column.  Consequently,  the  average  of  the 
values  of  8  obtained  from  a  number  of  individual  columns  will  approach  the 
strength  of  the  reinforcing  rods  at  the  ultimate  strength  of  the  column. 

Equation  (13)  can  be  written  as  follows: 

«  =  jt-^"»Cv-0 <"' 

For  N  columns,  there  are  N  equations,  the  summation  of  equations  of 
the  form  of  Equation  (14),  being: 

-i^.,:^/-;^../'.(-,D (-) 

Now, 

/  oin  ^  /  cm     '     ^ 

in  which, 

f^^  =  the  ultimate  stress  of  the  concrete  of  Cylinder  M; 

fom  =  the  ultimate  stress  of  the  concrete  of  Column  M; 

X  =  therefore,  the  difference  between  the  ultimate  stress  of  the  con- 
crete in  the  columns  and  the  ultimate  stress  of  the  concrete 
in  Cylinder  M. 

Equation   (15)  may  then  be  written  as  follows: 


1 
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i^^.^' 


,(17) 


therefore, 

As  already  stated,  the  average  ultimate  strength  of  the  concrete  cylinder 
is  equal  to  the  average  ultimate  stress  of  the  concrete  column,  or  these  two 

averages  approach  each  other.  Therefore,  ^,  x  approaches  zero,  and  can 
be  neglected  in  a  set  of  columns  as  large  as  that  included  in  this  analysis.  In 
consequence,  —  ^^       x   M  —      |  is  very  small  or  practically  zero.    Therefore: 

^^^^^h:2^r.i^-^ as, 

From  Equation  (18),  it  may  be  noted  that  the  stress  in  the  steel  at  ulti- 
mate column  stress  can  be  determined  closely  from  the  following  quantities: 
■Pm  =  the  ultimate  strength  of  the  column ; 
A     =  the  cross-sectional  area  of  the  column; 
Tr  =  the  ratio  of  rod  reinforcement;  and 

f  c  =  ultimate  stress  of  the  concrete  of  the  same  batch  as  the  column 
concrete  moulded  into  a  cylinder. 


TABLE  0. — Longitudinally  Eeinforced  Concrete  Columns. 


Column 
diameter, 
in  inches. 

(2) 

Ratio, 

column 

length  to 

diameter, 

L 

d' 

(3) 

Percentage 
of  longi- 
tudinal 
reinforce- 
ment 
(rodsj. 

(4) 

Ultimate  Stress,  is  Pounds  per 
Square  Inch. 

Ratio: 

Source. 
(0 

Concrete 
5^  strength, 
^      average  of 

cylinders. 

r;         Column 
S       strength. 

Apparent 
_^        stress  on 
^     rods  at  ulti- 
~~'    mate  column 

strength. 

^      Theoretical 
00         column 
^        strength. 

Actual  to 

theoretical 

column 

strength. 

(9) 

A.  C.  I.* 

T.t    \ 
Wgoct 

20.2 

9  by  9 
(square) 

10.0 

7.2 

(14.5 
^  10.6 
(10.6 

9.8 

fl.OO 

10.98 

"2.04 

12.02 

1  4.08 

14.07 

1.55 

1.48 

1.49 

(2.35 

-  2.35 

/2.35 

3  206 
3  256 

2  887 

1  150 

2  004 
1  368 

1  960§ 

(  3  300 
1  4  200 
(  3  620 
1  3  760 
j4  565 
(4  500 

1  280 

2  335 

1  607 

2  310 
2  310 
2  695 

12  000 
105  000 
21  300 
28  500 
44  000 
42  500 
9  550 
24  400 
17  450 
17  000 
17  000 
33  400 

3  490 
3  480 
3  819 

3  812 

4  035 
4  030 

1  597 

2  432 

1  839 

2  6S8 
2  638 
2  638 

0.945 
1.207 
0.948 
0.986 
1.132 
1.117 
0.801 
0.960 
0.874 
0.875 
0.875 
1.022 

*  Am.  Concrete  fnst..  Proceedings,  February,  1915. 

+  Univ.  of  Illinois,  Bulletin  10,  Eng.  Series. 

X  Univ.  of  Wisconsin,  Bulletin  300,  Eng.  Series. 

§  Equivalent  cylinder  strength,  equal  to  strength  of  concrete  in  columns.  Test  cylinders  are 
the  best  available  indication  of  the  strength  of  the  concrete  in  the  individual  column.  When  it  is 
evident  that  the  cylinder  strengths  in  any  series  of  tests  for  whatsoever  reason  are  not  equal  to  the 
strength  of  the  concrete  in  the  column,  then  this  latter  strength  may  be  determined  in  some  better 
way  than  being  equal  to  test  cylinder  strength.  The  ratio  of  tlie  cylinder  strength  and  unre'nforced 
concrete  column  strengrths  in  the  Wgoo  series  of  tests  are  at  variance  with  the  ratios  obtained  in  all 
other  series,  including  the  supplementary  W^ee  group.  In  all  other  groups  of  tests,  the  column  and 
cylinder  strengths  are  very  nearly  equal ;  in  the  W488  group  the  average  column  strength  is  79o 
higher  than  the  cylinder  strength.  In  the  W300  series,  the  average  column  strength  is  only  0.874 
of  the  average  cylinder  strength.  The  value  given  in  Table  5  is,  therefore,  taken  as  0.874  of  the 
cylinder  strength. 
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Table  5  gives  the  data  on  the  group  of  columns  analyzed.  Applying  Equa- 
tion (18)  to  this  group  of  columns,  the  value  of  S  obtained  is  31  000  lb.  per 
sq.  in.,  which  means  that  the  average  stress  in  the  steel  reinforcing  rods  at 
ultimate  column  stress  was  likewise  31  000  lb.  per  sq.  in. 

Using  the  value  of  31  000  lb.  per  sq.  in.  for  the  rods,  and  the  ultimate 
stress  for  the  concrete  in  the  cylinders  as  that  of  the  concrete  in  the  columns, 
the  percentage  of  the  theoretical  to  the  actual  column  strength  was  calculated, 
with  the  results  shown  in  Column  (9)  of  Table  5.    These  values  were  plotted 

with  the  values  of  -^  for  the  columns,  the  line  representative  of  these  poiilts 

giving  the  reduction  in  strength  with  length  for  this  type  of  column.  Assum- 
ing that  the  value  of  the  stress  in  the  rods,  at  ultimate  column  stress,  varies 
as  the  strength  of  the  column  as  a  whole,  the  rods  have  a  strength  of  39  700 
lb.  per  sq.  in.  for  a  column  of  infinitely  small  length.  This  value  agrees  well 
with  the  ultimate  compressive  stress  of  short  sections  of  the  rods  tested 
independently  and  is  conclusive  evidence  that  the  rods  develop  their  full 
ultimate  compressive  stress  (yield-point  stress)  in  columns  of  this  type, 
corrected  for  variation  in  the  strength  of  the  column  with  length. 

The  length-strength  equation  for  the  longitudinally  reinforced  column,  in 
the  form  of  Equation   (1),  is: 

Uo  =  1.28  — 0.034  - (19) 

Equation   (19)   reduces  to: 

C7  =  1.00  —  0.0265  - (20) 

It  can  be  seen  by  comparing  Equation  (20)  with  the  similar  equations 
for  the  other  types  of  columns  that  the  reduction  in  strength  with  length  for 
this  type  of  column  is  rapid. 

C. — Concrete  Reinforced  with  Spirals* 
Load  applied  to  concrete  reinforced  with  spirals  produces  secondary 
stresses  in  the  spiral.  A  longitudinal  compression  in  the  concrete  produces 
a  tension  in  the  spiral.  The  increase  in  ultimate  strength  of  concrete  thus 
reinforced  is  due  to  the  reaction  of  the  spirals  to  the  tension  stresses  pro- 
duced in  them.  Due  to  the  indirect  or  inverse  manner  in  which  the  spiral 
adds  strength  to  the  column,  engineers  were  skeptical  about  accepting  spiral 
reinforcement.  N^umerous  tests,  however,  have  demonstrated  that  spirals  do 
add  great  strength  to  concrete;  and  spiral  reinforcement,  if  used  in  con- 
junction with  longitudinal  rod  reinforcement,  is  generally  a  recognized 
method  of  reinforcement.  Many  engineers  have  yet  to  be  converted  to  the 
use  of  spiral  reinforcement,  and  especially  to  the  value  of  longitudinal  rods 
in  spirally  reinforced  columns.  This  is  brought  out  by  the  1917  Specifica- 
tions, which  designate  the  necessary  percentage  of  rods  as  from  1  to  5,  without 
allowing  a  higher  working  stress  in  a  column  with  the  5%  of  rods  than  in  one 
with  the  1%  of  rods. 

*  See  Section  II  for  a  complete  discussion  of  the  internal  behavoir  of  spirally  reinforced 
concrete   under  load. 
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The  concrete  outside  the  spiral,  necessary  for  fire  protection,  begins  to 
scale  and  becomes  useless  for  taking  load  at  the  ultimate  strain  of  the 
concrete  (about  0.0015  in.  per  in.).  As  the  ultimate  strain  of  spirally  rein- 
forced concrete  is  much  more  than  that  of  unreinforced  concrete,  the  shell 
contributes  no  strength  to  the  column  at  ultimate  load.  Consequently,  in 
the  following  analysis,  the  column  will  be  considered  as  having  no  concrete 
outside  the  spiral. 

No  laws  showing  the  relation  between  the  increase  of  the  strength  of 
concrete  due  to  spiral  reinforcement  and  the  percentage  of  spiral,  ultimate 
strength  of  spiral,  etc.,  have  been  propounded.  All  investigators  have  assumed 
that  spiral  reinforcement  adds  a  certain  definite  unit  strength  to  that  of  the 
concrete,  irrespective  of  the  strength  of  the  concrete.  (Professor  Withey 
deduces  an  exception  to  this  from  the  fact  that  concrete  having  a  strength 
of  4  900  lb.  per  sq.  in.  or  more  will  not  have  its  strength  noticeably  increased 
by  spiral  reinforcement.)  It  is  also  generally  understood  that  high-carbon 
steel  wire  as  spiral  reinforcement  gives  more  strength  to  the  concrete  in  a 
column  than  wire  of  low  carbon  or  structural  grade  steel. 

That  spiral  reinforcement  should  add  a  certain  unit  strength  does  not 
seem  the  simplest  nor  the  most  logical  assumption  in  attacking  the  problem.  It 
appears  more  logical  to  assume  that  the  spiral  increases  the  strength  of  the 
concrete  in  the  column  by  a  certain  function  of  the  strength  of  the  unrein- 
forced concrete.  A  constant  multiplier  is  the  simplest  function  to  assume; 
that  is,  that  the  increase  in  strength  of  the  concrete  for  a  fixed  percentage 
of  spiral  is  a  definite  percentage  of  the  strength  of  the  concrete. 

This  is  expressed  by  Equation  (21)  : 

f,,  =   (1  +  /.-r,)  f, (21) 

in  which, 

fos^^  ultimate  strength  of  the  spirally  reinforced  concrete; 
fa  =  ultimate  strength  of  the  unreinforced  concrete; 
Vg    =  ratio  of  spiral  reinforcement;  and 
k     =  a  constant. 

Proceeding  on  this  assumption,  the  percentage  increase  in  strength  of 
the  concrete  in  the  column  over  the  strength  of  the  concrete  in  corresponding 
test  cylinders  has  be.en  calculated  for  the  group  of  columns  given  in  Table  6. 
The  percentage  increase  has  been  plotted  with  the  percentage  of  spiral  rein- 
forcement in  Fig.  5.  A  representative  straight  line  has  been  drawn  for  the 
points  and  it  may  be  noted  that  all  the  points  with  the  exception  of  the  two  M 
groups,  1,  2,  and  3,  and  14,  15,  and  16,  apparently  are  in  agreement  with  the 
line.  It  must  be  remembered  that  the  strength  of  the  columns  will  vary 
greatly  due  to  the  variation  in  strength  of  the  concrete  and  that,  therefore,  the 
points  representing  individual  columns  will  not  coincide  with  the  representa- 
tive line.  The  agreement  of  individual  points  and  the  representative  line 
cannot  be  closer  than  the  strength  agreement  of  individual  concrete  test  speci- 
men strengths  with  the  average  strength. 

The  specimens  (W^p^  =  27,  and  W^^^^  =  28)  were  made  from  concrete 
having  an  ultimate  strength  of  about  4  900  lb.  per  sq.   in.     As  there  were 
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other  columns  made  by  the  same  investigator  in  the  same  group,  of  concrete 
of  lower  strength,  that  had  their  strength  increased  according  to  the  line  of 
Fig.  5,  it  may  be  concluded  that  concrete  of  such  high  strength  does  not 
gain  appreciably  in  strength  due  to  spiral  reinforcement.  The  specimens 
made  of  concrete  having  a  strength  of  about  4  000  lb.  per  sq.  in.,  show  a 
slightly  lower  strength  than  that  indicated  from  the  curve,  allowing  for 
possible  variation  in  sti'ength  of  concrete.  At  some  point,  possibly  between 
4  000  and  4  900  lb.  per  sq.  in.,  the  additional  strength  due  to  spiral  reinforce- 
ment  ceases   to   be   proportionately   as  large   as   that   of   concrete   of   lower 

TABLE  6. — Spiral  Reinforced  Concrete  Columns. 


a) 

2 

OS 

umn  di  men- 
is  (of  core)  : 
iameter  x 
fth,  in  Inches. 

..2  fc 
_L 

Spiral  Reinforcement. 

Test  Cyline 

MATE   STRE 

Pounds  per 

I.VCB 

ER,  ULTI- 
VSTH,  IN 

Square 

lumns,  uiti- 
e  strength,  in 
ds  per  square 
inch. 

S  0  X 

No. 

o  a 

.2     ?^o 

•-^a£ 

D 

B  3 

Individual. 

Average. 

ots  a 

r 

ea  a  o 

(1)/ 

(       2  785 

[   3  321 

1.69 

',  1.34 

(2)^ 

M* 

14  by  120 

8.6 

0.46 

70  000 

137  000 

J.        1  273 

1  965 

-^    3  280 

1.67 

1.32 

(3)1 

1       1  838 

3  415'  1.85 

1.47 

(4)1 
(5)\ 

W466t 

10  by  102 

10.2 

0.50 

81  000 

110  000 

J       2  040 
1       1  460 

1  750 

(    2  330,  1.32 
i    2  140    1.22 

1.05 
0.96 

(6)/ 
(7)f 

Tt 

12  by  120 

10.0 

0.85 

60  000 

90  000 

j       1  600 
(       1  700 

1  650 

1    2  503    1.56 
1    2  506    1.47 

1.05 
0.99 

(8)  ) 

1  350 

(    2  OSOi  1.54 

1.04 

(9)} 
(10)  i 

Tt 

12  by  120 

10.0 

0.845 

38  000 

53  000 

{       1  500 

1  433 

{   2  203    1.47 

■  0.99 

1       1  450 

2  2201  1.53 

1.03 

(11) 

(       2  868 

4  760    1.62 

1.05 

(12)  y 

A§ 

20  by  144 

7.2 

0.94 

61  000 

83  000 

i       3  083 

2  945 

4  570    1.55 

1.01 

(13)  S 

(       2  885 

5  210    1.77 

1.15 

(14)  } 

i          

(    4  'M  2.06 

1.33 

<15)  V 

M* 

14  by    60 

4.3 

0.90 

67  000 

134  000 

i       2  569 

2  374 

■I  4  grd  2.10 

1.35 

(16)1 

1       2  178 

1    4  595    1.96 

1.26 

(17) 
(18)  V 

(       2  693 

(    4  608    1.48 

0.96 

M* 

14  by  120 

8.6 

0.96 

67  000 

134  000 

■{       2  113 

3  103 

■{    4  593    1.48 

0.96 

(19) 

1       4  504 

5  049    1.63 

1.05 

(20) 

( 

2  939;  1  ..S6 

0.88 

(21)  y 

M* 

14  by  240 

17.2 

0.96 

67  000 

134  000 

{       1  529 

2  165 

{    3  602    1.66 

1.07 

(22) 

(       2  800 

1    4  266    1 .97 

1.27 

(23)  ) 
(2-1)  f 

W466t 

10  by  102 

10.2 

1.00 

%  000 

133  000 

t        1  780 
■)       1  760 

1  770 

j    2  680    1.51 
■j    2  600    1.47 

0.96 
0.94 

(25)  ( 

(26)  r 

W4fl6t 

10  by  102 

10.2 

1.00 

96  000 

133  000 

J       4  060 

1       4  080 

4  070 

1    5  950    1.47 
1    5  760    1.41 

0.94 
0.90 

(27)1 

(88)  r 

W466t 

10  by  102 

10.2 

1.00 

96  000 

133  000 

]       4  830 
1       4  930 

4  880 

J    5  760    1.19 
1    4  920    1.00 

tt 

(29) 

Tt 

12  by  120 

10.0 

1.64 

54  000 

73  000 

1  150 

1  150 

2  068i  1.81 

0.9.<?5 

(30) 

Tt 

12  by  120 

10.0 

1.67 

115  000 

152  000 

1  900 

1  900 

3  800'  2.00 

1.02 

(31) 

T  J 

12  by  120 

10.0 

1.68 

54  000 

73  000 

1  900 

1  900 

3  793    1.99 

1.015 

(32) 

Tt 

12  by  120 

10.0 

1.71 

115  000 

150  000 

1  800 

1  800 

3  404i  1.89 

0.953 

(33) 

Tt 

12  by  120 

10.0 

1.73 

115  000 

150  000 

1  400 

1  400 

2  718j  1.94 

0.976 

(34) 
(35)  1 

M* 

14  by  120 

8.6 

1.95 

68  000 

95  000 

f       3  510 
2  318 

1  850 

2  559 

5  256!  2.06 
■     5  408|  2.11 

0.97 
0.995 

(86)  [ 

Wsooll 

10  by  120 

12.0 

2.00 

98  000 

130  000 

j        1  845** 
1       2  160** 

2  003 

4  660    2.33 

[ 

1.10 

(37)  i 

Wsooll 

10  by  120 

12.0 

2.00 

98  000 

130  000 

I       1  685** 
1       2  160** 

1  923 

4  390'  2.28 

1 

i.oe 

(38)  [ 

Wgooll 

10  by  120 

12.0 

2.00 

98  000 

130  000 

)        1  76.=i** 
)       2  070** 

1  918 

3  660   1.91 

0.89 

(39)  I 

Wsooll 

10  by  120    12.0 

2.00 

98  000 

130  000 

J       2  050** 
1       1  720** 

1  885 

3  410   1.81 

0.845 

*  Proceedings,  Am.  Concrete  Inst.,  1916,  p  200. 
t  HuUetin  No.  1,66,  Eng.  Series,  Univ.  of  Wisconsin. 
t  Bulletin  No.  20.  Eng.  Series,  Univ.  of  Illinois. 
§  Proceedings,  Am.  Couerpte  Inst.,  February,  1915. 
I   Bidleiin  No.  300,  Eng.  Series,  Univ.  of  Wi.sconsin. 
H  Based  on  volume  of  concrete  within  spiral. 
**  Equivalent  cylinder  strength.  (See  Table  5.) 

tt  Omitted  from  computations.  Spiral  does  not  give  proportionate  increase  of  strength  to  this 
high  strength  concrete. 
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strength.  As  there  is  only  two  reinforced  columns  of  concrete  of  high 
strength  on  which  to  base  conclusions,  it  cannot  be  decided  whether  the 
colvimns  did  not  show  an  increased  strength  due  to  the  high  strength  of 
the  concrete  or  to  some  other  property  which  might  be  independent  of  its 
high  strength. 
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Fig.   5. 

The  group  of  columns  tested  by  Messrs.  McKibben  and  Merrill,  were 
made  for  the  purpose  of  proving  and  demonstrating  the  high  strength  to  be 
obtained  with  spiral  reinforcement.  A  group  thus  made  is  not  to  be  relied 
on  so  much  as  those  series  made  unbiasedly  to  determine  the  effect  of  spiral. 
The  strength  of  such  a  spirally  reinforced  column  relative  to  the  strength 
of  the  concrete  unit  is  measured  by,  and  is,  therefore,  a  direct  function  of, 
the  strength  of  the  test  cylinders.  If  by  any  means  the  apparent  strength 
of  the  test  cylinders  is  lowered,  then,  as  a  result,  the  relative  and  apparent 
strength  of  the  column  is  increased,  and,  therefore,  the  increase  in  strength 
of  the  concrete  in  the  column  due  to  the  spiral,  is  increased.  Several  cylin- 
ders in  this  series  that  failed  at  high  values  were  discarded  by  the  authors  as 
being  abnormal.  The  practice  of  arbitrarily  discarding  discordant  results 
cannot  be  condemned  too  severely,  as  the  only  legitimate  reason  for  such 
practice  is  the  proof  of  that  abnormality.  If  a  cylinder  tested  low,  and  it 
could  be  seen  that  some  defect  had  caused  the  reduction  in  strength,  then  it 
would  be  permissible  and  proper  to  exclude  the  cylinder  from  all  computa- 
tions. To  exclude  a  cylinder  because  of  high  strength,  however,  is  preposter- 
ous, as  positively  no  defect  could  be  present.  In  this  analysis,  all  the  test 
cylinders,  including  those  discarded,  are  included  in  the  averages  in  deter- 
mining the  strength  of  the  concrete,  resulting  in  two  cases  out  of  the  five 
in  bringing  the  columns  (that  is,  groups  of  three  columns)  from  marked 
disagreement  into  good  agreement  with  the  representative  line.     From  this 
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series  of  tests,  five  groups  of  coluirms  are  available  for  comparison  in  Fig.  5. 
Three  groups  agree  with  the  representative  line  and  the  other  two  groups 
disagree,  showing  a  much  higher  strength  than  the  straight  line  would 
indicate.  A  minority  of  the  specimens  in  a  test  such  as  the  one  under  con- 
sideration, made  for  the  purpose  of  obtaining  as  high  a  strength  as  possible, 
showing  an  abnormally  high  and  non-concomitant  strength,  should  have 
only  a  small  influence  on  the  results  to  be  drawn  from  the  several  series 
of  columns  as  a  whole.  It  has  been  considered  that  the  best  procedure  would 
be  to  omit  from  the  present  calculations  the  two  groups  (M-1,  2,  3,  and  M-14, 
15,  16),  which  show  such  abnormally  high  strengths. 

Even  if  these  two  groups  of  columns  of  high  strength  can  be  shown,  in 
the  future,  to  have  possessed  this  high  strength  due  to  some  property  of  the 
concrete,  the  spirals,  or  the  method  of  treatment  of  the  concrete,  etc.,  until 
this  strength  can  be  shown  capable  of  reproduction  at  will,  the  reason  for 
the  high  strength  must  be  considered  as  accidental  and  to  have  no  bearing 
in  the  derivation  of  allowable  working  stresses. 

Equation  (21)  is  that  of  the  representative  straight  line,  giving  the  increase 
in  the  strength  of  concrete  due  to  spiral  reinforcement,  as  follows: 

/'o.  =  a  +  k  r,)  /', 

Transposing,   etc.,  there   is  obtained: 

k  =  -1/4-— l) (22) 


f 
The  term,  '-—  —  1,  is   0.01    of    the    percentaa^e  increase   of   the  concrete  clue 

to  spiral   reinforcement.     The  value   of  l-   was  calculated  for  each  column, 
the  mean  value  being  0.573  dz  0.016,  and  Equation  (21)  then  becomes: 

f„«=  (1  +  0.573  r,)   /% (23) 

It  has  been  generally  understood  that  the  increase  in  the  strength  of  con- 
crete due  to  spiral  reinforcement  is  a  function  of  the  ultimate  strength  of 
the  wire  constituting  the  spiral  and  that  wire  of  high  ultimate  strength  (high- 
carbon  steel)  will  give  superior  column  strength.  This  was  a  natural  error 
to  be  expected  in  an  initial  abstract  consideration  of  the  problem.  Further, 
a  coincidence  in  an  important  group  of  tests  apparently  bore  out  the  sup- 
position, although  not  in  as  marked  a  degree  as  was  expected. 

Examining  all  the  columns  included  in  Table  6,  it  may  be  noted  that 
although  the  yield-point  strength  and  the  ultimate  strength  of  the  spirals 
varied  greatly,  there  is  no  relation  between  the  variation  in  strength  of  these 
quantities  and  the  increase  in  strength  due  to  the  spiral  reinforcement.  Even 
if  such  a  relation  existed,  it  would  be  difficult  to  discern,  owing  to  the  intro- 
duction of  the  strength  variation  inherent  in  concrete. 

The  group  of  seven  columns  tested  by  Professor  Talbot  affords  an  excellent 
proof  of  the  independence  of  the  increase  in  column  strength  and  the  ulti- 
mate strength  or  yield-point  strength  of  the  spiral,  and  are  sufficient,  without 
the  consideration  of  the  whole  group  of  spirally  reinforced  columns,  to  prove 
this  independence.  In  analyzing  the  results  of  these  tests.  Professor  Talbot 
assumed  that  the  spiral  gives  to  the  column  a  constant  increase  in  strength 
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per  unit  of  column  area,  independent  of  the  strength  of  the  concrete,  and  it 
so  happened  that,  in  all  but  three  instances,  the  concrete  of  low  strength  was 
reinforced  with  a  spiral  of  low  strength,  and  the  concrete  of  high  strength 
was  reinforced  with  a  spiral  of  high  strength.  The  apparent  result  is  to 
give  a  greater  increase  in  strength  with  the  spiral  of  higher  strength.  In 
Columns  31  and  32,  however,  of  which  the  concrete  is  of  the  same  strength, 
the  spiral  with  the  low  ultimate  strength  caused  a  higher  column  strength 
than  that  of  high  ultimate  strength.  The  average  value  of  k  from  Equation 
(22)  for  the  columns  reinforced  with  the  high-carbon  wire  diflFers  by  less 
than  1%  from  its  average  value  for  the  columns  reinforced  with  the  low- 
carbon  wire.  The  range  between  the  strength  of  the  low-carbon  and  the 
high-carbon  spiral  for  this  group  of  seven  columns  is  the  extreme  for  the 
spirals  in  all  the  columns  included  in  Table  6.  The  constant,  k,  being  a 
measure  of  the  increase  in  strength  due  to  spiral  reinforcement,  this  increase 
is  independent  of  the  strength  of  the  spirals  for  the  extreme  limits  of  60  000 
to  150  000  lb.  per  sq.  in.  for  the  ultimate  strength  and  a  concomitant  varia- 
tion of  from  38  000  to  115  000  lb.  per  sq.  in.  in  the  yield-point  stress. 

There  is,  therefore,  waste  of  strength  in  using  high-carbon  reinforcement; 
low  steel  is  preferable  as  it  does  the  same  work,  is  easier  to  manufacture,  and 
is  not  as  easily  harmed  by  accidental  deformation. 

The  method  of  deriving  the  length-strength  equation  from  the  spiral 
column  was  similar  to  that  used  for  the  columns  reinforced  with  longitudinal 
rods;  that  is,  the  ratio  of  theoretical  (according  to  Equation  (23))  to 
actual  column  strength,  expressed  in  percentage,  was  determined  for  each 
column.  The  percentages  are  then  plotted  with  the  length  of  the  column, 
resulting  in  Equations  (24)  and  (25)  : 

Uf,  =  1.27  —  0.022  — (24) 

U   ^  1.00  —  0.0173  — (25) 

The  general  equation  of  the  spirally  reinforced  column  then  may  be 
written : 

-^  =  1.27  (1.00  +  0.573  7-,)  /',  ^1.000  —  0.0173—] (26) 

in  which, 

Pm  =  the  total  ultimate  column  load,  in  pounds; 
A     =  the  cross-section  of  the  column,  in  square  inches ; 
Tg  =  the  ratio  of  spiral  reinforcement; 
fc  =  the   ultimate   strength   of  the  concrete,   as   determined   in   test 

cylinders ; 
L  =  the  length  of  the  colunm,  in  inches  (or  feet) ;  and 
D  =  the  diameter  of  the  spiral,  in  inches  (or  feet). 
Equation   (26)   is  an  empirical  equation  derived  as  an  average  for  the 
spirally  reinforced  column  from  a  set  of  points.     From  any  set  of  values, 
however,  even  if  they  are  independent  of  any  law  of  formation,  an  average 
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value  can  be  found.  Although  the  points  for  the  individual  columns,  in  a 
general  way,  agree  with  the  representative  line,  they  vary  to  such  a  large 
extent  from  it  that  the  variation  could  be  the  result  of  a  fundamental  dis- 
agreement with  the  line  or  from  the  inherent  variation  of  strength  of  con- 
crete. The  proof  that  this  is  the  correct  equation  is  neatly  applied  by  the 
method  of  measuring  the  variation  in  the  strength  of  materials,  as  developed 
and  described  in  Section  III.  The  individual  variation  in  strength  of  all 
the  columns  in  Table  6  from  that  given  by  Equation  (23)  has  been  obtained. 
The  measure  of  this  variation  is  almost  the  same  as  it  would  be  if  the 
columns  were  made  of  concrete  without  any  reinforcement,  showing  the 
variation  in  the  strength  of  the  columns  to  be  due  to  the  inherent  variation 
in  the  strength  of  the  concrete  and  proving  Equation  (23)  to  be  correct. 

D. — Columns  Reinforced  with  Spirals  and  Longitudinal  Eods 

Authorities  differ  as  to  the  value  of  longitudinal  reinforcing  rods  in 
spirally  reinforced  columns.  It  is  a  common  impression  that  the  rods  buckle, 
bending  outward,  thus  bearing  on  the  spiral  and  causing  it  to  fail.  That 
the  rods  generally  caused  an  increase  in  strength  was  admitted  and  could 
be  proved  from  the  results  of  tests.  This  is  a  simple  process,  as  the  average 
strengths  of  two  groups  of  columns  that  were  identical,  except  that  one  set 
had  no  reinforcement,  can  be  compared,  with  the  result  that  the  group  with 
rods  is  always  the  stronger.  The  contention,  however,  is  and  has  been,-  that, 
although  the  average  is  stronger,  in  an  individual  case  the  rods  may  add  no 
strength,  or,  worse,  decrease  it.  The  inherent  variation  in  the  strength  of  con- 
crete made  the  problem  complex,  and  it  is  impossible  to  measure  the  strength 
that  the  rods  developed  in  any  one  column.  The  statement  that  a  low  column 
strength  was  the  result  of  the  rods  could  be  disputed,  but  not  disproved.  The 
method  of  determining  the  increase  in  the  strength  of  the  concrete  due  to 
spiral  reinforcement  being  at  fault  added  to  the  confusion. 

No  method  of  eliminating  the  effect  of  the  variation  in  strength  of  con- 
crete has  ever  before  been  used.  The  column  was  considered  a  unit,  the 
strength  of  the  column  as  a  unit  being  considered  somewhat  as  a  function 
of  the  number  of  rods  used  as  reinforcement.  The  actual  stress  developed 
by  the  rods,  considered  as  independent  units,  however,  was  never  attempted. 

The  strength  of  the  column  is  a  function  of  the  following:  The  strength 
of  the  concrete,  the  strength  added  to  the  concrete  by  the  spiral  reinforce- 
ment, and  the  stress  in  the  longitudinal  rods  at  ultimate  column  strength. 
In  each  column,  therefore,  there  are  three  unknowns.  It  is  known,  however, 
that  the  spiral  increases  the  strength  of  the  concrete  in  a  definite  manner, 
as  given  by  Equation  (23)  : 

f,,  =   (1  +  0.573  r,)  f , 

Equation  (23)  is  valid  when  rods  are  used,  as  they  cannot  increase  the  strength 
of  the  concrete. 

There  are  now,  therefore,  only  two  unknowns,  the  strength  of  the  concrete 
in  the  column  and  the  stress  in  the  rods  at  ultimate  column  strength.  As  in 
the  rod  reinforced  column  (previous  to  the  development  of  the  formula  for  the 
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strength  of  the  rods),  the  strength  of  the  concrete  in  an  individual  column 
is  unknown.  Its  strength  will  not  be  the  same  as  that  of  the  concrete  in 
the  test  cylinders  from  the  same  batch  of  concrete,  and  to  determine  the 
strength  of  the  rods  by  the  difference  between  the  strength  of  the  column 
and  that  due  to  the  spirally  reinforced  concrete,  assuming  that  the  column 
concrete  is  of  the  same  strength  as  the  cylinder  concrete,  leads  to  absurd 
results  that  are  sometimes  negative.  The  unit  strength  of  the  rods  at  ulti- 
mate column  strength  thus  calculated  is  given  in  Column  (9)  of  Table  7. 
It  will  be  noticed  that  these  quantities  are  not  the  true  stress  in  the  rods, 
as  that  is  impossible  to  determine,  and,  on  account  of  the  large  variation  in 
these  figures,  it  is  not  to  be  concluded  that  the  strength  developed  by  the 
rods  is  such  a  variable  quantity.  It  will  be  shown  subsequently  that  the 
rods  develop  a  very  constant  strength. 

The  average  of  the  values  given  in  Column  (9)  of  Table  7  gives  the  true 
average  value  that  the  rods  develop  at  ultimate  column  strength,  as,  in  the 
averaging,  the  inherent  variation  in  strength  due  to  the  concrete  is  eliminated. 
This  can  be  understood  by  considering  the  demonstration  given  for  columns 
reinforced  with  rods.  The  average  of  the  values  in  Column  (9)  of  Table  7, 
is  36  500  lb.  per  sq.  in.,  which  figure  gives  the  impression  that  it  is  correct, 
and  that,  therefore,  the  whole  basis  on  which  the  result  was  derived  was. 
also  correct. 

Obtaining  the  length-strength  relation  by  the  same  method  used  for  the 
spiral  reinforced  column,  the  equation : 

To  =  1.20 -0.022^ (27) 

arid  the  reduced  equation : 

U  =  1.000  —  0.0183  ^ (28) 

are  obtained. 

Assuming  that  the  strength  of  the  rods  varies  with  that  of  the  column 
as  a  whole,  the  value  for  the  rods  for  a  column  of  infinitesimal  length  is 
43  800  lb.  per  sq.  in.  The  exact  figure  for  the  strength  of  the  rods  cannot  be 
obtained,  because  of  the  method  that  must  be  used.  The  value,  43  800  lb. 
per  sq.  in.,  however,  is  proof  that  the  rods  exert  their  yield-point  stress  at  the 
ultimate  column  stress,  and,  as  a  corollary,  it  may  be  stated  that,  from 
these  results,  it  is  conclusive  that  the  rods  do  not  cause  any  reduction  in  the 
strength  of  the  column  or  of  its  components. 

The  general  equation  to  express  the  strength  of  the  concrete  column 
reinforced  with  spiral  and  longitudinal  rods  is,  as  follows: 

-^  =  1.20  \{l  —  *v)(l  +  0.573  r,)  /'^  36  500  r^  Tl.OO  —  0.0183  41  -(20) 

in  which, 

Tr  =  the  ratio  of  longitudinal  steel  rod  reinforcement; 

Tg  =  the  ratio  of  spiral  reinforcement; 

Pm=  the  total  load  borne  by  the  column  at  ultimate  strength; 
A    =  the  cross-sectional  area  of  the  column  within  the  spiral; 
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Ij    =  the  length  of  the  column; 

])     =  the  diameter  of  the  column  within  the  spiral;  and 

f'f.  =  the  ultimate  test  cylinder  strength. 

TABLE  7. — Rod  and  Spiral  Reinforced  Concrete  Columns. 


(«) 


A* 
A* 
A* 

W  +49« 

Wt48e 

Wtsoo 

Wtsoo 

Wtsoo 
Wtsoo 

Wt466 
Wt4fl8 

A* 

Wt4flfl 
Wt486 

Wtiee 

Wt46B 
W+466 
W  t468 
Wt488 
Wt408 
Wt4«. 


I  si's 

CO         (U 


(2) 


30  by  144 

20  by  144 

20  by  144 

10  by  102 
10  by  102 

10  by  130 

10  by  120 

10  by  120 
10  by  120 
10  by  102 

10  by  102 

20  by  144 

10  by  103 
10  by  102 
10  by  102 
10  by  102 
10  by  102 
10  by  103 
10  by  102 
10  by  103 
10  by  102 


^:Q 


(3) 


7.2 
7.2 
7.3 
10.2 
10.2 
12.0 
12.0 

12.0 
12.0 
10.2 

10.2 

7.2 

10.2 
10.2 
10.2 
10.2 
10.2 
10.2 
10.2 
10.3 
10.2 


So* 

4)  i! . 


(4) 


0.98 

0.99 

1.98 

2.00 

2.00 

3.50 

a. 50 

3.50 
3.50 
3.77 

3. 77 

6.15 

5.83 
6.11 
6.11 
6.11 
6.11 
6.11 
8.00 
8.00 
10.12 


+3    *-» 

a  a 
f  o. 


.E  * 


(5) 


Test  CyLiN-DER:ULTiMATE 

Strength,  in  Pounds 

PER  Square  Inch. 


0.94 

1.88 

0.94 

0.50 

1.00 

2.00 

2.00 

2.00 
2.00 
0.50 

1.00 

0.95 

1.00 
0.50 
1.00 
1.96 
1.00 
1.00 
1.00 
1.96 
1.96 


Individual.   Average. 


(6) 


8  396 

2  773 

3  860 

13  035 

"I  2  883 

(  3  185 
■{  2  575 
(2  675 

(2  100 

I  1  400 

j2  100 
)1  890 

j  1  825 II 

II  91511 

jl  79011 

12  170  il 

J  2  000 II 

11  97511 

2  160(1 

{2  240 

12  120 

J  1  880 
1  1  720 

3  095 
2  670 
2  775 

(2  020 
1  1  520 

(3  110 
12  000 

1  660 
il  710 

I  2  270 
12  690 

I  4  720 
4 

J  4  900 

14  920 

(2  380 
"/2  350 

j  2  310  I 
1  2  470  \ 

j  2  280  I 
12  330  (• 


J  1  660   I 
1 1  710  {■ 

(2  270   I 
1  2  690  f 

(4  720  I 
l4  080  j 

\ 

i 


(7) 


3  009 

2  9.59 

2  812 

1  760 
1  995 

1  885 
1  980 

1  988 

2  160 
2  180 

1  800 

2  850 

1  770 

2  055 

1  685 

2  480 

4  400 
4  910 
2  365 
2  380 
2  305 


—  S  *'  rt 

..  H  m  c 

P*2  P  « 


(8) 


4  710 

4  910 

5  140 

)  6  025 

1  6  495 

I  5  050 

J.    4  785 
/  5  h85 

j  3  320 
(  3  280 

j  4  050 
1  3  760 

4  470 


4  970 

5  360 

4  240  1 
4  080f 

4  050 

4  340 

6  180 

5  7.50 

6  .380 

5  760 

4  980 

5  190 

5  050 

4  790 
4  580 

6  510 

6  650 

7  480 

7  100 

8  0.50 
8  250 

6  760 

7  090 

7  250 
6  680 

6  190 

7  990 


(  4  050  I 
1  4  340  f 


3  ID  t;  D  • 
=  -S  p  c-g 
'■at''- a 

r,  —  a  3  i. 

''  -  H  2  * 
' ^  a  as 

o—  ■" 


o 
(9) 


24  500 

43  900 

68  400 

—500 
46  9U0 

37  600 
24  200 
79  800 

55  000 
53  000 

48  500 
34  000 

16  800 
2  140 


25  400 

30  900 

31  150 

33  500 

26  500 

36  300 

53  700 

40  500 

44  500 
42  400 

37  800 

34  400 

25  100 

27  600 


41  700 
45  900 

30  SOO 
23  700 

17  350 
35  100 


*  Proceedings,  Am.  Concrete  Inst..  February,  1915'. 

t  Bulletin  No.  1*66,  Eng.  Series,  Uuiv.  of  Wisconsin. 

t  Bulletin  No.  SOO,  Eng.  Series,  Univ.  of  Wisconsin. 

§  Based  on  volume  of  concrete  within  spiral.  3 

II  Equivalent  cylinder  strength.     ( See  Table  5.) 

H  Not  corrected  for  column  length.  Averavce  for  the  total  column  of  values  =  36  510  lb.  per  sq.  in. 
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E. — Columns  Keinforced  with  Spiral  and  Cast  Iron 

This  general  type  of  column  was  first  suggested  and  used  on  the  Continent 
by  Dr.  von  Emperger  of  Austria.* 

Spirally  reinforced  concrete  undergoes  considerably  more  strain  at  ulti- 
mate load  than  plain  concrete,  which  has  an  ultimate  strain  ranging  from 
0.0006  to  0.0016  in.  per  in.,  whereas  spirally  reinforced  concrete  has  an  ulti- 
mate strain  of  0.0035  to  0.0150  in.  per  in.  (See  Section  II.)  The  stress  in 
cast  iron  of  ordinary  grade  at  a  strain  of  0.0016  is  only  16  000  lb.  per  sq.  in 
whereas  for  a  strain  of  0.0035,  its  stress  is  about  35  000  lb.  per  sq.  in.,  and 
may  be  as  much  as  90  000  lb.  per  sq.  in.  Morleyf  gives  a  stress-strain  curve 
for  such  a  specimen.  It  is  evident,  therefore,  that  a  longitudinal  structural 
element  of  cast  iron  in  a  spirally  reinforced  column  would  exhibit  at  least 
the  strength  of  structural  steel,  and  considerably  more  than  it  would  in  a 
plain  concrete  column.  With  the  better  grade  of  castings  that  are  being 
introduced  in  the  United  States,  there  is  reason  to  expect  a  new  era  for  the 
use  of  cast  iron. 

TABLE  8. — Concrete  Columns  Reinforced  with  Spiral  and  Cast  Iron. 


Oast-Iron 

E  OF  Areas 

Ultimate 

a 

Column  Load, 
IN  Pounds. 

s 

3 

Reinforce- 
ment. 

OF  Net  Column  A 
With  FN  Spiral 

SEA 

Pounds  per  Square 
Inch. 

c 

5§- 

CI  .a 

■p. 

CD 

rz 
O 

a 
2 

cc 
1:3 
O 

0) 

o 

a 
o 
O 

Maximum 
(Ultimate). 

O  7i 

•o 
a 

6 

6 

% 

0.71 

0.68 

12.7 

86.6 

436  500 

1  057  000 

10  880 

4  3K0 

6 

8 
8 

6 

6 

-    6 

0.71 

0.68 

12.7 
12.7 
10.9 

86.6 
86.6 

88.5 

776  000 

1  026  000 
<idn  (inn 

10  560 

4  380 
3  720 
3  720 

0.61 

0.58 

570  000 

1  031  500 

9  110 

8 

5 

1 

0.65 

0.62 

11.9 

87.0 

630  500 

925  000 

8  730 

4  150 

8 

7 

% 

0.79 

0.76 

14.4 

84.9 

565  500 

920  000 

10  560 

4  150 

10 

6 

% 

0.71 

0.68 

12.7 

86.6 

643  500 

911  1)00 

9  380 

3  750 

10 

6 

% 

0.71 

0.68 

12.7 

86.6 

625  000 

940  000 

9  680 

3  750 

10 

6 

% 

0.71 

1.26 

12.7 

86.2 

776  000 

896  000 

9  230 

4  300 

10 

6 

% 

0  71 

1.26 

12.7 

86.2 

727  500 

1  066  000 

10  980 

4  300 

10 

(t) 

(i) 

0.61 

1.08 

11.8 

87.0 

850  000 

1  071  800 

9  480 

4  300 

10 

it) 

<  +  ) 

0.61 

1.08 

11.8 

87.0 

576  000 

996  000 

8  800 

4  300 

12 

6 

% 

0.71 

0.68 

12.7 

86.6 

732  500 

951  500 

9  800 

4  250 

12 

6 

% 

0.71 

0.68 

12.7 

86.6 

630  500 

909  000 

9  360 

3  900 

14 

6 

% 

0.71 

0.68 

12.7 

86.6 

63:)  500 

888  500 

9  150 

4  350 

14 

6 

% 

0.71 

0.68 

12.7 

86.6 

679  000 

837  ."SOO 

8  520 

4  400 

8 

6 

% 

100.0 

.480  000 

480  000 

39  000 

8 

6 

% 

100.0 

.... 

540  000 

540  OOO 

43  800 

t  Special  I-section. 

Table  8  and  Fig.  6  give  the  data  on  a  group  of  sixteen  columns  of  the  von 
Emperger  type.  These  columns  were  tested  at  the  Pittsburgh  Branch  of  the 
TJ.  S.  Bureau  of  Standards  for  L.  J.  Mensch,  M.  Am.  Soc.  C.  E.,  and  have 
been  described  by  him.§ 

The  cast-iron  reinforcement  was  of  two  types,  one  being  a  hollow  tube 
or  cylinder,  the  other  having  an  X-section.     The  hollow-core  type  is  advan- 

•  Beton  imd  Eisen,  1912,  p.   118. 
t  "Theory  of  Structures." 

§  "Tests  of  Concrete  Columns  with  Cast-Iron  Reinforcement,"  Proceedings,  Am.  Concrete 
Inst.,  1917,  p.   22 
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tageous  in  that  it  gives  a  larger  radius  of  gj-ration  and,  consequently,  greater 
stiffness  and  strength  for  the  same  cross-section.  The  hollow  core  can  be 
used,  if  sufficiently  large,  for  piping  or  ventilation.  The  maximum  load  is 
carried  by  the  column  at  the  time  the  concrete  fails,  and  this  occurs  before 
the  spirals  fail  in  tension.  (See  Section  II.)  If  compression  of  the  column 
is  continued,  the  spiral  will  begin  to  fail  in  tension.  Further  compression 
causes  the  failure  of  the  cast  iron  inside,  which  is  indicated  by  a  pronounced 
thud.  In  consequence  of  this  method  of  failure,  the  concrete,  at  maximum 
column  load,  is  carrying  the  same  stress  as  it  would  have  carried  if  the 
cast  iron  had  not  been  used  as  reinforcement,  which  is  that  of  the  concrete 
as  increased  by  the  spiral  reinforcement.  The  added  strength  of  the  von 
Emperger  column  is  due  to  the  cast-iron  core,  and  this  may  be  found  by 
difference.  Mr.  Mensch  follows  this  method,  using  as  the  strength  of  the 
concrete  the  average  ultimate  stress  of  the  two  concrete  colurons  reinforced 
with  spiral  only  (and  the  same  percentage  of  rods,  as  the  remainder  of  the 
von  Emperger  type  tested).  The  concrete  in  these  two  columns,  however, 
was  much  stronger  than  that  used  in  the  von  Emperger  type  of  columns,  as 
showTi  by  the  strengths  of  the  test  cylinders.     It  would  be  much  better  to 


,21000 
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EMPERGER  TYPE  COLUMNS: 
LENGTH-STRENGTH   RELATION 
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Ratio  of  length  to  diameter  (-^) 

FlG.   6. 

use  the  strength  of  the  concrete  in  the  test  cylinders,  increased  in  strength  by 
the  spiral,  as  given  by  Equation  (23).  The  net  result  of  the  latter  treatment 
is  to  show  a  smaller  stress  in  the  cast  iron  when  the  column  is  bearing 
maximum  load,  the  value  being  37  400  lb.  per  sq.  in.,  computed  by  the  latter 
method.  This  value  gives  an  accurate  ilieans  of  obtaining  the  strain  at 
which  reinforced  concrete  fails.  From  the  stress-strain  diagram  of  the  cast 
iron  similar  to  that  used  as  reinforcement  in  the  columns  mentioned,  it  is 
seen  that  the  strain  corresponding  to  the  stress  of  37  400  lb.  per  sq.  in.  is 
0.0034  in.  per  in. 

Plotting  the  strengths  of  the  nine  columns  of  the  same  cross-section,  the 
length-strength   relation   obtained   is: 


1.220 


0.0219  — (30) 


or,  reduced. 


V  =  1.000 


0.0179  - (31) 
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The  equation  for  the  column  of  this  type  can  be  expressed  aa; 


—  =:  /l  22 


20  —  0.0219 


§)  [f'^ 


(1 


■V)  +  Ir, 


i  +  wrJ 


(32) 


in  which,  , 

P„i  =   the  total  ultimate  load  on  the  column,  in  pounds; 
A  =    the  total  cross-sectional  area  of  the  column  (not  including  the 

space  in  the  core),  in  square  inches; 
L  =    the  length  of  the  column,  in  inches  or  feet; 

D  =    the  diameter  of  the  column,  in  inches  or  feet,  within  the  spiral; 
Ti  =    the  ratio  of  cast-iron  reinforcement; 
rr  =    the  ratio  of  longitudinal  steel  reinforcement; 
w  =    the  yield  point  of  the  steel  reinforcement  (this  may  be  assumed 

to  be  35  000  lb.  per  sq.  in.)  ;  and 
I  =  the  stress  in  the  cast  iron  at  the  strain  of  0.0034. 

fos  is  given  by  Equation  (23). 

F. — Comparison  of  the  Various  Length-Strength  Equations 

Table  9  is  given  to  enable  a  comparison  to  be  made  between  the  so-called 
reduced  equations  in  the  form  of  Equation  (2),  showing  the  length-strength 
relations. 

TABLE  9. 


Type  of  Column. 


Cast  iron 

Structural  steel  and  concrete 

Structural  steel 

Concrete,  no  reinforcement 

Spiral  reinforcetl  concrete,  no  rods 

von  Emperger 

Spiral  and  rod-reinforced  concrete 

Concrete  reinforced  with  rods. ...  


Equation. 


U"  =  1.000  —  0.0055  -— 

U  =  1.000  —  0.0126  — 
D 

U  =  1.000  —  0.0139  -^ 
D 

U  =  1.000  —  0.0171  — - 

U  =  1.000  —  0.0173  — 
D 

U  =  1.000  —  0  0179  — 
D 

U  =  1.000  —  0.0183  -^ 

L 

V  =  1.000  —  0.0265  — 


SECTION  IL— THE  INTEE:N'AL  BEHAVIOR  OF  SPIRALLY 
REINFORCED  COLUMNS 

1. — Source  of  Strength 

That  the  ultimate  strength  of  the  spirally  reinforced  column  is  not  due 
to  the  spiral  alone,  the  concrete  being  considered  as  a  substance  offering 
no  resistance  and,  therefore,  acting  as  a  perfect  fluid,  can  be  proved  as 
follows:     The  longitudinal  column  stress  and  that  in  the  spiral  in  this  case 
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would  be  equal,  respectively,  to  the  hydraulic  pressure  in  a  thin  cylinder 
and  the  lateral  tension  in  the  cylinder  walls,  the  percentage  of  the  volume 
of  the  cylinder  walls  equalling  that  of  spiral  reinforcement.  The  equation 
giving  the  relation  between  the  lateral  cylinder  stress  and  the  hydraulic  pres- 
sure, transposed  to  meet  the  present  requirements,  gives  Equation  (33)  : 

P=^-^ (33) 

in  which, 

p    =  the  longitudinal  stress  in  the  concrete; 

Pg  =  the  stress  in  the  spiral;  and, 

r^  =  the  ratio  of  spiral  reinforcement. 

For  a  2%  spiral  reinforcement  of  the  ultimate  strength  of  150  000  lb.  per 
sq.  in.,  which  values  are  those  to  give  the  largest  value  to  p  in  Equation  (33) 
for  the  materials  in  any  or  all  the  test  columns  examined  in  Section  I,  the 
column  stress,  p,  is  found  to  be  1  500  lb.  per  sq.  in.  It  is  shown,  subsequently, 
that  ultimate  or  preferably  maximum  column  stress  occurs  when  the  spiral 
is  stressed  at  most  to  its  yield  point.  For  a  2%  spiral  reinforcement  stressed 
to  a  yield  point  of  115  000  lb.  per  sq.  in.,  again  values  taken  from  the  same 
group  of  columns  being  those  to  give  to  p  its  greatest  value,  the  column 
stress,  p,  is  found  to  be  only  1 150  lb.  per  sq.  in.  These  computed  values  for 
the  column  stress  are  only  a  fraction  of  the  ultimate  stresses  actually  devel- 
oped in  columns  of  this  type;  therefore,  the  strength  of  the  column  is  not 
developed  solely  by  the  spiral  reinforcement.  (See  Table  6.)  As  a  corollary, 
it  might  be  stated  that  the  concrete  is  not  valueless  at  maximum  column  load, 
that  it  is  not  completely  destroyed,  and  that  it  does  not  act  merely  as  a 
perfect  fluid  transmitting  the  compressive  forces  to  the  spiral  reinforcement. 

2. — Mathematical  Equations 

Any  equation  for  the  spirally  reinforced  column  can  be  derived  from  the 
following  five  fundamental  equations: 

P         2       p, 

''=|-»^l '''' 

"--y-^-k <-> 

~Ps  =  Pi^- (3<3) 

«j  =  e, (37) 

Ps-^s^s (38) 

in  which, 

Ec  =  Young's  modulus  for  concrete   (unrestrained) ; 
Eg  =  Young's  modulus  for  steel  (30  000  000  lb.  per  sq.  in.) ; 
p  =  the  longitudinal  stress  in  the  column   (concrete) ; 


REINFORCED  CONCRETE  COLUMNS  1105 

e^  =  the  longitudinal  strain  in  the  column  (concrete),  the  subscript,  r, 
denotes  that  the  strain  is  for  a  laterally  (by  spiral)  restrained 
concrete,  and  is  not  equal  to  the  strain  as  given  by  the 
equation,  p  =  eEc\ 

Pi  =  the   lateral   stress   in   the   column    (concrete) ; 

ei  =  the  lateral  strain  in  the  column  (concrete) ; 

Pg  =  the  stress  in  the  spiral  reinforcement; 

e,  =  the  strain  in  the  spiral  reinforcement; 

Tg  =  the  volume  ratio  of  spiral  to  concrete  within  spiral  (the  per- 
centage spiral  reinforcement  times  0.01)  ;  and 

—  =    Poisson's  ratio  for  concrete   (unreinforced),  that  is,  the  ratio  of 
m 

lateral  to  longitudinal  strain. 
The  symbol,  Eg,  requires  some  explanation.     By  definition, 

^'=^ <") 

in  which,  e  is  the  strain  resulting  in  concrete  stressed  to  the  intensity,  p. 
Eg  is  not  a  constant,  but  varies  with  the  intensity  of  p.  For  values  of  e  equal 
to  or  less  than  the  ultimate  strain  of  laterally  unrestrained  concrete.  Eg  can 

P 
be    determined    directly    from    the    equation,     E^  —  — ,    by   using    observed 

values  of  p  and  e  of  unreinforced  concrete,  a  method  becoming  inoperative 
beyond  the  ultimate  strain  of  concrete.  The  value  of  Eg  can  also  be 
obtained  from  Equation  (34)  for  all  strain  values,  both  less  than  and  more 
than  the  ultimate  strain  of  unreinforced  concrete.  Note  must  be  made  that 
the  value  of  Eg  obtained  by  the  two  methods  outlined  does  not  correspond  for 
the  identical  values  of  the  strain,  e,  and  also  that  the  quantity,  E^  as  ordi- 
narily understood  as  the  ratio  of  stress  to  strain,  is  an  imaginary  quantity  for 
values  of  e  beyond  the  ultimate  strain  of  unreinforced  concrete.  In  both 
Equation  (34)  and  Equation  (a).  Eg  has  the  same  1: 1  relationship  with  p. 

Equations  (34)  and  (35)  are  derived  from  the  study  of  the  strains  in  a 
homogeneous  material  under  stresses  along  the  three  co-ordinate  spatial 
axes.* 

If  Tg  is  the  percentage  of  spiral  in  a  column,  and  a  cut  is  made  through 
the  axis  of  the  column,  the  ratio  of  the  areas  of  exposed  steel  and  concrete 

in  the   longitudinal  cross-section  is  —  r.     The  total  tension  in  the  spiral  must 

equal  the  total  compression  in  the  concrete,  or,  AgPg  =  AgPi.     Therefore, 

A.  A.  2  1 

-^p^  =  2)(.     As  —~-  =  — ,  therefore,  —  r^  p^  =  Pi,  which  is  Equation  (30). 

The  spiral  is  rigidly  fixed  to  the  concrete,  and,  therefore,  any  strain  in 
the  concrete  must  be  accompanied  by  an  equal  but  opposite  strain  in  the 
spiral;  therefore,  ej  =  e^. 

Equation  (38)  is  the  simple  stress-strain  relation  for  steel.  This  is  nearly 
a  constant  to  the  yield  point. 

•  "Strength  of  Materials",  by  Arthur  Morley.  Chapter  I. 
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A. — Derived  Equations 

Substituting  in  Equation  (34)  the  value  of  pi  given  in  Equation  (36), 
there  is  obtained: 

P  =  ^rK  +  '^J^s (3fi) 

Further  elimination  of  variables  gives, 

me^  E^  (m   [—  +  l]  _  1) 

P=  ,,       K"         -^  (40) 

m^  I ^  1)  _  (rrt  4-  2) 

V^ «  / 

and, 

2  me,  E^ 

p^-^  —p> — Y ^''^* 

*  mM^-  +  1)  —  (m  +  2) 

\>\  n  I 

3. — Application  for  Equations 

Equation  (39)  shows  that  the  strength  of  the  spirally  reinforced  concrete 

is  due  to  two  practically  independent  quantities,  the  first  of  which,  e^  E^,  is  a 

r 
function  of  the  concrete,  and  the  second.— ^  p..  a  function  of  the  stress  in  the 

m 

spiral  and  Poisson's  ratio,  all  these  values  being  those  at  the  maximum  column 

stress.     Equation  (39)  can  be  written  : 

P  =  (^^c)..  +  '^'+^i>. (^2) 

in  which  (erEc)m.  is  the  ultimate  or  maximum  strength  of  the  unreinforced 
concrete,  and,  therefore, 

e,  E^  =  (6,  E^)^  +  X 
At  the  ultimate  strain  of  unreinforced  concrete,  approximately  0.0015  in. 
per  in.,  erEc=ierEc)m-    -^  increase  in  strain  and  load  beyond  this  point 
increases  p.     In  what  manner  does  X  vary?     This  can  be  determined  from 

Equation  (89)  by  using  known  and  substituted  values  of,  —  p^,  in  which, 

Pg  =  150  000  lb.  per  sq.  in. ; 

r  =  0.02;  and 

m  =  2  (the  minimum  possible). 

r 
All  these  are  values  to  give  the  orreatest  value  to   —  p^,  Avhich    becomes 

150  000  X  2         ,     ^^         ,,.,.,  .  ,  '% 

— — ^ =  1  ,500,  and  which  is   the  maximum  that    — ^  p^    can  assume. 

2  X  100  m      ' 

It  is  probably,  as  the  criterion,  larger  than  the  value  which  it  actually  does 
assume.    Again,  as  it  can  be  proved  that  the  spiral  at  maximum  column  stress 

•  In  "Materials  of  Engineering",  Johnson  has  developed  a  somewhat  similar  equation  for 
i)s.  This  equation  has  been  commonly  accepted,  but  it  contains  one  indetprminate.  quantity, 
and  checks  pooriy  with  experiments.  Equation  (41)  gives  values  ■which  check  closely  with 
experiments. 
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is  at  most  stressed  to  the  yield  point,  using  yield-point  values  which  give  p  a 

maximum    value,  1  150  lb.  per   sq.  in.  is  obtained   for   — ^  «,.      These    values 

m     ' 

are  far  below  the  actual  increase  in  strength  due  to  the  spiral  for  a  2%  rein- 
forcement and  in  the  same  manner  can  be  proved  proportionally  less  for 
smaller  percentages  of  reinforcement.  (See  Table  6.)  For  example,  concrete 
of  a  strength  of  3  000  lb.  per  sq.  in.,  reinforced  with  2%  of  spiral,  would  have 
its  strength  increased  approximately  3  400  lb.  per  sq.  in.,  according  to 
Equation  (23). 

Therefore,  X  must  be  positive,  as, 

and  er^c  must  increase  beyond  the  value    (erEc)m-     The  strength  of  the 

spirally  reinforced  column,  therefore,  must  be  due  to  some  inherent  quality 

of  the  concrete  which  permits  it  to  be  compressed  uninjured,  when  spirally 

reinforced,  greatly  in  excess  of  the  ultimate  strain  of  unreinforced  concrete. 

Equation  (39)  shows  that  the  greatest  part  of  the  increase  in  strength  caused 

by  spiral  reinforcement  is  due  to  the  increase  in  e  Ef.  over  the  value  (e  Ec)mf 

and  that  this  part  of  the  increase  is  practically  independent  of  Poisson's  ratio 

and  the  stress  in  the  spiral.     The  magnitude  of  CrEc  for  any  value  of  e,.,  is 

independent  of  the  stress  in  the  spiral,  but  is  a  function  of  the  percentage  of 

spiral  reinforcement,  as  empirically  determined. 

Referring  again  to  the  concrete  with  an  ultimate  strength  of  3  000  lb.  per 

sq.  in.,  reinforced  with  2%  of  spiral  and  thus  increased  by  3  400  lb.  to  the 

value  of  6  400  lb.  per  sq.  in.,  the  following  calculations  can  be  made.     The 

r 
largest  possible  value  of  — ^  p^,  in  Equation  (39),  is  1  150  lb.  per  sq.  in.      The 

value  of  Br  at  ultimate  column  strain,  approximately  0.0035  in.  per  in.,  com- 
pares with  the  value  of  e^  at  the  strain  of  unreinforced  concrete  of  0.0015  in. 
per  in.  From  this,  it  may  be  noted  that  the  variable.  Eg,  is  much  lower  at  the 
ultimate  column  strength  than  at  the  ultimate  strength  of  unreinforced 
concrete. 

The  lateral  strains  for  a  spirally  reinforced  concrete  are  shown  by 
extrapolation  of  direct  experimental  measurements  to  be  between  0.0006  and 
0.0030  in.  per  in.  (See  Section  II,  4  D.)  This  is  equivalent  to  stresses  of 
18  000  and  90  000  lb.  per  sq.  in.,  respectively,  in  the  spiral.  By  Equation  (38), 
the  maximum  increase  in  column  strength  due  to  2%  of  spiral  reinforcement 

T 

(that  is,  the  second  term  of  Equation  (39),— ^i)^),  stressed  to  90  000  lb.  per  sq.  in., 

is  900  lb.  per  sq.  in.,  which  is  the  maximum  increase  in  strength  due  to 
spiral  alone  for  the  group  of  columns  analyzed  in  Section  I.  The  maximum 
increase  due  to  the  spiral  alone,  corresponding  to  a  spiral  stress  of  18  000  lb. 
-per  sq.  in.,  is  180  lb.  per  sq.  in.  This  is  a  variation  of  only  720  lb.  per  sq.  in., 
due  to  the  maximum  difference  in  spiral  stress  at  maximum  column  load. 

The  increase  in  strength  of  spirally  reinforced  concrete,  therefore,  is 
practically  independent  of  the  strength  of  the  spiral  reinforcement  or  the 
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stress  in  it  at  the  instant  of  maximum  or  ultimate  column  load,  as  the  maxi- 
mum variation  in  the  stress  in  the  spiral  causes  a  maximum  variation  in 
column  strength  of  only  360  lb.  per  sq.  in.  which  is  approximately  6  per  cent. 
If  the  stress  in  the  spiral,  at  ultimate  column  load,  is  "between  18  000  and 
38  000  lb.  per  sq.  in.,  the  latter  being  the  lowest  value  of  the  yield  point  of  the 
spiral,  variation  in  the  strength  of  the  spiral  in  the  particular  column  would 
not  affect  the  maximum  strength  of  the  column,  as  all  spirals  would  be 
capable  of  being  stressed  to  at  least  38  000  lb.  per  sq.  in.  If  the  concrete  com- 
pressed sufficiently  to  stress  the  spiral  beyond  38  000  lb.  per  sq.  in.  then,  from 
Equation  (38),  it  can  be  seen  that  the  column  strength  would  be  slightly 
influenced  by  the  variation  in  yield  point  and  consequent  variation  in  ultimate 
strength  of  the  spiral. 

In  the  group  of  columns  tested  at  the  University  of  Illinois,  however,  the 
increase  in  strength  due  to  the  spiral  reinforcement  was  independent  of  the 
yield-point  stress  of  the  spiral.  This  would  indicate  that,  for  stresses  of 
18  000  lb.  per  sq.  in.  or  more,  in  the  spiral,  which  is  the  spiral  stress  range  in 
which  column  failure  occurs,  the  rate  of  decrease  in  e^  ^c  is  algebraically  as 

r  r 

large  as  that  of  —  jp^,   or,  if  e^  E^   did   not  decrease  more  rapidly  than   —  p^, 

that  all  the  stresses  in  the  spirals  for  this  group  of  columns  at  maximum 
column  load  were  under  the  lowest  yield  point  of  the  group  of  spirals.  In 
this  latter  case,  the  strength  of  the  column  would  not  be  influenced  by  the 
variation  in  the  yield  point  of  the  spirals  used.  This  is  within  the  limits  of 
possibility,  although  very  improbable. 

4. — Properties  and  Behavior  Under  Load 
A. — Poisson's  Ratio 

Poisson's    ratio,  — ,  is  that  of    the   longitudinal  to  the  lateral    strain   in   a 

m 

material,  and,  therefore,  may  be  written  as  — ^.     For  a  perfect  fluid,  for  which 

d  e 
Poisson's  ratio  is  a  constant  and  also  has  the  greatest  possible  value,  ^,   ''  =  0.5 

fd  e 
and  ^  =  0.5.        Poisson's  ratio    cannot  be  greater  than  0.5,    otherwise  a 

fa  gj 

material  could  increase  in  volume  due  to  compressive  stress,  which  is  absurd, 

aud  leads  to  a  direct  contradiction  of  the  principle  of  the  conservation  of  energy. 

d  6  fd  6 

Poisson's  ratio  is  not ^,  but  is ~.    As  for  all  solids,  the  initial  value  of 

d  gj  Jd  e, 

— ^(  —  )  is  much  less  than  0.5,  the  value  of  —  at  the  failure  of  the  material, 
Cj  \m  /  m 

fd  e 

— — — ^,  even  if  at  that  point  the  material  had  become  a  perfect  fluid,  would  be 

Jd  «, 

less  than  O.o. 

For  spirally  reinforced  concrete,  Poisson's  ratio  is  smaller  than  it  is  for 
unreinforced  concrete.     To  the  ultimate  strain  of  unreinforced  concrete  the 
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spiral  stress,  as  obtained  both  by  measurement  and  by  application  of  Equa- 
tion (41),  is  at  the  most  10  000  lb.  per  sq.  in.  Equation  (36)  shows  that  2% 
of  spiral,  when  stressed  to  this  value,  produces  a  lateral  stress  in  the  concrete 
of  400  lb.  per  sq.  in.  (and  for  lesser  percentage  of  spiral,  a  lesser  effect). 
Equation  (34)  shows  that  the  longitudinal  compression  is  reduced  10%  by 
the  2%  of  spiral  reinforcement,  and  Equation  (35)  shows  that  the  lateral 
expansion  is  reduced  50%  by  the  reinforcement,  the  net  result  being  a 
reduction  of  Poisson's  ratio  to  five-ninths  of  its  unrestrained  value. 

Several  of  the  longitudinal  and  lateral  strain  readings  for  columns  of  the 
groups  tested,  and  described  in  Bulletin  No.  10  of  the  University  of  Illinois 

and  Bulletin  No.  A66  of   the  University  of  Wisconsin,  show  the  value  of  — , 

m 

computed  from  readings  on  identical  columns,  to  increase  with  the  increase 
in  stress,  and  to  show,  among  possible  values,  a  percentage  of  such  high  final 
values  as  0.7,  0.85,  etc.,  an  apparent  contradiction  to  the  previous  state- 
ments. On  examination  of  the  method  of  making  these  measurements, 
together  with  the  impossibility  of  measuring  exactly  Poisson's  ratio  for  a  non- 
homogeneous  material  such  as  concrete,  the  discrepancy  between  theory  and 
fact  vanishes.  The  lateral  strain  was  measured  at  one  or  two  places  on  the 
column;  the  longitudinal  strain  was  measured  for  the  whole  length  of  the 
column.  Consequently,  the  longitudinal  strain  measured  was  the  average  for 
the  whole  column,  but  the  measurements  of  lateral  strain  showed  the  value 
for  only  one  or  two  particular  points  on  the  length  of  the  column.  The  two 
quantities  were  not  measured,  therefore,  for  the  same  series  of  particles  of 
concrete,  only  one  or  two  particles  being  common  to  the  two  measurements. 
If  the  strains  were  constant  throughout  the  mass  of  the  concrete,  this  method 
would  be  valid,  but  with  a  non-homogeneous  substance  such  as  concrete,  the 
variation  in  strains  throughout  the  mass  makes  such  measurements  valueless 
as,  for  example,  the  present  values  obtained  from  Poisson's  ratio.     Although 

the   masrnitude  of  —  is  valueless,  the  manner  in  which  it  varies   with   varia- 
m  ' 

tion  in  load  can  at  least  be  placed  to  some  use,  as  it  indicates  qualitatively, 
if  not  quantitatively,  the  variation  of  the  true  value  of  Poisson's  ratio  with 
increasing  stress. 

In  justice  to  the  authors  of  the  two  Bulletins  mentioned,  it  must  be  stated 
that  they  realized  the  fallacy  of  such  figures  and  did  not  include  them  in  the 
values  which  they  measured  and  computed  for  Poisson's  ratio.  Professor 
Talbot  mentions  the  inadequacy  of  the  results.  Messrs.  McKibben  and 
Merrill  include  the  three  astounding  values  of  0.82,  0.563,  and  0.620,  in  their 
measurements. 

Pig.  7  gives  several  representative  curves  for  the  so-called  Poisson's  ratio, 

derived   from  the  one-place  lateral  measurements.       It   can    be    seen   that  — 

in 

always  increases  with  increase  in  load,  but  in  no  general  manner.  Some 
curves  are  nearly  straight  lines,  whereas  others  are  similar  to  the  stress-strain 
curves  for  spirally  reinforced  concrete,  having  a  rather  sudden  change  of 
direction,  with  a  long  continuation  of  the  curve. 
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B. — Ultimate  Strain  for  Spirally  Reinforced  Concrete 

Professors  Withey  and  Talbot  have  made  numerous  direct  measurements  of 
the  strain  of  spirally  reinforced  concrete  columns,  several  representative 
curves  being  given  in  Fig.  8.  For  obvious  reasons,  the  ultimate  strain  cannot 
be  determined  precisely  in  this  manner.  The  strains  are  very  small  linear 
measurements,  even  for  such  comparatively  large  strains  as  occur  at  the  failure 
of  spirally  reinforced  concrete.     The  shell  has  been  sheared,  and  the  surface 
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concrete  is  in  a  state  of  spalling.  Such  conditions  are  not  conducive  to  good 
results.  Nevertheless,  observations  by  such  excellent  technicians  at  least  show 
the  stress-strain  relations  to  and  near  failure  and  give  good  indications  of 
column  behavior  at  the  point  of  failure.  Several  observations  show  clearly  the 
strain  at  which  maximum  (ultimate)  stress  was  developed.  The  stress  at 
that  point  was  a  true  mathematical  maximum,  the  stress  values  for  points  on 
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curves  passing  through  the  point  being  less  than  the  stress  value  at  the  point 
for  all  values  of  the  strain  lesser  and  greater  than  the  strain  value  at  the  point. 
In  these  cases,  the  strain  was  carried  a  considerable  distance  beyond  the  strain 
at  maximum,  load.     It  may  or  may  not  be  that  the  cause  of  the  maximum 
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stress  point  in  the  stress-strain  curve  was  the  stressing  of  the  spiral  to  the 

yield  point.    Referring  to  Equation  (39),  it  will  be  noted  that  the  second  term 

r  1 

in  r-^  2^s  would  remain  practically  constant,  as —  is  not  capable  of  any  great 

increase,  which  it  would  have  to  undergo  noticeably  to  increase  the  whole 
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term,  and  pg  would  remain  constant,  as  the  yield  point  had  been  reached. 
It  was  shown  that  Cr  Eg  increases  considerably  beyond  the  value  at  the 
ultimate  stress  of  unreinforced  concrete;  yet  for  the  part  of  the  stress-strain 
curve  at  the  stage  where  the  stress  is  practically  constant  for  increasing  strain, 
Br  Ec  may  decrease.  In  the  case  of  a  decrease,  the  reaching  of  the  yield  point 
of  the  spiral  would  show  plainly  as  a  maximum  on  the  stress-strain  curve  of 
the  reinforced  column.  The  extrapolated  stress-strain  curves  give  values  of 
the  ultimate  strain  ranging  between  0.00165  and  0.015  in.  per  in. 

The  set  of  columns  of  the  von  Emperger  type  described  in  the  last  part  of 
Section  I  give  an  independent  means  of  checking  these  figures.  The  cast- 
iron  reinforcement  in  these  columns  is  not  stressed  to  its  ultimate  strength  at 
the  maximum  column  strength.  The  strength  of,  or  rather  the  load  borne  by, 
the  cast  iron  can  be  computed  as  the  difference  between  the  ultimate  strength 
of  the  reinforced  concrete  and  the  ultimate  column  load.  Having  the  cast- 
iron,  stress-strain  curve,  the  strain  is  obtained  directly  for  the  ultimate  column 
strength,  which  is  the  ultimate  strain  for  spirally  reinforced  concrete.  The 
strain  calculated  in  this  manner  for  the  average  of  the  several  columns  proves 
to  be  0.0034  in.  per  in.,  agreeing  with  the  values  obtained  by  extrapolation 
of  direct  measurements  of  the  strain. 

C. — Stress-Strain  Relations  for  Spirally  Reinforced  Concrete 

To  determine  the  true  stress-strain  curve  for  reinforced  concrete,  the 
column  should  be  tested  without  the  protective  coating  or  shell.  If  the  shell 
is  initially  present,  the  course  of  the  loading  presents  two  phases  which  are 
interfluent,  commencing  at  the  point  where  the  shell  begins  to  fail  and  con- 
tinuing until  it  has  been  completely  sheared  off.  The  total  loss  of  the  shell 
rarely  occurs,  parts  of  it  remaining  even  at  maximum  load.  In  the  initial 
phase,  the  column  and  the  shell  are  integral,  but  in  the  final  stage  the  shell  has 
sheared  off  in  whole  or  in  part,  and  the  column  has  an  indeterminate  diameter, 
varying  from  that  of  the  spiral  reinforcement  as  a  minimum  to  that  of  the 
original  column  as  a  maximum.  Thus,  the  diameter  of  the  column  changes 
during  load,  and  it  is  impossible  to  obtain  the  stress-strain  curve  from  the 
load-strain  curve. 

The  load-strain  curve  of  the  column  with  the  initial  shell  is  of  the  general 
shape  shown  by  Curve  A  in  Fig.  9.  If  the  shell  was  instantaneously 
destroyed  at  the  ultimate  strain  of  unreinforced  concrete,  the  load-strain  curve 
for  the  column  would  have  the  shape  of  Curve  C,  Fig.  9.  This  type  of  curve 
would  result  in  the  case  of  instantaneous  failure  of  the  shell,  because  after 
such  failure,  the  core  would  be  supporting  the  load  that  previously  had  been 
supported  in  part  by  the  shell.  The  net  result  of  such  failure  would  be  to 
increase  the  strain  without  the  application  of  additional  load,  resulting  in  an 
action  similar  to  that  of  steel  at  the  yield  point.  From  the  load-strain  curves 
obtained  from  tests  on  columns  of  this  type,  which  do  not  show  any  indication 
of  the  marked  changes  of  direction,  it  is  proved  that  the  shell  fails  gradually. 

If  a  column  without  a  shell  is  tested,  a  curve  of  the  general  forra  of  Curve 
B,  Fig.  9,  will  result,  the  break  in  the  curve  being  more  sudden,  and  with  no 
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such  sweep  as  that  shown  in  the  region,  a  to  h.  Curve  A,  Fig.  9.  This  wide 
bend  of  the  stress-strain  curve  has  been  seen  as  an  indication  of  the  weakness 
of  this  type  of  column.  The  stress-strain  curve  for  the  core  of  the  column, 
however,  shows  a  much  straighter  curve  to  what  might  be  termed  the  yield 
point. 
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D. — Lateral  Strains 

Extrapolation  of  measurements  by  Pro- 
fessors Withey  and  Talbot  give  values  of  the  -g  90  ooo 
ultimate    lateral    strain    for    spirally    rein- i  ^*"'*'*' 

1  T  T       1  T         , .       .         a  70  000 

torced  concrete,  that  lie  between  the  limits  ^^^^ 

of  0.0006  and  0.0030  in.  per  in.  The  greatest  \  50  ooot 

measured  lateral  strain  is  well  before  the  -S  40  000 

point,  }),  Fig.  10,  or  the  end  of  the  yield-  1^"**!:: 

point  elongation  for  steel  wire.    The  lateral 

strains  for  this  type  of  column  to  the  failure 

of  the  concrete  core  are,  of  necessity,  equal 

to  the  strains  in  the  reinforcing  wire.    This 

shows  that  in  every  case  the  spiral  was  stressed  at  the  most  to  yield  point,  and, 

frequently,  much  less,  when  column  failure  or  maximum  load  occurred.    The 

failure  of  the  column  is  due  to  the  failure  of  the  concrete,  and  not  to  the 

failure  of  the  spirals. 


a  20  000 

10  000 

0 


0.05  .10  .15  .2C 

Strain  in  inches  per  inch 

Fig.  10. 


E. — Method  of  Failure  of  the  Spirally  Eeinforced  Column 

From  Equation  (40)  and  a  representative  column  stress-strain  curve,  the 

values  of  Ec^  for  strains  beyond  the  ultimate  strain  of  unreinforced  concrete 

can  be  calculated  with  fair  accuracy.     The  unknowns  in  the  equation   are 

1 
—  and  E^.     All  the   other  quantities  in   the  equation,   either   directly  or  in- 


1114  EEINFOKCED  CONCKETE  COLUMNS 

directly,  have  been  measured  with  accuracy  sufficient  for  the  purpose.     The 

value  that  —  assumes  at  the   ultimate  strain  of    unreinforced   concrete   must 
m 

be  between  the  limits  of  0.25  and  0.50.     It  is  theoretically  impossible  for  — 

to  be  greater  than  0.5  and  it  must  be  as  large  as  0.25,  as  shown  by  such  read- 
ings as  have  been  made  and  by  the  indication  of  future  action.    Any  value  of 

1 
—  within  this  range,    substituted   in   Equation    (40),  gives  nearly  the    same 

value  for   E^.   the    effect  on  E^  of   the  variation    of  —  between  these  limits 

^  *^  m 

being  small.     Therefore,  E^  is  determined  with   fair  accuracy  and  —  within 

a  range  of  50  per  cent. 

Using  in  Equation  (9)  any  conceivable  and  possible  simultaneous  set  of 
values  for  the  variables  within  the  range  that  it  has  been  shown  i)ossible  for 
them  to  have,  it  is  impossible  to  obtain  a  computed  value  for  the  stress  in  the 
spiral  reinforcement  of  more  than  the  yield  point.  Observations  also  show 
that,  at  the  maximum  column  load,  the  spiral  at  most  is  stressed  to  the  yield 

point.      Assuming —  equal  to  0.5,  the    value   to   give    the  greatest  value    to 

Ps,  and  the  values  of  Ec,  or  erEc,  as  obtained  by  Equation  (40),  it  is  found 
that,  for  a  longitudinal  strain  of  0.01,  Equation  (41)  gives  a  much  lower  value 
to  Ps  than  was  determined  by  Equation  (40),  which  strain  is  known  to  be  true. 
Substituting  0.01  as  the  value  of  the  longitudinal  strain,  and  every  measured 
or  possible  value  for  the  remainder  of  the  variables  in  Equation  (9),  always 
leads  to  the  same  result,  that  is,  a  calculated  value  of  pg  much  less  than  the 
known  measured  value  of  pg  or  its  value  calculated  from  Equation  (40) . 

This  is  proof  that  it  is  impossible  for  a  material  having  any  rigidity 
whatsoever  to  stress  the  spiral  beyond  the  yield  i)oint,  no  matter  what  that 
value  may  be,  if  it  is  more  than  a  minimum  of  35  000  lb.  per  sq.  in.  It  is 
known,  however,  that  compression  of  reinforced  concrete  columns  eventually 
ends  in  the  breaking  of  one  or  several  of  the  spirals.  This  means  that  the 
load  is  transmitted  through  a  concrete  that  has  properties  diilerent  from  the 
original  whole  concrete.  The  change  in  the  concrete  may  be  accounted  for 
in  two  ways,  as  follows : 

a. — The  concrete  becomes  a  perfect  fluid,  transmitting  the  longitudinal 
compressive  stresses  directly  to  the  spirals.  If  this  hypothesis  was  true,  the 
stress-strain  curve  of  the  column  would  show  a  great  drop  in  the  load  at  the 
point  at  which  the  concrete  became  fluid.  Observations  do  not  show  such  a 
drop,  thus  proving  that  this  hypothesis  is  incorrect  and  that  the  concrete  does 
not  become  a  fluid. 

h. — The  concrete  of  the  column  shears  or  crumbles,  shifting  the  load  more 
directly  on  the  spirals.  The  friction  between  the  sheared  or  crumbled  surfaces, 
together  with  the  tension  stresses  in  the  spiral,  would  explain  the  high  column 
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stress  after  the  concrete  had  ceased  to  be  intact.  Such  shearing  would  result 
in  local  stressing  of  the  spirals  in  the  shear  plane.  The  breaking  of  several 
turns  of  the  spirals  at  points  directly  under  each  other  bears  out  the 
hypothesis.  This  is  the  only  possible  explanation  of  the  failure  of  spirally 
reinforced  columns.  It  is  to  be  noted  that  the  breaking  of  the  column  spirals 
in  tension  is  only  an  inconsequential  anti-climax  and  is  without  importance. 

Observations  on  the  tests  of  the  von  Emperger  columns  showed  that  the 
spirals  failed  after  the  maximum  load  had  been  applied,  the  cast  iron  break- 
ing finally.  Cast  iron  fails  at  a  strain  of  about  0.01  in.  per  in.  To  cause 
failure  of  the  spiral,  a  strain  of  0.25  in.  per  in.  is  necessary.  For  a  perfect 
fluid  the  longitudinal  strain  necessary  to  produce  a  strain  in  the  spiral  of  0.25 
would  be  0.5.  As  concrete,  even  at  the  ultimate  spirally  reinforced  strain,  is 
not  quite  a  perfect  fluid  in  the  limiting  case,  the  longitudinal  strain  necessary 
to  cause  the  failure  of  spiral  in  tension  would  be  at  least  0.5.  The  ultimate 
strain,  however,  of  cast  iron,  which  is  considerably  greater  than  that  of  spirally 
reinforced  concrete,  is  only  0.01  in.  per  in. 

That  the  failure  of  the  spirals  in  a  column  is  due  to  an  initial  shear  failure 
in  the  concrete  is  borne  out  by  the  fact  that  test  columns  after  failure  show 
a  general  shear  and  crumbling  in  the  plane  of  the  tension  break  in  the  spirals. 
At  all  points  throughout  the  axis  of  the  test  column,  the  concrete  was  strained 
beyond  the  ultimate  of  unreinforced  concrete,  although,  after  testing  the 
concrete  column,  the  concrete  will  be  sound,  except  where  the  spirals  have 
failed. 

The  two  columns,  described  in  Bulletin  No.  Jf66  of  the  University  of  Wis- 
consin, of  strong  concrete  (about  4  900  lb.  per  sq.  in.),  show  clearly  by  their 
stress-strain  diagrams  that  failure  occurred  in  the  concrete,  stress-strain 
measurements  being  made  to  maximum  load.  These  curves  are  almost  straight 
lines,  and  show  no  inclination  to  change  direction  before  failure  like  the 
columns  of  lower  strength,  similarly  reinforced.  The  stress  computed  from 
the  measured  strain  of  the  spiral  gives  only  about  12  000  lb.  per  sq.  in. 
for  a  load  just  under  the  maximum.  It  appears  impossible  that  the  stress- 
strain  curve  should  suddenly  change  its  direction  at  right  angles,  or  nearly  so, 
just  prior  to  failure.  This  would  have  to  be  the  case  if  the  spirals  were  the 
cause  of  the  failure.  Professor  Withey  concludes  from  observations  that  the 
failure  of  these  columns  was  due  to  the  failure  of  the  concrete. 

Modern  compression  testing  machines  apply  load  by  means  of  increasing 
strains.  Consequently,  in  a  test  of  a  column  to  destruction,  the  course  of  the 
phenomena  is  altogether  different  in  some  phases  from  that  which  would  occur 
if  the  load  was  applied  directly  by  means  of  weights.  One  great  difference  is 
in  the  time.  It  has  been  shown  that  in  the  spirally  reinforced  column  the 
concrete  fails  first  and  shifts  the  load  on  the  spirals.  The  means  of  increasing 
the  load  in  the  testing  machine  is  the  application  of  more  strain,  which  is  an 
exceedingly  slow  process,  especially  for  the  very  large  strains  necessary  to 
cause  breaking  of  the  spiral  in  a  column  of  the  type  under  consideration.  A 
period  of  perhaps  15  min.  would  be  required  to  accomplish  in  the  testing 
machine  what  would  occur  instantly  under  a  gravity  load.     The  load  would 
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be  shifted  to  the  spirals  the  instant  the  concrete  failed,  the  column  shortening 
rapidly,  the  spirals  failing,  and  the  column,  as  a  whole,  collapsing. 

5. — Summary 

1. — The  increase  in  the  strength  of  concrete  due  to  spiral  reinforcement 
is  independent  of: 

(a)     The  yield  point  of  the  spiral  when  that  point  lies  within  the 

limits  of  38  000  and  115  000  lb.  per  sq.  in. 
(&)     The  ultimate  strength  of  the  spiral  when  this  value  is  between 
60  000  and  150  000  lb.  per  sq.  in. 

2. — At  maximum  column  load,  the  spiral  is  stressed  to  some  value  between 
limits  of  about  18  000  and  90  000  lb.  per  sq.  in.,  or  to  the  yield-point  stress 
if  it  is  less  than  90  000  lb.  per  sq..in. 

3. — The  failure  of  the  spirally  reinforced  concrete  column  is  caused  by 
failure  in  the  concrete  itself,  by  crushing,  shearing,  or  a  combination  of 
both.  As  a  corollary,  the  failure  of  the  spirals  in  tension  is  not  related  to 
the  column  failure,  but  is  a  phenomenon  beyond  this  point. 

4. — The  increased  strength  of  the  column  is  due  to  the  increased  strength 
of  the  concrete  itself,  because  of  the  lateral  restraining  action  of  the  spiral 
on  it. 

5. — There  is  an  upper  limit  to  the  strength  of  the  concrete  that  can  have 
its  strength  increased  by  the  use  of  spiral  reinforcement.  Beyond  about  4  000 
lb.  per  sq.  in.,  the  increase  in  strength  due  to  spiral  reinforcement  diminishes 
rapidly  with  that  of  the  unreinforced  concrete,  until  at  about  4  900  lb. 
per  sq.  in.,  the  strength  of  the  concrete  is  not  appreciably  increased  by  the 
addition  of  spiral  reinforcement.  Theoretical  (by  Equation  (40)),  and  also 
actual,  measurements  show  the  increase  in  the  strength  of  4  900-lb.  concrete 
to  be  approximately  5  per  cent. 

6. — Concrete  has  its  strength  increased  (for  a  column  of  nine  diameters) 
by  spiral  reinforcement,  as  given  by  the  formula : 

f'os  =  f'c  (1  +  0.573  r,) 
in  which, 

foa  =  the  ultimate  strength  of  the  reinforced  concrete ; 
/'f.  =  the  ultimate  strength  of  the  unreinforced  concrete;  and, 
Tg  —    the  ratio  of  spiral  reinforcement. 
For  a  column  of  any  length,  the  strength  of  the  reinforced  concrete  is : 


-^  —  1.27  (1.00  +  O.o7:5  j-J  (1.000  —  0.0173  —  )/', 

in  wliich  —  is  the  ratio  of  lens^th  to  diameter. 
TJ  ° 

7. — Longitudinal   reinforcing   rods   add   definite   strength   to   the   column, 

approximately  32  000  lb.  per  sq.  in.  of  rod  cross-section,  the  value  depending 

on  the  length  of  the  column.     The  strength  including  that  added  by  the  rods 

is  given  by  the  formula : 

^  =  1.20  [(1  —  ?v)(l-00  +  0.573  r^)  f\  +  36  500  7-1  [l-OO  —  0.0183  —1 


I 
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SECTION  III.— EELIABILITY 

The  knowledge  of  the  reliability  of  the  physical  properties  of  a  material 
is  indispensable  in  engineering  design,  being  equally  as  important  as  the  knowl- 
edge of  the  average  values  of  such  properties.  The  most  important  of  these 
properties  are  ultimate  stress,  yield-point  stress,  or  other  salient  property  of 
the  stress-strain  relationship,  hardness,  resilience,  etc.  The  only  properties 
of  the  material  or  structural  element  discussed  in  this  paper  are  those  of 
strength,  namely,  elastic  limit,  yield  point,  ultiinate  stress,  and  other  possible 
salient  features  of  the  stress-strain  relationship,  endurance  limit  (stress), 
continued  load  stress,  resilience,  etc.  Other  physical  properties,  such  as  the 
resistance  to  wear,  are  unimportant  in  this  consideration. 

The  reliability  not  only  of  the  properties  of  materials,  but  also  of  built-up 
units  is  of  the  utmost  importance,  as  that  of  the  property  of  the  final  structure 
or  structural  element  is  the  object  sought.  The  reliability  of  the  property  of 
the  material  is  of  importance  only  because  of  its  influence  on  that  of  the  prop- 
erty of  the  structural  element  into  which  the  material  enters. 

The  allowable,  safe  working  stresses,  or  the  factors  of  safety,  are  surely 
functions  of  the  reliability  of  some  one  of  the  strength  functions  of  a  material 
or  structural  element,  and  should  be  deduced  with  a  proper  consideration  of 
the  effect  of  this  reliability.  Committees  appointed  to  determine  the  safe  and 
allowable  working  stresses  always  give  great  weight  to  the  reliability,  or  more 
properly,  lack  of  reliability,  of  the  strength  of  materials,  especially  for  such 
materials  as  cast  iron  and  concrete,  in  which  the  reliability  is  very  low.  If 
not  explicitly  considered,  it  is  unconsciously  taken  into  account  with  the 
instinctive  knowledge  which  is,  or  should  always  be,  possessed  by  those  whose 
duty  it  is  to  draw  up  and  revise  the  specifications  for  working  stresses.  Never- 
theless, the  reliability  is  never  given  the  consideration  it  deserves.  Even  when 
cognizance  is  taken  of  the  reliability  and  an  attempt  is  made  to  allow  for  the 
lack  of  it,  such  attempt  is  made  in  the  crudest  manner.  Objection  will  be 
made  to  a  certain  stress  on  the  ground  of  the  unreliability  of  the  material, 
which  results  in  a  reduction  in  the  allowed  working  stress  to  provide  for  the 
poor  reliability.  Although  accurate  results  sometimes  are  obtained  by  thus 
using  the  judgment  and  intuition  of  those  long  familiar  with  the  materials, 
this  method  is  equally  as  likely  to  result  in  huge  errors.  Wherever  possible 
it  is  being  supplanted  by  the  correct  method  which  omits  the  personal  equa- 
tion and  permits  the  results  to  be  obtained  mathematically  from  measurements 
made  by  any  of  a  skilled  number  of  experimenters. 

Technical  engineering  literature  contains  frequent  reference  to  reliability, 
but  always  in  the  vaguest  manner;'  it  is  never  expressed  numerically  or 
even  in  definite  terms  that  would  afford  a  means  of  comparison  between  the 
reliabilities  of  the  strengths  of  two  materials.  That  the  strength  reliability  of 
steel  or  fabricated  steel  structural  elements  is  high,  and  that  the  strength  reli- 
ability of  cast  iron  and  concrete  is  low,  is  a  true  and  obvious  statement.  It  is, 
however,  capable  of  limited  application,  especially  in  the  determination  of 
the  influence  of  the  reliability  on  the  working  stresses  to  be  permitted.    What 
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of  the  relative  reliability  of  two  steels  of  diflFerent  composition  and  heat  treat- 
ment, or  of  two  materials  that  gave  strengths  for  test  specimens  of  100,  140, 
150,  160,  and  200  for  five  specimens  of  the  one  and  strengths  of  110,  120,  150 
180,  190  for  five  test  specimens  of  the  other,  the  average  of  both  being  the 
same?  Although  reliability  may  readily  be  intuitively  perceived  in  a  general 
sense,  yet  when  refinements  enter,  the  determination  by  intuition  can  readily 
be  seen  to  fail  completely. 

How  is  the  strength  reliability  of  materials  exhibited?  Is  cast  iron  an 
unreliable  material  because  of  the  suddenness  and  violence  of  its  failure?  The 
Quebec  Bridge  was  built  of  the  most  reliable  material  known,  yet,  between  the 
first  indication  of  failure  and  complete  failure,  so  little  warning  was  given  that 
it  was  valueless  either  to  prevent  the  failure  or  to  enable  any  of  those  on  the 
bridge  to  escape.  It  is  true  that  this  was  an  unfinished  structure,  but  had 
failure  of  the  finished  structure  occurred,  due  to  innumerable  possible  causes, 
it  would  have  been  just  as  sudden.  Spiral  and  rod  reinforced  concrete  is 
regarded  as  having  more  strength  reliability  than  unreinforced  concrete.  Yet, 
subsequently,  it  is  shown  that  spiral  and  rod  reinforced  concrete  and  unrein- 
forced concrete  have  practically  the  same  reliability.  Owing  to  the  careless 
methods  of  fabricating  the  concrete  and  also  in  checking  the  strength  of  the 
concrete  entering  the  structure,  its  strength  is  not  always  what  it  should  be. 
For  this  reason,  the  longitudinally  reinforced  concrete  may  be  regarded  as 
more  reliable,  as  only  a  part  of  the  strength  of  the  column,  namely,  that  due 
to  the  concrete,  is  lowered  by  the  concrete  of  inferior  strength.  The  testing 
of  spiral  and  rod  reinforced  concrete  requires  a  comparatively  long  time  for 
failure  to  be  effected,  even  after  the  first  positive  signs.  The  long  time  neces- 
sary to  cause  failure  is  the  result  of  the  method  of  application  of  the  load  in 
the  modern  testing  machine.  Although  the  spirally  reinforced  column  pos- 
sesses much  greater  resilience  and,  therefore,  can  withstand  shock  much  better, 
the  static  load  that  would  cause  the  spirally  reinforced  column  to  fail  would 
cause  that  failure  to  occur  instantly.  Evidently,  then,  the  suddenness  and 
violence  of  the  failure  or  the  length  of  time  required  for  failure  to  occur  in 
the  testing  machine  is  no  indication  of  the  strength  reliability  of  the  material 
or  structural  element. 

Eeliability  is  a  measure  of  uniformity,  and,  therefore,  can  be  measured  by 
means  of  the  variations  of  the  individual  specimens  from  the  mean  value  of  the 
magnitude  of  whatever  property  of  the  particular  object  that  is  under  consid- 
eration. The  process  of  determining  the  reliability  for  a  specific  case  theo- 
retically would  necessitate  the  discovery  of  the  law  of  the  manner  of  the  vari- 
ations. Although  research  to  determine  the  manner "  of  variation  is  to  be 
expected,  such  knowledge  is  not  imperative.  The  variations  may  safely  be 
assumed  to  be  identical  with  those  given  by  the  standard  error  function. 
From  observations  of  the  variations  it  is  now  possible  to  compute,  by  the 
theory  of  probabilities,  the  value  of  the  property  under  consideration,  which 
will  be  exceeded  in  all  cases.  This  may  be  stated  as  the  value  which  will 
be  exceeded  only  in  all  but  an  infinitesimal  number  of  cases.    To  illustrate  the 
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application,  if  a  material  has  a  mean  strength  of  2  000  lb.  per  sq.  in.,  and  a  reli- 
ability number  of  0.75,  then  every  specimen  made  of  this  material  would  safely 
stand  a  stress  of  0.75  X  2  000  =  1  500  lb.  per  sq.  in.  A  more  detailed  discussion 
and  development  of  the  theory  is  given  subsequently. 

1. — Physical  Measurements 

Whether  the  desired  result  is  a  simple  measurement  of  length,  or  the  tem- 
perature of  the  sun,  no  two  observers  will  arrive  at  the  same  measurement  of 
the  desired  quantity,  nor  will  the  same  observer  he  able  to  obtain  in  succes- 
sion the  same  numerical  result. 

There  is  no  such  quantity  as  the  "true"  value,  but  it  may  be  taken  as  that 
value  of  the  quantity  determined  by  the  most  refined  means  and  instruments 
possible.  Bach,  Pearson,  and  others  have  proved  that  all  things  are  rela- 
tive, therefore,  any  measiirement  is  relative,  being  a  comparison  of  the  object 
with  a  standard.  The  property  of  the  object  measured  did  not  exist — the 
only  reality  was  the  measurement  or  comparison.  The  property  cannot  be 
separated  from  the  object. 

In  general,  the  variations  in  results  are  due  to  ijossible  differences  in  method, 
the  personal  equation,  which  enters  perceptibly  when  the  element  of  time  is 
operative  or  a  distance  must  be  estimated,  etc.,  difference  due  to  errors  in  the 
instruments  used,  to  uncorrected  effects  of  light,  temperature,  electric  and  mag- 
netic fields,  atmospheric  influences,  all  of  which,  in  most  cases,  cannot  be 
eliminated,  except  in  the  most  refined  experiments,  and  also  those  possible  dis- 
turbing factors  which  as  yet  are  unknown. 

By  making  a  large  number  of  observations,  using  several  methods,  and 
having  observations  made  by  several  observers  and  obtaining  the  average, 
obviously,  a  result  much  more  accurate  will  be  obtained  than  any  single  obser- 
vation in  the  group.  The  errors  or  variation  of  any  result  from  the  true  value 
will  as  likely  be  positive  as  negative,  therefore,  the  sum  of  a  large  number  of 
errors  is  so  nearly  zero  that  the  difference  can  be  neglected.  Therefore,  the 
averaging  of  a  large  number  of  observations  automatically  eliminates  the 
errors,  which  is  expressed  by  the  statement  that  the  errors  are  compensating. 

In  testing  concrete,  no  attempt  is  made  to  correct  for  atmospheric  effects 
other  than  to  keep  the  air  saturated  with  moisture  during  the  first  week  after 
making  the  si)ecimen,  and  to  keep  the  specimen  at  approximately  room  tem- 
perature. The  strength  of  concrete  will  be  affected  by  the  various  errors  in 
the  machine  in  which  the  concrete  is  tested,  and  by  the  method  of  mixing  it. 
Accidental  eccentricity  of  loading  and  rate  of  application  of  load  will  cause 
appreciable  variation  in  the  apparent  strength.  The  thoroughness  of  mixing, 
percentage  of  water  used,  variation  in  the  average  size  and  grading,  and  the 
strength  of  the  coarse  aggregate,  etc.,  all  tend  to  vary  the  strength  of  con- 
crete made  from  aggregates  of  identical  proportions. 

The  variations  in  strength  of  individual  test  specimens  of  any  material,  or 
of  any  composite  or  built-up  structural  element,  nearly  coincide  in  their  math- 
ematical relationship  with  the  errors  of  observations  as  given  by  the  well-known 
"error  function"  formula.     The  variation  in  strength  of  such  a  material  as 
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rolled  steel  is  not  as  apparent  as  it  is  in  materials  such  as  cast  iron  and  con- 
crete. This  strength  variation  may  be  viewed  as  the  result  of  the  effort  of 
the  internal  components,  either  microscopic  or  macroscopic,  or  of  the  magni- 
tude of  the  aggregate  of  concrete,  to  arrange  themselves  according  to  some 
average  scheme;  the  change  in  arrangement  (the  arrangement  being  produced 
during  fabrication)  would  cause  differences  in  strength. 

The  formula  describing  the  manner  in  which  errors  occur,  as  theoretically 
developed  a  century  ago,  has  been  substantiated  by  repeated  experiment  for 
the  errors  of  observation  and  like  cases  on  which  the  original  hypotheses  for 
developing  the  formula  were  based.  Experiment  also  shows  that  the  variation 
in  strength  of  individual  test  specimens  from  the  mean  or  average  value  of 
the  strengths  of  those  test  specimens,  follows,  as  nearly  as  can  be  expected  from 
the  large  magnitude  of  the  errors  and  the  relatively  small  number  of  specimens 
tested,  the  general  equation.  The  so-called  "error  function",  which  mathe- 
matically describes  the  possibility  and  magnitude  of  any  error  is  a  function 
of  the  form : 

h 
y  =  -—  e-^-  v' (4.3) 

V  yt 
in  which, 

V  =   the  magnitude  of  the  error; 

y  =  the  relative  probability  of  the  error,  x,  occurring; 
/i  =  a  constant,  also  the  intercept  or  the  relative  probability  of  the 
error  being  zero, 
e  and  n  have  the  usual  significance. 
By  custom : 

V'~   ' 

or,  expressed  otherwise,  the  total  probability  is  arbitrarily  established  as  unity. 
Plotting  a  large  series  of  observations,  the  abscissas  representing  the  error 
or  variation  of  the  individual  specimen  or  reading  from  the  mean  or  average 
value  of  the  observed  quantity,  and  the  ordinates  the  number  of  observations 
that  were  made  having  the  same  error  equal  in  magnitude  to  the  value  of  the 
ordinate,  a  curve  of  the  same  general  contour  as  that  given  in  Equation  (44) 

is  obtained.     By  a  change  in  the  constant  to  make  the  integral,    /      y  fZ  i'  =  1, 

•/  —  oc 

the  theoretical  curve  is  nearly  obtained,  the  experimental  curve  for  various 
reasons  not  coinciding  exactly  with  the  theoretical  one.  The  necessity  for  an 
enormous  number  of  observations  in  order  closely  to  approximate  the  theo- 
retical curve  is  usually  the  main  reason  for  the  lack  of  coincidence. 

The  value  of  the  constant,  h,  can  also  be  algebraically  determined  from  the 
formula : 


h       /"-I  - 
— _     /      g_/,i.  1,2  J  ^.  ^  1 (44) 

\/  Tt  «^  — 


2¥? («' 


I 
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in  which, 

n  =  the  number  of  observations;  and 

V  =  the  variation  of  the  individual  observation  from  the  mean  of 
the  observations. 
The  variation  in  the  ultimate  strength  § 
of  a  material  obeys  or  follows  the  laws.s 
stated,  with  only  a  slight  general  exception. !■ 
The  standard  probability  curve  extends  too 
infinity  in  the  positive  and  negative  direc--g 
tions.  That  the  strength  of  a  material  canz 
be  less  than  zero,  however,  is  absurd.     In -a 

.2 

Fig.  11,  if  D  is  the  average  strength  of  a^ 
material,  and  the  strengths  of  the  speci- 
mens and  the  percentage  number  of  speci- 
mens are  the  abscissas  and  ordinates,  respectively,  the  curve  will  be  the 
same  as  the  probability  curve  between  D  and  infinity,  but  will  be  a  different 
function  between  0  and  D,  of  the  form  shown  in  the  diagram  in  exaggeration, 
and  is  such  that, 

D                1 
ydv=  - (46) 
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Ultimate  Stress,  Eercentage  of  mean 
PiQ.    11. 


'o     -  2 

The  difference  between  the  results  obtained  from  Equation  (46)  and  Equa- 
tion (44)  is  small,  so  that  the  general  or  standard  formula  and  probability 
tables  may  be  used. 

The  probable  error  is  defined  as  the  value  that  is  as  likely  to  be  greater 
than  the  real  error  of  the  result  as  it  is  to  be  smaller.  This  can  also  be 
expressed :  The  probability  of  the  error  of  the  result  being  less  than  the  prob- 
able error  is  equal  to  the  probability  of  the  error  of  the  result  being  greater 
than  the  probable  error. 

The  probable  error  is  determined  by  the  equation : 


It  ^p  .  e 


0.6745 


4 


n  (n  — 1) 


(47) 


for  the  mean  of  a  number  of  observations;  and, 

f 
R^p  .e  .  =0.6745 


2  v^ 


(48) 


\n  —  l 

for  a  single  observation.  That  is,  Equation  (47)  gives  the  probable  error  of 
the  arithmetic  mean  of  several  observations,  and  Equation  (48)  gives  the 
probable  error  for  any  one  observation,  which  may  be  one  of  the  observations 
made  in  determining  Equation  (47). 

The  probable  error,  B,  although  an  inverse  measure  of  the  reliability,  is 
capable  of  no  application  in  the  present  consideration,  and  further  considera- 
tion of  the  properties  of  the  error  function  is  necessary.  The  fundamental 
equations  are: 

0.4769 

(49) 


R  =  0.6745 


h 


t  =^  hv, 


(50) 
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from  which  is  derived, 


t  =  0.04760 


tR 


(51) 


in  which  v^  is  any  value  of  the  error  or  variation  connected  by  a  1:1  rela- 
tion with  B  hy  t,  a  variable  introduced  to  simplify  probability  calculations, 
probability  tables  giving  values  of  t  for  any  desired  probability. 

Ft,  the  probability  that  the  error,  v^,  corresponding  to  the  value,  t,  will 
not  be  exceeded  in  a  negative  sense,  is  given  by  the  equation: 
1 

_   1      r       ^*      J_   ^     Jl 

It  can  be  readily  proved  that: 


1    r^ 


V 


+ 


.(52) 


1  1      r""  , 

[1  -  P,]  ==  -—  Er^ct  =  — r  /    e-^"-di 

_     1        e-'2     r  1         1.3 


1.3. 


+ 


(53) 


which  is  the  probability  that  the  error,  v^,  will  be  exceeded. 

Values  of  t  can  be  determined  for  any  assigned  value  of  P<  or  (1  —  P^),  by 
means  of  Equations  (52)  and  (53).  From  t  determined  by  Equations  (52) 
and  (53),  can  be  found  the  value  of  v^,  the  error  whose  probability  of  being 
exceeded  is  (1  —  P^). 

If  x^  is  the  mean  value  of  the  variable,  and  x^  the  value  of  the  variable 
which  is  v^  in  error, 

Xn  =  X.,.  —  ('n  =  a-..„  —  2.10  t  R 


^0  =  •'^m   [l-OO  - 


1.000 


1.000  —  0.01415  t 


1.000  ~  0.0141 ->  t 


as  Wp   =  V,  expressed   in  percentage  of  x„^  =  —  X  100. 

m 

It  is  now  necessary  to  determine  the  value  of  t  so  that  the  possibility  of  Vo 

I   5  ,.2 

being  exceeded  is  infinitely  small.      The  factor,  1.000  —  0.01415  t     l         "  ,  for 

\l  n  —  1 

this  value  of  t  will  be  termed,  Nr,  the  reliability  number.     Nr  can  also  be 
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defined  as  the  ratio  of  the  value  of  the  variable  which  will  always  be  exceeded 
to  the  mean  value  of  the  variable. 

Fig.  12  gives  the  graph  of  1  —  Pt  and  t  within  the  range  of  values  neces- 
sary in  this  analysis.  Mathematically,  t  should  have  the  value  of  infinity 
to  give  1  —  Pt  the  value  of  zero,  but  the  selection  of  the  value  of  t  for  use 
depends  on  the  final  application  of  N^,  the  relia-  12 f 
bility  number,  this  application  being  the  determi-  g 
nation  of  the  safe  working  stress.  It  is  known  that  %  in 
there  are  certain  causes  producing  the  variation  in  g 

o 

the  variable  the  N,-  of  which  is  to  be  determined.  If  "S  g 
this  variable  is  the  ultimate  strength  of  concrete  or  s 
reinforced  concrete,  severe  loss  of  strength  due  to.s  6 
these  causes  greatly  aggravated,  such  as  voids,  drain-  ? 
ing  of  the  fine  aggregate  and  cement  to  leave  onb  ^  4 
the  coarse  aggregate  in  place,  will  result  in  an  ap  ■^ 
pearance  of  the  finished  product,  that  will  cause  il  | 
to  be  rejected.  It  is  not  necessary,  therefore,  to  | 
assume  too  minute  a  probability.  The  minuteness 
of  the  probability  of  the  strength  or  value  of  the  vari- 
able being  inferior  to  that  given  by  the  substitution 
of  the  assumed  value  of  t  need  be  only  relatively  minute.  To  illustrate  the  im- 
possibility of  assuring  a  safe  value  for  Nr,  no  mathematical  equation  can  assure 
that,  in  a  unique  case,  all  the  cement  may  not  be  omitted  from  the  mix,  or  a 
substance  incapable  of  producing  any  strength  whatever  be  substituted.  These 
possible  but  very  improbable  accidents  give  a  concrete  of  zero  strength,  yet 
their  occurrence  can  be  made  to  be  without  ultimate  danger  by  taking  test 
specimens  from  every  batch  of  concrete. 

In  the  present  consideration,  no  direct  conception  of  the  relative  magnitude 
of  the  order  of  millions,  or  of  the  necessity  for  relatively  absolute  safety,  is  pos- 
sible. Some  comparison  or  other  means  must  be  used  to  bring  the  problem 
within  the  grasp  of  understanding.  Such  a  comijarison  is  available  in  the 
safety  from  death  of  the  normal  man.  Calculations  show  that  the  chances  that 
a  human  being  will  die  within  10  min.  of  any  predetermined  instant  is  1  in 
10  000  000.  This  probability  will  be  accepted  as  perfect  safety  and  is  synony- 
mous with  infinity.  The  problem  may  also  be  regarded  as  the  determina- 
tion of  the  value  of  the  reciprocal  of  the  probability  (1  —  Pt),  which  is  infinity. 
A  similar  problem  is  that  of  the  number  of  repetitions  of  stress  that  may  be 
considered  as  infinite,  or  which  will  be  sufficient  to  cover  the  number  of  repeti- 
tions received  by  a  component  material  in  the  life  of  a  machine.  Values  of 
infinity  have  been  suggested*  for  several  machine  and  structural  elements 
which  vary  greatly  with  use.  For  steam  turbine  shafts,  the  given  value  is 
15  000  000  000,  for  railroad  bridge  chords  it  is  2  000  000. 

The  probability  of  0.00001%  will  be  almost  surely  accepted  as  being  com- 
pletely satisfying.     Suppose,  however,  that  this  probability  is  assumed  as  un- 


•  Mechanical  Engineering,  1919,  p.  731. 
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necessarily  small,  that  a  comparatively  larger  probability  value,  say,  0.0001% 
(1  chance  in  1000  000),  or  1  chance  in  500  000,  is  sufficient.     Comparing  the 
values  of  t  (with  the  reciprocal  of  which  the  working  stresses  are  roughly  pro- 
portional), for  these  two  probabilities,  there  is: 
Probability : 

1  —  Pt  t. 

1  in  500  000    3.31 

1  in  1000  000    3.39 

1  in  10  000  000    ......3.68 

Only  one-tenth  the  safety  is  obtained  by  a  decrease  of  ^  of  8 J%;  by  an  in- 
crease of  10%  in  permissible  strength  only  one-twentieth  the  safety  is  obtained. 
These  slight  increases  in  working  stresses,  with  the  accompanying  large  de- 
creases in  safety,  can  only  lead  to  the  conclusion  that  the  value  of  0.00001%, 
that  is,  1  in  10  000  000,  for  the  probability  should  be  chosen  as  the  basis  of  the 
safe  working  stress. 

2. — Strength  of  Steel  and  Determination  of  Reliability  Number 

It  must  be  noticed  that  the  variation  in  strength  developed  by  several 
specimens  is  not  necessarily  a  measure  of  the  reliability  of  the  composite 
element  or  material  in  question.  When  a  factor  enters,  the  variation  of  which 
causes  variation  in  the  strength  of  the  material  and  there  is  previous  knowl- 
edge of  the  effect  of  this  factor,  or  ability  to  control  it,  then  the  variation 
in  strength  due  to  the  factor  is  not  due  to  any  unreliability  of  the  material 
itself,  and  can  be  separately  determined  and  discounted. 

Take  the  example  of  steel  in  tension:  The  variation  in  magnitude  of 
the  carbon  content  of  steel  causes  the  strength  to  vary  greatly  (other  con- 
stituents and  treatment  remaining  constant).  Low-carbon  steel  has  an 
ultimate  strength  of  about  55  000  lb.  per  sq.  in.  High-carbon  steel  can  be 
manufactured  with  an  ultimate  tensile  strength  of  150  000  lb.  per  sq.  in. 
If  no  consideration  is  given  to  the  carbon  content  of  a  group  of  wires  selected 
at  random  and  tested,  the  logical  conclusion,  on  the  determination  of  the 
strength  reliability,  would  be  that  steel  wire  is  very  imreliable.  However, 
if  the  carbon  content  is  noted,  one  perceives  that  the  strength  is  a  fiinction 
of  the  percentage  of  carbon  in  the  steel,  and  by  arranging  the  wires  into 
groups  having  the  same  carbon  content,  it  can  be  seen  that,  for  any  group, 
the  strength  is  vei*y  uniform.  On  detennining  the  reliability  number  for 
each  group,  it  is  seen  that  steel  is  a  very  reliable  material.  The  treatment 
that  steel  receives  in  fabrication  also  varies  the  strength,  but  for  similar 
carbon  content,  usually  the  same  treatment  is  given  in  the  case  of  reinforc- 
ing wire.  This  discloses  the  importance  of  determining,  as  far  as  possible, 
any  factors  that  cause  variation  in  strength,  both  to  eliminate  weaknesses 
that  they  cause  and  to  eliminate  their  effect  on  the  apparent  reliability. 

Table  10  gives  the  reliability  number,  Nr,  for  the  various  types  of  columns 
analyzed  in  Section  I,  and  also  the  product  of  Nr  and  the  ultimate  strength, 
which  will  be  the  maximum  safe  stress  of  one  application  of  load. 
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Casual  inspection  of  Table  10  will  show  what  experience  has  proved  in  a 
broad  way;  steel  stands  first  in  reliability,  being  far  superior  in  this  respect  to 
concrete  or  cast  iron.  The  group  of  columns  depending  on  concrete  for  their 
main  strength  show  close  agreement  in  their  reliability  numbers,  which 
mutually  shows  that  the  premises  on  which  the  formulas  in  Section  I  are 
based,  must  be  correct,  and  the  variation  in  strength  of  the  column  is  due 
to  the  variation  in  strength  of  the  concrete,  and,  therefore,  concrete  is  not 
made  less  reliable  by  the  introduction  of  reinforcement. 


TABLE  10. 


structural  steel 

von  Emperger  type 

Structural  stee)  and  concrete 

Concrete  and  rods 

Concrete  and  spiral 

Concrete  rods  and  spiral 

Concrete  un reinforced 

Cast  iron 


r 

0.0772r 

2.05 

0.1559 

2.36 

0.182 

4.31 

0.332 

5.61 

0.432 

5.63 

0.434 

7.00 

0.540 

5  83 

0.450 

12.00 

0.927 

0.84 

0.82 

0.67 

0.57 

0.57 

0.4GO 

O.S.W 

0.073 


Product  of  N^ 

and  ultimate 

stress. 


*29  400 

t8  200 

Jl  660 

1  420 


1  370 

|5  100 


•  Net  strength  steel  in  compression  equals  yield-point  stress,  or  about  35  000  lb.  per 
sq.  in.  , 

t  The  von  Emperger  type  will  be  more  fully  considered  subsequently. 
t  Ultimate  stress  of  concrete  X  A'r  for  concrete  of  2  500  lb.  ultimate  strength. 
§  Varies  greatly  with  percentage  of  reinforcement  and  concrete  strength. 
II  Ultimate  strength  =  70  000  lb.  per  sq.  in. 

The  great  variation  in  strength  of  the  cast-iron  specimens  should  not  be 
finally  indicative  of  this  type  of  column;  it  can  be  explained  partly  by  the 
fact  that  the  cast-iron  specimens  tested  were  regular  commercial  specimens, 
as  against  the  carefully  prepared  laboratory  specimens  of  concrete,  and,  also, 
that  they  were  made  in  various  foundries  with  different  grades  of  iron,  the 
result  being  a  variation  in  strength  due  to  the  use  of  different  materials 
similar  to  that  caused  by  different  carbon  content  in  steel,  previously  dis- 
cussed. This  latter  affect  could  have  been  eliminated  by  basing  the  strengtli 
of, cast  iron  on  small  test  specimens  from  the  same  pour;  but,  unfortimately, 
these  small  specimens  were  not  made.  With  the  advances  that  have  been 
made  in  the  technique  of  casting  iron  columns,  there  is  no  need  to  place 
all  cast-iron  columns  in  the  same  unreliable  category. 

The  reliability  number  has  been  determined  from  the  ultimate  strengths 
for  the  group  of  test  columns.  The  determination  of  that  number  for  the 
columns  of  a  new  structure,  however,  would  necessitate  the  testing  to  destruc- 
tion of  a  number  of  the  group,  which  is  an  impossible  commercial  procedure. 
Test  cylinders  of  the  concrete  composing  the  columns  must  form  the  basis  for 
the  determination  of  the  reliability  number  for  the  column.  The  variation  in 
strength  of  concrete  in  test  cylinders  and  in  a  column  of  unreinforced  con- 
crete is  not  identical.  To  obtain  the  Nr  for  the  reinforced  column  from 
concrete  test  cylinders,  the  ratio  of  the  Nr  of  test  cylinders  to  columns  (rein- 
forced) must  be  introduced  as  a  factor. 
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SECTION  IV.— ALLOWABLE  WORKING  STRESSES  OR  FACTORS 

OF  SAFETY 

1. — Introduction 

Methods  of  mathematical  analysis  of  the  stresses  and  strains  in  any  con- 
ceivable type  of  structure  have  already  been  sufficiently  developed  so  that, 
for  any  theoretical  structure  (perfect  in  dimensions,  composed  of  homogeneous 
materials  having  straight-line  stress-strain  relations,  etc.),  the  stresses  and 
strains  at  every  point  in  it  for  any  possible  application  of  load  can  be 
determined.  The  hypotheses,  that  plane  sections  remain  plane  in  bending, 
that  E,  the  modulus  of  elasticity,  is  constant,  assumptions  of  general  applica- 
tion, and  those  used  in  special  cases,  as  for  dams,  that  horizontal  sections 
move  frictionless  on  each  other,  etc.,  by  means  of  which  calculation  of  the 
stresses  and  strains  are  made  possible  or  greatly  simplified,  are,  in  most 
part,  only  close  approximations,  frequently  giving  results  of  the  same 
magnitude.  Their  use,  however,  always  gives  magnitudes  for  the  variables, 
that  will  not  be  exceeded  at  the  specific  point  in  the  structure  by  the  actual 
value  of  the  variable. 

Contrasting  with  the  complete  development  of  the  methods  of  mathe- 
matical analysis  of  the  stresses  and  strains  in  a  structure  are  the  crude 
methods  used  in  the  determination  of  the  stresses  which  -may  be  safely 
withstood  by  materials  or  composite  structural  elements,  or  the  determina- 
tion of  the  variations  of  the  actual  stresses  from  the  theoretical  for  each 
point  in  the  material  or  structural  element  composing  the  structure.  As  is 
usual  with  an  undeveloped  branch  of  investigation,  so  in  the  determination 
of  the  working  stresses  to  be  allowed,  extraneous  factors  are  included  as 
essentials  in  the  consideration,  no  systematic  procedure  has  been  developed, 
and  the  whole  subject  is  vague  and  indefinite,  clouded  with  engineering  super- 
stition, such  as  the  belief  that  repetition  of  stress  (fatigue)  causes  crystalliza- 
tion in  ferrous  metals. 

The  present  allowable  working  stresses  are  based  primarily  on  experience. 
If  the  original  stress  was  too  great,  the  resulting  failures,  in  the  course 
of  time,  cause  increase  in  the  factor.  It  seldom  happened  that  the  stress 
was  made  too  small,  the  common  occurrence  being  an  allowance  much  too 
large,  which  is  slowly  reduced  to  the  point  where  minimum  strength  with 
safety  is  found.  Undoubtedly,  the  experience  method  eventually  produces 
good  results;  but  it  is  rather  dangerous  and  is  exceedingly  slow,  tedious,  and 
costly  in  operation.  Without  the  testing  machine,  the  experience,  or  trial- 
and-error,  method  is  the  only  one  possible.  There  is  no  longer  an  excuse 
for  using  this  antiquated  method.  With  the  wealth  of  new  materials,  old 
materials  made  by  new  and  refined  processes,  and  as  a  check  on  the  strength 
to  be  allowed  those  materials  the  strength  of  which  constantly  varies  with 
the  output,  there  is  urgent  need  for  a  short  method  of  determining  definitely 
the  allowable  working  stresses  directly  from  the  results  of  tests  made  in  the 
common  forms  of  testing  machines. 
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2. — Definition  of  the  Problem 

The  strength  of  the  structure  and  the  loads  that  it  will  carry  is  a  func- 
tion of  the  stresses  in  the  members  and  the  strength  of  the  material  or 
element  of  the  structure  in  which  these  stresses  are  developed.  The  design 
of  the  safe  structure  necessitates  the  knowledge  of  the  maximum  stress  that 
the  material  at  any  designated  point  or  individual  structural  element  can 
carry  with  safety,  and,  also,  the  knowledge  of  the  maximum  stress  that  the 
structure,  due  to  all  the  variations  and  imperfections  of  the  actual  structure 
and  its  component  materials  and  elements  from  the  theoretical  and  perfect, 
together  would  impose  on  that  material  or  individual  structural  element.  The 
loading  which  would  cause  the  maximum  safe  stress  at  any  point  in  the 
structure,  would  then  be  the  maximum  permissible  loading  on  the  structure, 
and,  as  a  corollary,  the  maximum  permissible  loading  would  cause,  at  most, 
the  safe  working  stress  at  any  point  in  the  structure. 

The  determination  of  safe  working  stresses,  therefore,  does  not  involve 
details  apart  from  the  material  or  structural  element  the  safe  stress  of  which 
is  desired.  The  safe  stress  of  concrete  in  compression  is  independent  of 
everything  except  the  ability  of  that  concrete  to  resist  an  infinite  number 
of  applications  of  stress  of  the  magnitude  to  be  designated  the  safe  working 
stress. 

The  problem  of  ascertaining  the  maximum  stress  that  can  be  developed  in 
each  particular  member  of  a  structure  by  the  application  of  load,  is  one  of 
design  independent  of  the  consideration  of  safe  stresses,  and  should  be  so 
considered.  The  structure  should  be  designed  so  that  with  any  and  all 
possible  imperfections,  mishaps,  etc.,  the  maximum  permissible  or  designated 
loading  on  it  will  cause,  at  most,  a  stress  equal  to  the  safe  working  stress. 

Increase  in  the  factor  of  safety,  a  result  of  including  too  many  and  ex- 
traneous factors,  does  not  give  increased  safety.  Human  nature  is  such  that 
increase  in  the  factor  of  safety  leads  to  increased  risks  in  loading  and  much 
heavier  over-loading,  with  the  result  that  the  total  imposed  load  will  bear 
even  a  larger  ratio  to  the  ultimate  strength  of  the  structure  for  the  larger 
factor  of  safety.  The  smaller  the  factor  of  safety  the  safer  a  structure 
becomes,  as  an  overload  of  100%  for  a  factor  of  2  is  judged  more  accurately 
than  an  overload  of  900%  for  a  factor  of  10.  Consequently,  all  influences 
tending  to  increase  the  factor  of  safety  should  be  eliminated,  if  possible. 

3. — Previous  Analyses  of  the  Problem 

Professor  Talbot*  contends  that  the  working  stresses  and  working  factors 
in  structures  are  influenced  by: 

1. — Lack    of    uniformity    of   material,    variation    in    material    and    its 

fabrication. 
2. — Increased  deflection  due  to:   (a)  repeated  load;  and  (&)  time  load. 
3." — Uneven  distribution  in  load  among  members. 
4. — Unconsidered  stresses  due  to  settling,  unevenness  in  material,  etc. 

•  Bulletin  No.  10,  Univ.  of  Illinois,  Eng.  Experiment  Station,  Paragraph  24. 
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Professor  Talbot  also  gives  the  following  as  important  in  the  problem: 

"(a)  the  stress  actually  brought  upon  a  member  of  a  structure  by  an  as- 
sumed loading  may  be  materially  higher  than  the  assumed  working  stress,  and 
(b)  the  stress  actually  develoi)ed  in  the  member  may  be  much  higher  com- 
paratively (i.  e.,  with  respect  to  its  own  ultimate  strength)  than  even  this 
increased  amount  would  indicate.  *  *  *  What  point  should  be  fixed  upon 
as  the  basic  point,  upon  which  a  working  factor  covering  uneven  distribution 
of  load,  uncertainty  of  quality,  effect  of  repeated  loading,  etc.,  may  be  based, 
will  depend  upon  the  nature  of  the  material  and  the  conditions  of  the 
structure.     *     *     *" 

And,  in  the  summary, 

"10. — *  *  *  as  a  basic  point  [that  is,  a  basic  stress  in  the  deter- 
mination of  the  allowable  working  stress]  *  *  *  the  choice  of  a 
value  corresponding  to  a  deformation  equal  to  one-half  of  the  deformation 
at  point  of  failure  is  suggested.  This  [stress]  by  the  parabolic  relation,  is 
equal  to  three-fourths  of  the  ultimate  strength.  Having  selected  a  basic 
point,  a  working  factor  will  then  be  chosen  to  cover  contingencies  and 
emergencies,  *  *  *  methods  of  fabrication,  nature  of  the  load,  manner  of 
application,  etc." 

This  whole  determination  of  the  problem  may  be  censured  because  of  indef- 
initeness  and  the  inclusion  of  too  many  independent  factors,  many  of  which  can 
be  treated  separately. 

As  a  base  stress  on  which  to  derive  the  working  stress,  the  figure,  three- 
fourths  of  the  ultimate  stress,  can  have  no  other  basis  than  intuition.  It 
has  been  shown  in  Section  III  that,  to  allow  for  the  usual  variation  in  the 
strength  of  concrete,  one-half  the  ultimate  strength  must  be  used  to  insure 
safety.  Professor  Talbot  leaves  us  about  where  we  started  when  he  says  that 
this  basic  stress  njust  be  corrected  for  contingencies  and  emergencies,  nature 
of  load,  etc.  The  problem  has  only  been  begun  at  this  point.  The  usual 
method  of  solving  it  is  to  keep  in  mind  all  the  factors  influencing  the  problem, 
to  meditate  gravely  the  question  and,  then,  announce  with  the  conviction  of 
infallible  intuition,  that  the  factor  should  be  4.  This  method  may  be  con- 
vincing in  metaphysical  speculation,  but  it  is  much  out  of  place  in  the 
solution  of  engineering  problems. 

Professor  Talbot's  items  may  be  separated  into: 

A. — Those  quantities  which  influence  the  stress  actually  produced  in  any 
particular  member  of  the  structure:  Uneven  distribution  of  load  among 
members,  unconsidered  stresses  due  to  settling,  unevenness  in  the  material, 
contingencies  and  emergencies  unforeseen,  methods  of  fabrication,  etc. 

B. — Those  factors  that  influence  the  actual  (safe)  stress  to  be  permitted 
in  the  material  or  structural  element  as  in  the  structure.     These  factors  are: 

1. — Lack  of  uniformity  of  material,  variation  in  material  and  in  its 

fabrication. 
2. — Increased  deflection  (preferably  strain)  due  to:  (a)  repeated  loads; 

and  (fe)  time  loads. 
3. — Uncertainty   of   quality,   effect   of   repeated '  and   time  loading,'  all 

of  which  solely  influence  the   ultimate   strength   or   safe   stress 

which  is  to  be  imparted  to  the  material  or  structural  element. 
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Unevenness  in  material  has  been  placed  under  both  Items  A  and  B.  It  must 
be  considered  twice,  as  it  causes  variation  in  the  stress  actually  in  a  given 
member,  and,  also,  in  the  ultimate  strength  of  that  member.  Variation  in 
strength  of  one  member  may  cause  a  variation  in  stress  in  some  other 
member. 

As  previously  stated,  the  items  referred  to  in  Item  A  are  problems  of  design 
and  should  not  be  investigated  in  consideration  of  the  working  stress.  A 
unit  volume  of  concrete  has  the  same  ultimate  strength  no  matter  where 
it  is  placed,  and  it  should  be  permitted  an  invariable  working  stress.  Its 
position  in  the  structure  does  not  change  its  safe  stress. 

The  net  result  of  the  lack  of  uniformity  and  variation  in  material  may 
be  measured  with  precision  by  the  reliability  number,  as  demonstrated  in 
Section  III,  and  allowance  made  for  the  effect  of  the  variation  in  strength. 
The  variation  in  fabrication  can  be  dealt  with  in  two  ways,  each  of  which 
will  give  decisive  results.  The  first  and  best  method  is  to  take  test  specimens 
on  the  work  as  a  check  on  the  workmanship  and  leave  no  variable  for  this 
quantity.  There  will  be,  therefore,  no  need  for  introducing  a  factor  into  the 
allowable  working  stresses  to  provide  for  the  variation.  The  second  method 
is  to  determine  the  ratio  of  the  strength  of  the  specimens  made  in  the 
laboratory  to  those  made  in  the  field.  This  ratio  will  then  give  the  field 
strength  of  a  certain  aggregate,  if  laboratory  specimens  are  made  from  it. 
An  excellent  series  of  such  tests  is  described  subsequently,  which  give 
valuable  results.  It  can  now  be  seen  that  the  "uncertainty  of  quality"  and 
"variation  in  material  and  in  its  fabrication"  can  be  eliminated. 

The  three  items  of  uncertainty  and  variation  mentioned  have,  in  effect, 
only  one  net  result,  namely,  the  variation  in  strength  of  the  material  in  the 
structure.  This  may  be  due  to  uncertainty  of  material,  an  ambiguous  term, 
to  variation  in  strength  due  to  fabrication,  and  in  differences  in  erection, 
such  as  the  treatment  during  the  preparation  of  the  concrete,  or  the  erection 
of  the  structural  steel.  The  variation  in  strength  due  to  fabrication  can  be 
eliminated,  as  the  material  to  be  used  can  be  tested  and  its  strength  and 
other  properties  determined  before  it  is  incorporated  in  the  finished  structure. 
In  design,  a  certain  fabricated  strength  is  specified,  and  the  material  as 
delivered  to  the  work  must  possess  this  strength  as  a  minimum.  The 
variations  in  strength  of  the  material  in  the  finished  structure — the  most 
important  item — has  been  discussed  in  Section  III  and  will  be  reviewed 
subsequently.  The  increased  deflections  (more  properly,  the  increased  strains), 
and  the  decreased  ultimate  strength  due  to  repeated  and  time  loading,  are 
of  vital  importance. 

Messrs.  Tumeaure  and  Maurer*  give  the  following  items  governing  the 
selection  of  the  allowable  working  stresses : 

(a)     Variation   and   imperfection   in   material   and   workmanship. 
(&)     Uncalculated  stresses,  such  as  secondary  stresses  due  to  unequal 
settlement,  and,  usually,  those  due  to  temperature  change. 

*  "Principles  of  Reinforced  Concrete  Construction,"  Second  Edition,  Chapter  V,  p.  209. 
No  mention  of  the  subject  is  made  in  subsequent  editions,  the  authors  evidently  leaving  the 
matter  in  the  hands  of  committees  of  the  proper  engineering  society. 
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(c)  Dynamic  effect  of  live  load,  if  not  provided  for  by  an  allowance 

for  impact. 

(d)  Possible  increase  in  live  load  over  that  assumed,  or  rare  applica- 

tions of  excessive  loads. 

(e)  Deterioration  of  the  structure. 

These  and  similar  items  are  important  only  in  proportion  to  their  appli- 
cation. No  further  use  of  them  than  their  enumeration  makes  this  mention 
superfluous.  In  this  instance,  the  statement  of  the  items  seems  to  have  been 
sufficient,  for  later  in  the  book,  vpithout  any  further  reference  or  application 
of  them  in  the  intervening  pages,  the  allowable  working  stresses  for  a  concrete 
column  reinforced  with  vertical  rods  is  determined  by  "taking"  an  ultimate 
stress  that  can  "reasonably  be  expected"  for  such  a  column,  and  dividing 
this  by  an  arbitrarily  chosen  "factor  of  safety  of  4".  The  use  of  the  phrase, 
"reasonably  be  expected",  and  the  arbitrary  selection  of  4  as  the  factor  of 
safety  are  hardly  in  keeping  with  a  branch  of  knowledge  with  such  a 
scientific  basis  as  engineering.  These  methods  are  not  based  on  any  processes 
that  can  be  logically  followed  by  different  individuals  to  obtain  identical 
results.  Had  some  other  authority  given  the  factor,  it  might  have  been 
different.  It  is  true  that  the  factor  of  safety  for  reinforced  concrete  is 
taken  by  the  best  engineers  and,  in  general,  accepted  as  about  4.  The  Joint 
Committee  on  Concrete  and  Reinforced  Concrete  in  its  1917  Report,  sug- 
gests 22i  per  cent.  The  difference  in  using  a  factor  of  3  instead  of  4  results 
in  a  saving  of  25%  of  material.  Consensus  of  opinion  would  have  it  that  a 
factor  of  3  is  too  low;  yet  how,  by  this  method  of  intuition,  can  it  be 
disproved  that  4  is  too  high  and  that  5  is  the  lowest  factor  to  be  used? 
Can  this  vital  matter  be  decided  by  the  opinion  of  the  majority  ?  Failures  in 
concrete  structures  are  of  too  frequent  occurrence.  On  this  basis  alone,  the 
factor  of  safety  should  be  increased;  yet,  it  is  well  known  that  all  these 
failures  are  due  to  inferior  concrete,  and  instead  of  increasing  the  factor  of 
safety,  a  rigid  control  of  the  making  and  placing  of  concrete  and  an  insistence 
on  a  high  strength  should  be  strongly  urged. 

Item  (a),  variation  and  imperfection  in  material  and  workmanship,  is 
a  factor  vitally  affecting  the  allowable  working  stress.  Although  it  has 
long  been  recognized  that  there  are  variations  in  the  strength  of  materials 
and  structural  elements,  especially  pronounced  in  concrete,  due  to  "varia- 
tion and  imperfection  in  material  and  workmanship",  no  method  has  been 
used  to  determine  even  crudely  the  effect  of  such  variation  and  imperfection 
on  the  strength.  The  influence  of  imperfection  and  distortion  of  the  structure, 
such  as  that  indicated  in  Item  (h),  is  a  consideration  of  design  and  in  no  way 
affects  the  working  stress.  There  must  be  some  limit  to  the  factors  that  must 
be  recognized  and  met  in  the  figure  set  for  the  safe  working  stress.  To 
illustrate  the  reason  for  this  necessary  limitation  by  an  exaggerated  case, 
no  factor  of  safety  could  ever  compensate  for  the  omission  of  all  the 
cement  from  a  batch  of  concrete.  It  is  possible  to  determine  with  reasonable 
accuracy  the  stress  that  a  material  or  structural  element  will  safely  carry. 
If  part  of  the  problem  is  capable  of  solution,  why  introduce  unnecessary, 
unknown,  and  problematical  factors  such  as  emergencies,  possible  overloads. 
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unequal  loading,  eccentric  loading,  settlement,  etc.  These  factors  vary  with 
the  individual  structure,  the  foundation,  and  the  use  to  which  the  stnicture 
is  placed.  The  emergencies  and  overloads  should  be  the  utmost  conceivable  for 
the  particular  case.  The  design  is  the  proper  place  to  take  cognizance  of  all 
these  factors.  The  problem  of  settlement  should  be  solved  by  the  use  of  foun- 
dation areas  proportional  to  the  load  on  them,  and  the  structure  so  designed, 
possibly  by  a  change  from  the  present  monolithic  construction,  in  order  that 
unequal  settlement  will  not  cause  secondary  stresses  or  unequal  distribution 
of  load  directly  or  indirectly  due  to  it. 

The  dynamic  effect,  as  in  Item  (c),  should  always  be  considered.  Work- 
ing stresses  cannot  be  determined  from  two  independent  criteria.  There  is 
no  way  to  allow  for  a  rare  application  of  an  excessive  load,  except  to  design 
so  that  such  a  load  produces,  as  a  maximum,  the  working  stresses  in  the  indi- 
vidual members.  The  working  load  would  then  be  a  percentage  of  this  rare 
excessive  load.  The  phenomenon  of  fatigue  reduction  of  strength  permits  a 
few  applications  of  100%  overload,  but  this  is  an  inherent  property  of  mate- 
rials, and  cannot  be  adjusted. 

Item  (e),  deterioration  of  the  structure,  is  ambiguous.  It  can  be  taken  to 
mean  reduction  in  the  ultimate  strength  due  to  time  loading,  to  loss  of  strength 
in  time  independent  of  the  load,  or  to  reduction  in  strength  due  to  loss  in 
area  of  the  structural  elements  by  abrasion,  disintegration,  or  other  influences. 

It  has  been  determined  experimentally  that  concrete  does  not  lose  any 
material  part  of  its  maximum  strength  with  age.  The  effect  of  time  loading 
has  been  determined  definitely.  For  the  particular  case,  the  quantity  of  mate- 
rial lost  by  abrasion  during  the  life  of  the  structure  must  be  predetermined 
and  extra  material  added  to  the  structural  element.  Disintegration  should 
be  prevented,  or  if  that  is  impossible,  allowance  for  it  should  be  made.  Such 
effects  as  abrasion,  disinteg-ration,  etc.,  cannot  be  considered,  being  factors  of 
design  and  unrelated  to  determinations  of  safe  stress. 

4. — A  Rational  Scheme  for  the  Determination  of  Safe  Working  Stresses 
It  is  not  necessary  to  consider  internal  column  reactions  of  the  nature  of 
the  initial  strain  and  correlated  stress  on  reinforcing  rods  in  longitudinally 
reinforced  concrete  columns  due  to  shrinkage  of  the  concrete,  as  these  phe- 
nomena occurred  in  the  test  columns.  The  results  showing  a  stress  of  31  000 
lb.  per  sq.  in.  in  the  reinforcing  rods  of  longitudinally  reinforced  columns  pos- 
sibly indicate  that  initial  compression  due  to  concrete  shrinkage  was  present, 
as  claimed  by  several  authorities.  Neither  is  it  necessary  to  take  into  con- 
sideration the  method  of  failure  of  the  column  or  compound  structural  element. 
It  is  immaterial,  for  example,  whether  the  rods  of  a  longitudinally  reinforced 
concrete  column  cause  the  failure  of  the  column  or  whether  the  failure  is 
independent  of  the  action  of  the  rods.  The  safe  working  stresses  can  be  based 
on  formulas  determined  mathematically  from  the  results  of  column  tests,  elim- 
inating all  speculation  on  the  internal  behavior  of  the  column  and  its  ele- 
ments. 

The  safe, working  stresses  for  a  type  of  structural  element  must  be  a  func- 
tion of  the  following  factors: 
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1. — The  maximum  stress  that  can  be  applied  in  infinite  repetition,  or  for 
one  sustained  application  for  an  infinite  period  (time  load),  without  causing 
(a)  a  permanent  set,  or  (h)  a  strain  at  the  last  repetition  or  end  of  the  infinite 
time  load,  either  being  greater  than  some  maximum  permissible  strain  value 
determined  by  factors  inherent  in  the  structure  itself  or  otherwise  determined, 
such  as,  by  the  presence  of  plastered  coating  on  the  walls.  For  an  elevated 
railway  structure,  for  example,  a  working  strain  of  0.0035  in.  per  in.  in  the 
supporting  members  would  not  be  excessive. 

2. — The  formula,  empirical  or  exact,  that  has  been  confirmed  experiment- 
ally, expressing  in  terms  of  all  the  component  variables  the  strength  of  the 
structural  element. 

3. — The  reliability  number,  Nr,  based  on  the  variation  in  strength  of  the 
individual  specimens  from  the  strength  indicated  by  the  formula  given  in 
Factor  (2). 

4. — The  relation  between  the  strengths  of  the  specimens  prepared  in  the 
laboratory  (such  as  are  always  used  in  tests)  and  the  strength  capable  of  being 
developed  by  the  material  as  commercially  fabricated.  When  check  test  speci- 
mens of  the  concrete  as  mixed  on  the  work  are  taken,  this  factor  is  unnec- 
essary. 

The  safe  working  stress,  or  preferably  the  safe  working  load,  reduces  to 
a  simple  equation  of  the  type : 

P=N^L^F(V.  Mf'^)A (54) 

in  which 

P    =^  the  safe  column  load; 

Nr  =  the  reliability  number; 

Lg  =  the  endurance  limit  or  maximum  stress  possible  on  account  of 

strain  or  set  consideration ; 
F  (V.Mfc)   =    the  mean  strength  of  the  column  empirically  determined;  a 

function   of   the   variables:    (a)    strength   and   percentage 

concrete;    (fe)    percentage    steel    reinforcement;    and    (c) 

slenderness  ratio,  etc. 
fc  =  the  ultimate  stress  of  concrete  test  cylinders; 
M  =  a  factor  equal  to  unity  when  check  test  specimens  are  taken 

of  the  concrete,  and,  approximately,  0.6  when  they  are  not; 
A  =  the  cross-sectional  (active)  area  of  the  column  (equal  to  the 

area  within  the  spiral  diameter  in  that  type  of  column). 

A. — Essential  Data  on  Concrete 

Fatigue. — J.  L.  Van  Omum,  M.  Am.  Soc.  C.  E.,  has  found,*  by  means  of 
large  numbers  of  compression  test  cylinders  and  also  test  beams  reinforced 
so  as  to  fail  in  compression  in  the  concrete,  that  the  endurance  limit  for  con- 
crete is  50%  of  its  ultimate  strength,  proper  methods  being  used  to  eliminate 
the  effect  of  variation  in  strength  in  the  concrete  of  the  individual  test  speci- 
mens. The  curve  illustrating  the  fall  in  strength  with  the  number  of  repeti- 
tions is  given  in  Fig.  13. 

•Transactions,  Am.  Soc.  C.  E.,  Vol.  LI   (1903),  p.  443,  and  Vol.  LVIII   (1907),  p.  294. 
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The  strains  resulting  from  repeated  applications  of  load  must  also  be 
obtained.  Professor  Van  Ornum  has  done  this,  obtaining  the  modulus  of 
elasticity,  Ec,  for  each  additional  application  of  stress  throughout  the  cycle. 
He  found  for  stresses  of  more  than  50%  of  the  ultimate  stress,  that  each  appli- 
cation of  load  decreased  Eg,  the  greater  the  stress  ratio  to  the  ultimate  stress, 
the  more  rapid  the  decrease,  with  the  final  result  that  the  concrete  failed  in 
compression.  He  also  found  for  the  endurance  limit  stress  (50%  of  the  ulti- 
mate), or  greater,  that  Eg  decreases,  but  reaches  an  asymptotic  value.  For 
an  initial  value  oi  Ec  =  '^  500  000,  and  an  application  of  the  endurance  limit 
stress,  the  asymptotic  value  is  ^^  =  2  250  000,  65%  of  the  initial  value.  For 
this  loading,  the  permanent  set  is  quickly  achieved  and  does  not  increase. 
This  property  of  concrete  is  of  great  value.  From  stress  considerations,  the 
endurance  limit  is  the  maximum  stress  value  that  can  be  used;  from  purely 
strain  considerations,  the  endurance  limit  may  also  be  used. 
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B. 


-The  Relative  Strength  of  Laboratory  Made  and 
Commercially  Made  Concrete 

The  correct  methods  of  making  and  preserving  concrete  to  develop  maxi- 
mum strength,  prevent  deterioration,  etc.,  have  been  developed  and  perfected 
by  laboratory  research.  Commercial  concrete  cannot  be  expected  to  be  made 
with  all  the  necessary  refinements  and  precautions,  because  of  the  high  inher- 
ent cost  and  the  impossibility  of  placing  the  strongest  concrete  properly  in 
complicated  reinforcement.  There  is  no  reason,  however,  to  tolerate  the  pres- 
ent general  product  that  is  furnished. 

The  results  of  a  series  of  tests  given  in  Technological  Paper  No.  58,  of  the 
U.  S.  Bureau  of  Standards,  will  be  used  as  data  in  this  discussion  of  work- 
ing stresses.  The  results  are  given  of  tests  on  the  strength  developed  by  a 
definitely  proportioned  dry  aggregate  as  mixed  and  made  into  concrete  test 
cylinders  by  several  contractors  and  on  similar  specimens  made  by  the  Bureau. 
The  data  are  not  exactly  those  desired  in  this  instance,  as  the  contractors 
wanted  to  make  the  strongest  possible  concrete  instead  of  the  usual  run,  the 
cylindrical  test  specimens  permitting  them  to  make  a  stronger  concrete,  the 
aggregate  and  proportions  being  correctly  chosen.  If  left  to  the  contractors, 
the  resulting  aggregate  would  cause  a  further  reduction  in  strength.  The 
results  of  these  tests  are  given  in  full  in  Table  11.  It  will  be  seen  that  the 
average  strength  developed  by  the  Bureau  was  66i%  higher  than  that  developed 
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by  the  contractors.  This  difference  was  due  to  variation  in  thoroughness  in 
mixing,  placing,  and,  chiefly,  the  too  great  content  of  water.  In  the  fabrica- 
tion of  difficult  reinforced  shapes,  it  would  be  almost  impossible  to  use  the 
quantity  of  water  necessary  to  develop  maximum  strength  for  a  given  aggre- 
gate. Aside  from  the  special  conditions  where  it  is  impossible  to  use  the 
quantity  of  water  to  develop  the  maximum  strength,  flagrant  abuses  such  as 
a  large  surplus  of  water,  insufficient  mixing,  incorrect  proportions,  incomplete 
tamping,  etc.,  will  not  tend  to  furnish  a  concrete  as  strong  as  that  produced 
in  the  laboratory.  It  would  be  insufficient  to  have  all  technical  men  thoroughly 
familiar  with  the  principles  of  making  concrete.  The  average  workman  will 
do  his  work  in  the  easiest  possible  manner,  and  although  he  will  do  it  to  con- 
form with  the  specifications  in  the  presence  of  the  inspecting  engineer,  he  will 
lapse  in  his  absence.  The  only  positive  check  on  the  quality  of  the  concrete 
is  the  test  cylinder. 

TABLE  11. 


Laboratory. 

Propor- 
tions. 

-w  . 

Contractor. 

Labora- 
tory. 

Contractor. 

A 

B 

C 

A 

B 

C 

Mixture  and 
aggregate. 

< 

Ultimate  stress,  in  pounds 
per  square  inch. 

Percentagre  of  laboratory 
strengths  developed. 

f          TOO 

1 

i'oio 

i           950 

3  050 

[       2  310 

880 

610 
850 

420 

1  250 

1  450 

450 

560 
560 

400 

1  620 

1  790 

580 

400 
670 

690 

2  210 

1  820 

100 

'ioo 

100 
100 
100 

125.6 

'ki.b 

44.2- 
35.8 
62.7 

64.3 

55^3 
42.2 
46.3 
77.5 

82.8 

66!3 
72.7 
63.2 

78.8 

1:3:6 

Hand     and      machine 
mixed,  gravel. 

4 

1  :3:6 
1:3:6 
1:2:4 
1  :2:4 

Machi  ne  mixed, 
gravel. 

Machine  mixed,  lime- 
stone. 

Hand  and  machine- 
mixed,  gravel. 

Hand  and  machine- 
mixed,  gravel. 

Mean. 

100 

70.5 

57.1 

72.7 

66.8 

Itfean  of  three  means. 

f       1  100 
1        1  610 
\        1  210 
1        3  150 
1,       3  320 

880 
1  260 

740 
1  750 
1  900 

590 

950 

550 

2  160 

2  980 

690 

1  120 
850 

2  120 
2  830 

100 
100 
100 
100 
100 

80.0 
78.2 
61.2 
55.6 
57.3 

53.7 
59.0 
45.5 
6S.6 
90.0 

62.8 
69.5 
70.3 
70.5 
85.5 

13 

MeaD. 

100 

50.5 

52.6 

59.2 

54.1     Mean  of  three  means. 

5. — Working  Stresses 

An  abstract  of  the  working  stress  specifications  for  reinforced  concrete 
columns  for  the  principal  American  cities,  and  calculations  of  the  stresses 
based  on  them  for  all  large  cities  in  the  United  States,  has  been  published 
by  Mr.  Pierce  P.  Purber.* 

The  Specifications  recommended  in  1917  and  the  Tentative  Specifications 
submitted  in  1921,  by  the  Joint  Committees  are  to  be  accepted  as  more  nearly 

•  "A  Summary  of  the  Column  Code",  Journal,  Am.   Concrete,   Inst.,   1916,  p.   181. 
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the  standard  to  which  in  time  the  various  codes  will  be  revised,  and  have  been 
chosen  as  the  basis  of  the  general  criticism. 

The  1917  Specifications*  for  "Columns"  are,  as  follows: 

"(a)  Columns  with  longitudinal  reinforcement  to  the  extent  of  not  less 
than  1%  and  not  more  than  4%,  and  with  lateral  ties  of  not  less  than  i  in. 
in  diameter,  12  in.  apart,  nor  more  than  16  diameters  of  the  longitudinal  bar : 
the  unit  stress  recommended  for  axial  compression,  on  concrete  piers  having 
a  length  of  not  more  than  four  diameters,  in  Chapter  VIII,  Section  3.  [This 
stress  for  the  concrete  piers  is  22^%  of  the  expected  strength  of  the  concrete.] 

"(b)  Columns  reinforced  with  not  less  than  1%  and  not  more  than  4% 
of  longitudinal  bars  and  with  circular  hoops  or  spirals  not  less  than  1%  of  the 
volume  of  the  concrete  and  as  hereinafter  specified;  a  unit  stress  55%  higher 
than  given  for  (a),  provided  the  ratio  of  unsupported  length  of  column  to  diam- 
eter of  the  hooped  core  is  not  more  than  10." 

Chapter  II  of  the  1917  Specificationsf  on  "Design  and  Supervision",  con- 
tains the  following: 

"(d)  Inspection     *    *    *; 

"5.  Strength  of  the  concrete  [to  be  obtained]  by  tests  of  standard  test 
pieces  made  on  the  work." 

The  1921  Tentative  Specifications:}:  are,  in  substance,  as  follows:  The  safe 
load  on  spiral  reinforced  columns  is  given  by  the  equation : 

P  =  Aofc  +  nfopA (A) 

in  which, 

A    =  the  area  of  the  concrete  core  enclosed  within  the  spiral; 

P    =   the   total  safe  axial  load  on  a  column  whose  — -  is  less  than  40  (B 

is  the  radius  of  gyration  of  the  cross-section  of  the  column 
within  the  spiral,  and  h  is  the  column  height) ; 

p  =  the  ratio  of  effective  area  of  longitudinal  reinforcement  to  area 
of  concrete  core ; 

Ac  =  A  (1  —  p)  =  the  net  area  of  concrete  core; 


n 


=  — ^  (for  which  the  load  is  not  stated); 


fc  =  the  safe  load  on  the  unit  of  core  cross-section  and  is  given  by  the 

equation: 

/,  =  300  -f  (0.10  +  4  p)  f  e 
fc=  the  crushing  strength  of  concrete  in  6  by  12-in.,  or  S  by  16-in., 

test  cylinders. 

"The  longitudinal  reinforcement  shall  consist  of  at  least  six  bars  of  mini- 
mum diameter  of  i  in.,  and  its  effective  cross-sectional  area  shall  not  be  less 
than  1%  nor  more  than  5%  of  the  enclosed  core.  *  *  *  The  spiral  rein- 
forcement shall  not  be  less  in  amount  than  on^fourth  the  volume  of  the 
longitudinal  reinforcement.  *  *  *  Reinforcement  shall  be  protected  every- 
where by  a  covering  of  concrete  cast  monolithic  with  the  core,  which  shall  have 
a  minimum  thickness  of  li  in.  in  square  columns,  and  2  in.  in  round  or 
octagonal  columns.  " 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXI   (1917).  p.  1133. 

t  Loc.  cit.,  p.  1111. 

t  Proceedings,  Am.   Soc.  C.   E.,  August,  1921,  Papers  and  Discussions,  p.   102. 
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Section  67*  of  the  1921  Specifications  states  that  the  fire-proofing  shall  be 
"not  less  than  2  in.  in  beams,  girders  and  columns"  where  the  aggregate  is 
limestone,  or  its  fire-resisting  equivalent,  or  3  in.  for  quartz. 

The  safe  load  for  longitudinally  reinforced  columns  is  given  by  the 
equation : 

P  =  A',h  +  Asnf, (5) 

in  which, 

J.'c=  the  net  area  of  concrete  in  the  column  (total  column  area  less 

steel  area) ; 
Ag  ==   the  effective  cross-sectional  area  of  the  longitudinal  reinforce- 
ment ; 
/(,  =    <  0.20  /'„  and  is  the  safe  load  on  the  unit  of  column  cross- 
section  ; 
fg  =   the  Crushing  strength  of  the  concrete  in  6  by  12-in.,  or  8  by  16-in., 
test  cylinders. 
The  longitudinal  reinforcement  must  not  be  greater  than  2%  nor  less  than 
0.5  per  cent. 

For  both  types  of  columns  with—  larger  tlian  40,  the  safe  load  is  given  ])y 

the  equation  : 

^'  =  ^(i-8=*-T2^)t ('^■> 

in  which,  P  corresponds  to  values  given  by  Equations  (A)  and  (B)  and  P'  is 
the  value  of  the  safe  load  for  the  column  of  the  given  value  of  h  and  R. 
In  Table  4,:}:  Section  2  of  the  1921  Specifications,  it  is  stated  that : 

^'If  the  proportions  to  be  used  in  the  work  are  selected  from  the  table  with- 
out preliminary  tests  of  the  materials,  and  control  tests  are  not  made  during 
the  work,  the  mixtures  in  bold-face  type  shall  be  used." 

A. — Columns  Reinforced  with  Vertical  Rods  Only 

The  analysis  in  Section  I  shows  that : 

1. — The  rods  at  ultimate  column  strength  are  stressed  approximately  to 
their  yield  point. 

2. — The  yield-point  strength  in  the  reinforcing  rods  was  developed  inde- 
pendently of  the  amount  of  the  reinforcement,  a  few  of  the  test  columns  having 
as  much  as  4%  of  rods.  The  strength  developed  by  the  larger  percentage  is 
capable  of  much  closer  check  because  of  the  far  greater  influence  on  the 
column  strength  than  a  relatively  small  percentage,  such  as  1  per  cent. 

3. — The  rods  do  not  decrease  the  strength  developed  by  the  concrete  in  any 
individual  column,  and  the  concrete  does  not  decrease  the  strength  of  the 
rods.  The  contention  is  'untrue  that,  in  the  process  of  destruction  of  the 
column,  the  rods  buckle  and  cause  the  surrounding  outer  layer  of  concrete  to 
scale,  thus  starting  and  aiding  the  failure  of  the  column.     The  phenomenon  is 


*  Proceedings,  Am.  Soc.  C.  E.,  August,  1921,  Papers  and  Discussions,  p.  80. 

L 
+  Equivalent  to  P'  -  P  (1.33  —  0.038  ^j  )• 

t  Prooeedmgs,  Am.    Soc.   C.   E.,   August,    1921,    Papers   and   Discussions,   p.    111. 
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a  phase  in  the  failure  of  the  testing  of  this  type  of  column,  and  represents 
the  buckling  of  the  rods  after  the  maximum  strength  of  the  column  and  con- 
crete has  been  passed  and  the  concrete  has  broken,  allowing  the  rods  to  buckle 
outward. 

4. — The  strength  of  the  column  varies  considerably  within  the  limits  of 
the  lengths  of  columns  tested  and  permitted  in  practice. 

6. — To  develop  the  full  strength  in  the  reinforcing  rods,  it  is  necessary  that 
the  ultimate  strain  of  the  concrete  reinforced  shall  be,  as  a  minimum,  the 
strain  necessary  to  develop  the  full  yield-point  stress  in  the  steel  reinforce- 
ment, which  is  0.00125  in.  per  in.  The  minimum  ultimate  stress  of  concrete 
to  develop  this  minimum  ultimate  strain  is  2  000  lb.  per  sq.  in. 

6. — The  reliability  of  the  strength  of  the  rods  and  of  the  concrete  de- 
veloped in  the  rod  reinforced  columns  is  independent  of  the  amount  of  the 
rod  reinforcement. 

Besides  these  five  factors  governing  the  safe  working  stresses  to  be  per- 
mitted and  of  which  no  cognizance  is  taken  in  the  present  and  tentative  code, 
there  is  another  important  factor,  namely,  no  credit  as  regards  strength  is  given 
the  protective  shell  of  the  spirally  reinforced  column,  yet  there  is  no  con- 
comitant reduction  made  from  the  actual  concrete  cross-sectional  area  of  the 
longitudinally  reinforced  column. 

If  the  spirally  reinforced  column  requires  fire  protection,  the  rod  reinforced 
column  does  also.  Fire  will  destroy  the  surface  concrete  of  the  rod  rein- 
forced column  and  decrease  the  strength-bearing  area  in  the  same  manner  as 
in  the  spirally  reinforced  column;  and,  as  is  proper,  the  strength  developed 
by  the  shell  of  the  spirally  reinforced  column  is  not  considered.  A  shell  of 
equal  thickness  should  be  used  as  fire  protection  in  the  rod  reinforced  column, 
and  no  strength  credit  given  to  this  layer  of  concrete.  That  the  shell  of  the 
spirally  reinforced  column  is  destroyed  at  ultimate  column  strength  is  a  valid 
reason  for  not  allowing  credit  for  it  in  calculations  of  safe  working  stress. 
Heretofore,  however,  the  ultimate  strength  of  the  spirally  reinforced  column 
has  never  been  the  basis  of  the  calculations  for  working  stress  as  the  ultimate 
strain  is  so  great,  the  ultimate  strain  of  unreinforced  concrete  being  the  basis 
for  the  determination  of  the  allowable  working  stresses.  The  protective  shell 
adds  strength  to  the  column  at  the  ultimate  strain  of  unreinforced  concrete, 
exactly  as  the  outer  layer  of  concrete  adds  strength  to  the  rod  reinforced 
column.  If  this  layer  is  given  no  credit  in  the  spirally  reinforced  column,  due 
to  its  function  as  fire  protection,  then  certainly  a  layer  of  equal  thickness 
should  be  allowed  for  fire  protection  in  the  rod  reinforced  column,  and  given  no 
strength  credit. 

Development  of  the  Formula. — The  formula  giving  the  column  strength 
relative  to  the  necessary  variables,  as  developed  in  Section  I,  is: 

^  =  1.28 /r^  f,  +  31 000 0  A. 00  —  0.0265  ~^ (55) 

It  is  now  necessary  to  correct  Equation  (55)  by  the  reliability  number,  Nr, 
to  allow  for  the  natural  variation  in  strength,  and  by  the  factor,  Lg  (=  0.5), 
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to  allow  for  repeated  and  time  loada,  that  is,  to  obtain  the  endurance  limit. 
Equation  (55),  corrected  by  these  factors,  then  becomes: 

^  =  1.28  L^  N(r^  f\  +  31  000  r\  /l.OO  —  0.0265  ^ (56) 

in  which, 

P  =   the  safe  column  load; 

A  =   the  effective  column  area  (that  is,  the  column  area  less  the  outer 

layer  of  concrete  designated  as  fire  protection) ; 
Tg  =   the  ratio  of  concrete  in  the  column  (1.00  —  rr) ; 
Tr  =    the  ratio  of  longitudinal  reinforcing  rods; 
f^  =   the  average  ultimate  strength  of  the  concrete  as  used   in  the 

column  and  determined  by  test  cylinders; 
L  =    the  length  of  the  column; 
D  =    the  diameter  of  the  effective  concrete  area  in  the  same  units  as 

the  length  of  the  column; 
Nj.  =    the  reliability  number;  and 
Lg  =    the  endurance  limit  for  concrete  (0.5). 
Fof  design,  Nr  is  either  the  value  that  may  reasonably  be  expected  from  a 
given  aggregate  and  proportions,  or  that  may  be  determined  by  test  specimens. 
In  the  actual  structure,  Nr  fc,  as  determined  by  test  specimens,  must  be,  as 
a  minimum,  the  value  assumed  for  design. 

For  the  rod  reinforced  column,  analyzed  in   Section  I,  Nr  =  0.57,  the 
figure  used  in  the  safe  stress  computation  in  this  Section. 
Equation  (56)  now  becomes: 

-  =  0.365  A. 00  —  0.0265  -\  (r^  f'^  -f  31  000  0 (57) 

An  alternate  procedure,  not  to  be  recommended,  is  to  be  used  when  no  check 
test  specimens  are  taken  of  the  concrete  as  mixed  on  the  job.  Although  hap- 
hazard, this  method  is  possibly  the  only  plausible  one  in  small  work  and  in  cases 
when  those  in  charge  cannot  be  convinced  of  the  necessity  of  test  specimens. 
The  alternate  method  of  determining  the  permissible  stresses  is  to  incorporate 
a  factor  of  0.6  in  Equation  (57)  to  correct  for  the  strength  of  the  concrete  as 
determined  by  test  specimens  made  from  laboratory  mixture. 

Equation  (57)  would  then  read: 


p 

I 

L 

—  =  0.365 

'1.00- 

-  0.0265  — 

A 

V 

J) 

6  r,  /',  +  31  000  7v) (58) 


The  constant,  0.6,  was  obtained  from  Technological  Paper  No.  58  of 
the  U.  S.  Bureau  of  Standards,  and  is  the  ratio  of  the  strength  of 
concrete  mixture  by  skilled  laboratory  workers  to  that  obtained  by  employees 
of  contractors.  Although  the  concrete  as  mixed  on  the  work  would  not  in 
every  case  be  only  60%  of  the  strength  of  concrete  mixed  in  the  laboratory, 
yet,  if  no  test  specimens  are  taken,  the  capable  makers  of  concrete  must  be 
penalized  equally  with  the  makers  of  ordinary  concrete. 

Table  12  has  been  compiled  to  demonstrate  the  great  variation  in  the  safe 
working   stresses   for   columns   of   extreme   dimensions,    and   also   the  great 


EEINFORCED   CONCRETE  COLUMNS 


1139 


difference  between  those  computed  on  the  strength  of  concrete,  as  usually 
obtained,  and  the  present  allowable  working  stresses. 

TABLE  12. — Safe  Working  Stress  Tabulation  for 
EoD  Eeinforced  Columns. 


A 

B 

C 

D 

E 

F 

G 

H 

Permissible  Workisg 

Calculated  Safe 

Working 

Con- 

PERCEJTrAiTH.   KJW 

Reinforcement. 

Stresses, 

IN  Pounds 

Stresses. 

IN  Pounds 

.'tress  in 

crete, 

Ratio  of 

PER  Square  Lnch  by 

PER  Squaj) 

E Inch  by 

concrete.in 

ultimate 
strength, 

length  to 

pounds  per 

diameter. 

square 

inpounds 

L 

inch,  for 

per 

square 

inch. 

~b' 

Spiral. 

Rods. 

1917Speci- 
flcatioDs. 

1921  Speci- 
fications. 

Equation 

(5T>. 

Equation 

(58)t. 

stress  indi- 
cated in 
Column 
F.** 

f  0.50t 

321 

505 

3221 

1    1.00$ 

'338 

343 

552 

370  1- 

1  500 

6 

0 

-1    2.00§ 
1    4.001i 

338 

384 

6-12 

461  j- 

425 

338 

823 

647  1 

tio.oo 

1  365 

1  2001 

r  0.50 

'soo 

410 

2621 

1    1.00 

338 

319 

447 

300  1 

1  500 

12* 

0 

-1    2.00 
1    4.00 
1 10.00 

338 

359 

520 

666 

1  110 

375  \ 
525  1 

975  J 

425 

f  0.50 
1.00 

'368 

362 

230-1 
264  1 

2>*o 

395 

1  500 

15 

0 

-!    2.00 
1    4.00 
L 10.00 
r  0.50 
i    1.00 

321 
'633 

460 

588 
975 
960 

330). 
462 

855  J 
597'! 

425 

675 

666 

1  006 

642  1 

3  000 

6 

c 

\    2.00 
1    4.00 
[10.00 

r  0.50 

1.00 

675 
675 

732 
■597 

1  092 

1  265 

1  780 

747 

730;- 
911  1 
1  450J 
465° 
498 

850 

'675 

630 

783 

3  000 

•     12* 

0 

J    2.00 

675 

692 

850 

570  - 
710 
1  125 

850 

4.00 
[10.00 

675 

984 

1  382 

f  0.50 

'528 

686 

4261 
458 

1    1.00 

556 

720 

3  000 

15 

0 

^    2.00 

611 

7S0 

522  - 
651 

850 

1    4.00 

905 

[10.00 

1  270 

1  035J 

*  Maximum  length  permitted  by  1917  Specifications. 
+  Minimum  permissible  under  1921  Specifications. 
J  Minimum  permissible  under. 1917  Specifications. 
§  Maximum  permissible  under  1921  Specifications. 
ij  Maximum  permissible  under  1917  Specifications. 

t  Based  on  actual  concrete  of  609o  of  the  strength  of  laboratory  specimens. 

**  Actual  stress  in  the  concrete  of  the  column  imder  working  load.  Column  F  gives  average 
stresses  in  both  steel  and  concrete. 

Criticism  of  the  1917  Specifications. — 

1. — The  allowable  working  stresses  bear  very  little  relation  to  the  safe 
stresses,  as  determined  by  the  writer. 

2. — Based  on  the  strength  of  concrete  to  be  expected  from  a  mix  of  a  cer- 
tain nominal  strength,  the  working  stress  permitted  varies  as  much  as  40% 
greater  than  the  safe  stress  as  determined  by  the  writer. 

3. — If  concrete  is  well  made  and  check  specimens  are  taken,  much  higher 
(as  much  as  100%)  safe  stresses  can  be  sustained  than  are  permitted  by  the 
J917  Si)ecificatjons. 
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4. — The  permissible  working  stress  should  vary  with  the  percentage  of  rein- 
forcement and  the  length  of  the  column. 

5. — The  maximum  percentage  of  permissible  reinforcement  is  not  large 
enough.  Tests  show  that  as  much  as  4%  of  reinforcement  develops  the  same 
stress  per  se  as  the  least  percentage  of  reinforcement. 

6. — A  thickness  of  shell  equal  to  that  demanded  for  spirally  reinforced 
columns  as  fire  protection  should  be  required  in  longitudinally  reinforced 
columns,  no  strength  allowance  being  given  to  the  shell. 

Criticism  of  the  1921  Tentative  Specifications. — 

1. — The  allowable  stresses  disagree  with  the  safe  calculated  stresses, 
although  not  as  widely  as  those  in  the  1917  Specifications. 

2. — The  1921  Tentative  Specifications  are  an  improvement  on  the  1917 
Specifications  in  that  they  permit  (a)  longer  columns,  and  (&)  varying  work- 
ing stress,  within  the  limits. 

3. — The  1921  Tentative  Specifications  have  less  merit  than  the  1917  Speci- 
fications in  that  they  decrease  the  already  too  small  maximum  permissible 
percentage  of  longitudinal  reinforcing  rods. 

4.— The  working  stresses,  in  all  cases,  are  lower  than  the  safe  calculated 
stresses,  provided  the  concrete  in  the  column  is  equal  to  the  nominal  concrete 
strength  on  which  design  has  been  based,  and  for  many  choices  of  mix  and 
percentage  reinforcement  are  lower  than  the  safe  calculated  stress  by  as  much 
as  25  per  cent. 

5. — For  the  strengths  to  be  expected  from  a  nominal  strength  concrete, 
the  permissible  stresses  of  the  1921  Tentative  Specifications  are  much  above 
the  safe  calculated  stresses  for  many  possible  selections  of  variables. 

Comment  on  Stress  Values  Determined  in  This  Paper. — 

1. — The  unit  working  stress  in  the  concrete  of  the  column  as  determined  in 
this  discussion  is  not  excessive,  being  only  28.4%  of  the  ultimate  strength. 

2. — With  this  conservative  stress  from  the  old  general  viewpoint,  much 
greater  total  column  loads  are  obtained. 

3. — The  great  increase  in  strength  due  to  increase  in  reinforcement  is 
demonstrated. 

B. — Columns  Eeinforced  with  Longitudinal  Rods  and  Spiral 

The  analyses  in  Sections  I  and  II  show  that : 

1. — The  increase  in  strength  of  concrete  due  to  spiral  reinforcement  is 
proportional  to  the  strength  of  the  concrete  and  to  the  percentage  of  spiral 
reinforcement  to  a  maximum  of  2%,  there  being  no  experimental  data  for  a 
larger  percentage  of  reinforcement. 

2. — The  increase  in  strength  of  the  concrete  due  to  the  spiral  reinforcem-ent 
is  independent  of  the  ultimate  strength  of  the  spiral  when  this  value  lies 
between  the  limits  of  60  000  and  150  000  lb.  per  sq.  in. 

3. — Longitudinal  reinforcing  rods  in  a  spirally  reinforced  column  con- 
tribute approximately  36  500  lb.  per  sq.  in.,  or  the  yield-point  stress  per  unit 
area  of  rod,  to  the  column  strength  at  maximum  load,  the  data  being  avail- 
able only  for  a  maximum  rod  reinforcement  of  10  per  cent. 
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4. — To  tlie  ultimate  strain  of  approximately  0.0015  in.  per  in.,  the  protective 
shell  is  undestroyed  and  in  great  part  is  intact  and  serviceable  as  a  fire  protec- 
tion at  the  ultimate  column  strain  (maximum  column  load).  At  the  strain 
of  0.0015  in.  per  in.,  the  protective  shell  considerably  increases  the  load  sup- 
ported by  the  column  depending  on  the  ratio  of  the  area  of  the  shell  to  that  of 
the  core.  This  increase  is  approximately  50%,  and  depends  on  the  ratio  of  core 
to  shell  areas. 

5. — The  column  strain  at  maximum  load,  or  ultimate  column  strain,  is 
approximately  0.0035  in.  per  in. 

6. — The  reliability  of  the  ultimate  or  maximum  strength  of  this  type  of 
column  is  only  slightly  less  than  for  unreinforced  concrete  or  for  concrete 
reinforced  with  longitudinal  rods. 

7. — The  strength  reliability  does  not  vary  with:  (a)  the  amount  of  spiral 
reinforcement  with  a  maximum  of  2% ;  (&)  the  amount  of  longitudinal  rod 
reinforcement  with  a  maximum  of  10% ;  and  (c)  the  column  length  with 
twelve  column  diameters  as  a  maximum. 

From  an  inspection  of  these  qualities  possessed  by  the  spiral  and  rod  rein- 
forced column,  it  is  at  once  apparent  that  the  safe  working  stresses  permitted 
should  depend  on  the  percentage  of  reinforcement,  the  length,  and  the  relation 
of  the  other  column  variables.  This  is  more  clearly  brought  out  in  Table  12, 
of  the  calculated  safe  working  stresses,  which  are  shovsm  to  vary  almost  100% 
for  the  limits  of  the  variables  permitted  by  the  1917  Specifications  for  the  one 
permitted  working  stress. 

Continued  compression  of  specimens  of  the  spiral  and  rod  reinforced  type 
of  column,  far  beyond  the  ultimate  and  maximum  stress  and  strain,  has  caused 
the  general  destruction  of  the  shell,  the  spirals  to  be  broken  by  tension,  buckled 
longitudinal  reinforcing  rods,  buckling  of  the  column  itself,  and,  in  general, 
a  complete  destruction  of  the  column  proper.  This  has  led  to  a  general  belief 
that  these  phenomena  occur  simultaneously  with  the  point  of  maximum  load, 
and  a  refusal  to  accept  the  ultimate  column  strength  as  the  basis  for  the 
calculations  of  the  safe  working  stresses.  It  is  immaterial  how  a  structural 
element  fails.  When  failure  occurs,  the  element  is  useless  and,  therefore,  all 
other  elements  supported  by  it  or  transmitting  loads  to  or  from  it  are  likewise 
useless  in  the  system. 

The  ultimate  column  stress  should  be  the  basis  of  the  calculations  of  the 

safe  working  stress.     That  some  procedure  has  been  adopted  at  some  time  or 

place  is  with  many  of  far  greater  weight  than  the  most  logical  theory,  no 

matter  how  positive  and  incontrovertible  the  proof.     Refer  to  the  working 

stresses  suggested  by  Considere  and  adopted  by  the  French  Commission,  and 

given  for  the  rod  and  spiral  reinforced  column  by  the  formula: 

.        ,  .  ,  /  =  /e  (l  +  15r,  +  32rJ 

m  which, 

/  =  the  safe  working  stress; 

fc  =  the  safe  strength  of  the  plain  concrete,  taken  at  28%  of  the 
ultimate  strength  of  the  concrete  in  the  form  of  cubes  (equiva- 
lent to  18^%  of  the  strength  in  the  form  of  cylinders,  according 
to  the  writer) ; 

r,.=  the  ratio  of  longitudinal  reinforcement; 
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Tg  =■  the  ratio  of  spiral  reinforcement,  with  the  criterion  that  the 
maximum  working  stress  permitted  shall  be  0.6  the  ultimate 
strength  of  the  concrete. 

In  passing,  it  may  be  noted  that  the  maximum  stress  permitted  by  Considere 
is  about  73%  greater  than  that  permitted  by  the  1917  Specifications  of  the 
Joint  Committee. 

Returning  to  the  development  of  the  logical  argument  for  the  ultimate 
stress  as  the  basis  for  the  determination  of  the  safe  working  stress:  The 
arguments  against  such  a  determination  are: 

1. — The  unreliability  of  the  strength  developed  by  the  concrete. 

2. — The  column  buckles. 

3. — The  column  reaches  maximum  (ultimate)  load  at  a  very  great  strain, 

too  great  to  permit  in  a  structure. 
4. — The  marked  yield  point  of  the  column. 

These  arguments  may  be  answered  categorically,  as  follows: 

1. — From  the  results  of  the  mathematical  investigation  in  Section  I,  as 
previously  summarized,  the  rod  and  spiral  reinforced  column  is  shown  to  be 
almost  as  reliable  as  the  rodded  column ;  the  reinforcing  elements  contribute  a 
definite  part  of  the  strength;  and,  finally,  a  mathematical  equation  being 
derivable,  the  ultimate  strength  reduced  by  the  reliability  number  can  be  used 
accurately  to  determine  the  safe  strength  of  the  column,  no  matter  how  great 
the  variations  in  strength  may  be. 

2. — The  column  buckles  after  maximum  load  has  been  reached  and  passed. 
The  steel  column,  generally  recognized  as  perfection  in  structural  work,  also 
buckles  after  maximum  load  has  been  attained.  The  bend  in  the  column  in 
maximum  load  can  be  understood  to  be  negligible  from  the  consideration  of 
the  ultimate  strain  (that  is,  strain  at  maximum  load).  This  strain  at  a 
maximum  is  0.006  in.  per  in.  Any  bend  in  the  column  would  manifest  itself 
as  an  addition  to  this  measure  of  compressive  strain.  Assuming  the  strain, 
0.006,  as  due  to  the  flexure  of  the  column,  a  figure  much  too  large,  as  the  greater 
part  of  the  measured  compression  is  a  compression  strain  in  the  column,  the 
mid-point  of  a  10-ft.  column  would  be  laterally  deflected  about  IJ  in.  This 
amount  of  deflection  or  bending  is  not  a  condition  to  be  permitted  permanently, 
but  is  not  excessive  at  the  ultimate  strength.  The  working  stresses  are  far  below 
this  stress,  and  this  condition  of  bending  and  concomitant  ultimate  stress  is, 
by  the  process  of  derivation,  never  for  safety  to  be  equalled. 

3. — The  great  ultimate  strain  of  spirally  reinforced  concrete  is  an  ad- 
vantage instead  of  a  disadvantage.  It  permits  of  distribution  of  the  load 
throughout  the  structure.  The  great  ultimate  strain  is  also  an  advantage,  be- 
cause of  the  concomitant  great  ultimate  resilience.  The  column  can  absorb, 
just  previous  to  failure,  a  large  amount  of  energy  in  comparison  to  the  rod 
reinforced  column.  ■• 

4. — The  fallacy  of  the  yield  point  of  spirally  reinforced  columns  has  been 
brought  out  in  Section  II  and  may  be  summarized,  as  follows:  The  initial 
column  consists  of  core  and  shell,  integral  and  intact.  With  increase  in  strain 
and  stress,  at  the  ultimate  strain  of  concrete,  the  shell  is  gradually  destroyed, 
cracks,  and  falls  from  the  coliman.     The  result  is  that  the  stress,  previously 
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distribiated  over  the  whole  cross-section,  is  finally  distributed  over  the  core 
area,  resulting,  for  a  small  increase  in  load,  in  a  great  increase  in  stress  and  a 
natural  relatively  sudden  increase  in  strain.  Thus,  the  yield  jwint  really  is 
that  point  at  which  greatly  additional  stress  is  impressed  on  the  core  without 
being  visibly  denoted  on  the  testing  machine. 

There  is  one  more  important  argument  for  the  ultimate  stress  as  a  basis, 
that  is,  the  advantage  of  the  protective  shell,  which  may  be  summarized,  as 
follows : 

1. — The  shell,  commencing  to  crack  at  the  ultimate  strain  of  unreinforced 
concrete,  gives  warning  of  overload  and  also  of  possible  failure.  Reference  to 
Table  13  shows  that  the  actual  safe  working  stress  in  the  concrete  itself  is 
about  32%,  as  computed  by  the  method  developed  in  this  study.  Overload  suffi- 
cient to  cause  noticeable  cracking  would  then  indicate  200%,  certainly  a  large 
leeway  in  load  variation  and  also  a  sufficient  warning  of  impending  failure, 
under  about  100%  still  greater  load. 

2. — The  shell  is  sound  and  assumes  about  50%  of  the  column  load  for  the 
ordinary  column  proportions  for  all  stresses  within  the  working  range. 

3. — The  shell  will  be  decreased  in  strength  in  part  or  in  whole,  according  to 
the  destroying  influences  of  fire  or  overload  beyond  the  unit  ultimate  stress 
of  unreinforced  concrete.  The  shell,  therefore,  is  sound  and  a  perfect  fire 
protection  at  normal  working  loads  and  stresses,  which  will  not  be  the  case  in 
the  event  of  both  these  influences,  but  the  probability  of  the  two  occurring 
simultaneously  is  extremely  small.  If  the  fire  protection  is  perfect,  there  will 
be  no  overload  in  case  of  fire.  Imperfect  protection  would  possibly  result  in 
the  collapse  of  upper  floors,  which  would  result  in  unequal  distribution  of  the 
weight  of  such  floors  and  the  impact  overload  due  to  their  fall. 

Formula  for  Safe  Worlcing  Stress. — Using  the  maximum  or  ultimate 
strength  of  the  spiral  and  rod  reinforced  concrete  column  as  the  basic  strength, 
the  formula  for  the  safe  working  stress  in  this  type  of  column,  derived  as  for 
the  rod  reinforced  column,  is: 

P„  _  _    r  1 

(1  ^  7v)  (1  +  0.573  rj  J\  +  36  500  r, 

1.00  —  0.0183  ^1 (59) 

in  which, 

Pm  =  the  total  safe  load  on  the  column; 
A    =  the  area  of  column  cross-section,  within  the  spiral ; 
rr  =  the  ratio  of  longitudinal  reinforcing  rods ; 
Tg  =  the  ratio  of  spiral  reinforcement; 
fc  =  the  average  strength  of  the  concrete,  as  tested  in  the  form  of 

small  test  cylinders; 
-Lg  =  the  endurance  limit,  taken  as  50%  of  the  ultimate  strength  ; 


1.20  N^  L 

X 


=    the  ratio  of  column  length  to  diameter  (of  spiral);  and 


L 
~D 

Nr  =  0.46,  as  determined  for  the  spiral  and  rod  reinforced  column  in 
this  paper. 
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Correcting  for  the  lower  strength  of  commercially  fabricated  concrete  by 
the  factor,  0.6,  Equation  (59)  becomes: 

Fo.G  (1  —  Jv)(l  +  0.573  rj  /',  +  36  500  r  J 

X  Fl.OO  —  0.0183  y (60) 

1.20  iV;  L^  =  0.276 

Table  13  gives  permissible  stresses  by  the  1917  and  1921  Specifications  and 
safe  stresses  as  computed  by  Equations  (59)  and  (60)  for  comparison. 

Criticism  of  the  1917  Specifications. — 

1. — The  working  stresses  permitted  by  the  1917  Specifications  are  in  dis- 
agreement with  the  safe  calculated  stresses  determined  by  Equation  (60)  (in 
certain  limiting  cases  to  a  maximum  of  33%  greater),  based  on  concrete  of 
the  strength  commercially  to  be  expected  from  that  of  a  mix  of  a  certain 
nominal  strength. 

2. — For  concrete  of  actual  strength  equal  to  that  selected  in  design,  all  the 
permissible  stresses  are  less  than  the  safe  calculated  stresses,  but  the  ratio 
beween  them  varies  greatly  with  the  percentage  of  reinforcement. 

3. — There  is  only  one  permissible  stress  for  a  wide  range  of  reinforcement 
and  variation  in  column  length,  whereas  the  safe  calculated  strength  varies 
approximately  100%  for  the  maximum  permissible  variation  in  this  re- 
inforcement. 

4. — The  percentage  of  spiral  reinforcement  should  not  be  held  between 
the  narrow  limits  of  1  and  2.  Although  the  upper  limit  of  2%  is  reasonable, 
as  there  are  no  available  data  on  columns  with  greater  percentages  of  rein- 
forcement, the  lower  limit  should  be  less  than  1%,  and,  if  limited  at  all, 
it  should  be  governed  by  the  minimum  diameter  of  wire  that  can  safely  with- 
stand without  deformation  the  handling  ordinarily  given  it. 

5. — The  allowable  stresses  may  be  more  than  100%  higher  than  the  present 
allowable  stresses  for  percentages  of  steel  reinforcement  larger  than  those 
permitted  by  the  1917  Specifications,  but  within  the  limits  of  reinforcement  in 
test  columns. 

Criticism  of  the  1921  Tentative  Specifications. — 

1. — All  the  allowable  stresses  for  concrete  with  an  ultimate  strength  of 
1  500  lb.  per  sq.  in.  are  slightly  higher  (15%  and  more)  than  the  safe  cal- 
culated stresses,  where  the  actual  strength  of  the  concrete  equals  that  of  the 
concrete  assumed  in  design. 

2. — For  the  strength  of  concrete  to  be  expected  as  commercially  fabricated 
from  a  concrete  mix  of  a  nominal  strength  of  1  500  lb.  per  sq.  in.,  the  per- 
missible stresses  are  much  higher  (to  a  maximum  of  75%)  than  the  calculated 
safe  stresses. 

3. — Provided  that  the  actual  strength  of  the  concrete  of  the  columns  is  equal 
to  the  nominal  strength  of  3  000  lb.  per  sq.  in.,  the  permissible  working  stresses 
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are  less  than  the  safe  calculated  stresses.    The  ratio  between  them  is  also  nearly 
constant  for  the  permissible  range  of  reinforcement. 

4. — For  concrete  of  the  strength  to  be  commercially  expected  from  a 
nominal  3  000  lb.  per  sq.  in.,  all  the  permissible  stresses  are  higher,  to  a 
maximum  of  50%,  than  the  safe  calculated  stresses. 

5. — It  is  possible  to  select  a  range  of  percentage  reinforcement  so  that  the 
following  absurdity  occurs :  By  removing  the  spiral  from  a  column,  the  allow- 
able working  load  is  higher  by  25%  in  the  example  chosen,  than  that  on  the 
spirally  reinforced  column.    The  example  is,  as  follows: 

Column  dimensions:  Core,  16  in.  in  diameter;  area,  201  sq.  in.;  outside 
diameter  of  column,  20  in.  (a  2-in.  shell  is  required  by  the  specifica- 
tions for  all  reinforcement). 
Eeinf orcement :  Spiral,  0.25%;  rods,  1.00%. 
Concrete  strength :  3  000  lb.  per  sq.  in. 
Ratio:  Length  to  diameter  =  10. 

The  permissible  load  on  this  column,  if  it  is  considered  as  spirally  rein- 
forced, is  160  600  lb.  If  the  spiral  is  not  considered,  the  load  is  201600  lb. 
The  removal  of  the  spiral  reinforcement  will  not  increase  the  strength  of  the 
column  or  its  safe  working  load. 

6. — The  upper  limit  of  the  permissible  percentage  of  spiral  reinforcement 
should  be  2  instead  of  1.25. 

7. — No  fixed  ratio  between  the  percentages  of  spiral  and  of  rod  reinforce- 
ment is  necessary. 

Aggregate  SpecificMions. — It  is  appropriate  to  call  attention  to  a  sug- 
gested improvement  in  the  specifications  for  aggr^ate.  All  criteria  may 
show  an  aggregate  to  be  defective,  yet  if  the  strengths  of  the  concrete  test 
cylinder  are  acceptable,  the  aggregate  will  be  accepted.  Mr.  C.  M.  Chapman* 
gives  suggestions  for  the  strength  of  test  specimens  as  the  basis  of  acceptance 
in  place  of  the  tests  of  the  various  components.  He  summarizes  the  specifica- 
tions, as  follows :  The  materials  used  shall  be  of  such  quality  and  such  propor- 
tions as  to  produce  a  concrete  which  shall  show  a  compressive  strength  of 
2  500  (or  2  000  or  1  500)  lb.  per  sq.  in.  at  the  age  of  28  days  when  tested  in 
accordance  with  the  standard  methods  of  testing. 

Argument  for  Present  Stresses. — 

1. — The  actual  stress  produced  in  the  concrete  in  a  column  by  the  safe 
working  load,  as  derived  in  this  paper,  is,  in  the  extreme  case,  a  maximum  of 
31.5%  of  the  ultimate  concrete  strength. 

2. — By  a  process  of  logical  reasoning,  resulting  in  the  present  stresses  for 
several  selections  of  column  variables,  these  stresses  agree  with  those  recom- 
mended by  the  1917  or  1921  Specifications.  If,  for  several  cases,  stresses 
can  be  calculated  entirely  from  a  formula  agreeing  with  the  magnitude  of 
the  safe  stresses  determined  after  twenty  years  of  effort,  it  is  proof  of  merit 
in  the  present  method.     Consistency,  therefore,  should  make  the  permissible 

•  "A   New   Form   of    Specification    for   Concrete  Aggregate,"   Proceedings,  Am.    Soc.    for 
Testing  Materials,  Vol.  XVI.  Part  II,  p.  180. 
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stresses  coincide,  or  at  least  bear  a  fixed  ratio  throughout,  with  the  values 
obtained  by  the  methods  of  this  paper. 

C. — Structural  Steel  Columns  Embedded  in  Concrete 

The  strength  of  this  type  of  column  is  a  simple  sumxnation  of  the  strengths 
of  the  two  components,  the  steel  and  the  concrete.  Eor  the  working  stress  in 
the  steel,  in  the  present  instance,  the  stresses  now  used  are  satisfactory,  as  it 
is  the  writer's  purpose  to  discuss  only  concrete  structures.  The  stress  to  be 
allowed  in  the  concrete  will  be  given  by  the  equation : 

f,  =  L,Nrfe (61) 

the  variables  having  the  usual  significance.  The  variables  have  the  values 
to  give  approximately, 

/o  =  0.3f. 
Thus,  30%  of  the  strength  of  the  concrete,  as  determined  in  test  cylinders, 
is  the  safe  working  stress  for  the  concrete  in  this  type  of  structure. 

D. — The  von  Emperger  Type  of  Reinforced  Column 

The  von  Emperger  type  of  column  presents  a  case  in  which  the  applica- 
tion of  the  methods  of  determining  the  safe  working  stress,  as  followed  in  the 
previous  types  of  columns,  would  lead  to  erroneous  results.  The  apparent 
reliability  of  the  von  Emperger  column  would  indicate  a  safe  stress  of  a  single 
short  application  of  83.4%  of  its  average  ultimate  strength,  which  would  mean 
approximately  31  500  lb.  per  sq.  in.  as  the  working  stress  in  the  cast-iron 
reinforcement.  These  values  for  the  safe  stress  in  the  column  and  in  the  cast- 
iron  reinforcement  are,  however,  greatly  in  error,  as  will  be  shown. 

The  ultimate  and  maximum  strength  of  the  von  Emperger  column  is  the 
sum  of  two  independent  quantities:  The  strength  of  the  spirally  reinforced 
concrete  part  at  the  normal  strength  for  concrete  thus  reinforced,  and  the 
strength  of  the  cast  iron  at  the  ultimate  strain  of  the  reinforced  concrete.  It 
is  possible  that  the  surrounding  concrete  would  cause  the  cast  iron  to  assume 
a  larger  stress  before  failure,  but  until  the  matter  has  been  definitely  decided, 
the  only  possible  action  must  be  negative. 

That  the  safe  working  stress  cannot  be  as  large  as  the  apparent  high  reli- 
ability indicates,  can  be  proved.    The  formula : 

in  which,  r^  and  r^  are  probable  errors  of  the  same  quantity  due  to  different 
operating  causes,  and  R  is  the  actual  and  final  error  of  the  quantity,  is  a 
standard  and  accepted  formula  in  the  theory  of  errors.  This  formula  can  be 
applied  in  the  present  case,  in  which,  B  is  the  inverse  measure  of  the  strength 
reliability  of  the  structural  compound  element,  and  r^  and  r^  are  similar 
quantities  for  the  two  different  components  of  the  compound  element. 

Let  r^  be  the  probable  variation  due  to  the  cast  iron  and  r^  the  probable 
variation  due  to  the  concrete.  In  the  series  of  test  columns,  the  variation  in 
strength  of  the  cast-iron  reinforcement  at  ultimate  column  load  was  not  a 
function  of,  or  variation  in,  the  strength  of  the  cast  iron;  it  depended  on  the 
ultimate  strain  of  the  reinforced  concrete.    Assuming  that  the  ultimate  strain 
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of  the  concrete  is  constant,  r  would  also  be  constant,  and  this  indicates  that 
the  strength  of  the  cast  iron  is  constant,  which  is  absurd.  The  tests  of  the 
compound  element  give  no  measure  of  the  variation  in  strength  of  the  cast- 
iron  reinforcement,  and,  therefore,  no  indication  of  the  safe  stress  for  it. 

The  safe  working  stress  in  the  cast-iron  reinforcement  should  not  be  greater 
than  that  used  if  this  cast  iron  was  a  separate  column  without  any  surround- 
ing concrete.  The  safe  stress  for  cast  iron,  as  calculated  in  this  paper,  is 
extremely  low,  about  3  000  lb.  per  sq.  in.  As  previously  stated,  this  low 
strength  is  derived  from  comparatively  poor  specimens,  and  it  is  probable 
that  tests  on  vertically  cast  specimens,  such  as  are  now  on  the  market,  would 
indicate  much  higher  safe  stresses,  even  possibly  exceeding  the  safe  stress 
for  steel. 

Possibly,  the  embedding  of  the  cast  iron  in  concrete  strengthens  the  cast 
iron  by  some  stiifening  action,  preventing  any  individual  specimen  of  low 
strength  from  breaking  at  a  strength  as  low  as  it  would,  if  it  had  not  been 
embedded.  To  give  credit  for  such  increase  in  strength  in  the  cast  iron  and 
permit  higher  working  stresses,  based  on  the  ultimate  strength  of  the  column, 
a  large  niunber  of  columns  would  have  to  be  tested,  in  order  to  determine 
whether  a  cast-iron  core  of  low  strength  would  reduce  the  strength  of  the 
column,  and,  if  so,  to  allow  for  this  reduction  in  the  reliability  number,  Nf 
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Discussioisr 


Edward  Godfrey,*  M.  Am.  See.  C.  E.  (by  letter). — The  Synopsis  of  this 
paper  leads  one  to  believe  that  the  author  will  perform  a  needed,  service  in  pre- 
senting sound  reasons  for  revising  the  Joint  Committee  Keport  on  matters  rela- 
ting to  columns.  After  reading  practically  all  Mr.  Tucker's  paper,  the 
writer  is  not  convinced  that  designing  would  be  on  any  better  basis  if  his 
recommendations  were  adopted  than  it  is  on  the  basis  of  the  Joint  Com- 
mittee Report. 

The  Joint  Committee  Eeport  of  1909  allowed  450  lb.  per  sq.  in.  on  concrete 
in  a  rodded  column,  but  excluded  a  protecting  shell,  IJ  in.  thick,  the  concrete 
in  a  10-in.  column  (2  000-lb.  concrete)  being  safe  for  22  050  lb. 

The  report  of  1912  allowed  450  lb.  per  sq.  in.,  and  excluded  a  2-in.  shell, 
the  same  column  being  safe  for  16  200  lb.  on  the  concrete. 

The  1917  Eeport  allowed  450  lb.  per  sq.  in.,  but  did  not  exclude  the  shell, 
the  same  column  being  safe  for  45  000  lb.,  or  twice  that  allowed  under  the 
1909  Report  and  nearly  three  times  that  allowed  under  the  1912  Eeport. 
With  exactly  the  same  data  on  which  to  base  judgment,  totally  diilerent  stand- 
ards were  evolved. 

The  first  two  reports  of  the  Joint  Committee  permitted  the  use  of  plain 
concrete  columns  up  to  twelve  diameters.  These  same  reports  indicated 
clearly  that  the  function  of  ties  in  rodded  columns  was  merely  to  hold  the 
upright  rods  in  place  while  the  concrete  was  hardening.  Any  kind  of  thin 
wires  would  answer  this  purpose.  The  later  reports  specified  rods  of  a  certain 
size  for  ties,  and  a  spacing  not  to  exceed  sixteen  diameters  of  the  longitudinal 
steel. 

These  facts,  together  with  a  clearly  defined  dissent  from  the  standards  of 
the  Joint  Committee,  referred  to  by  the  author  on  page  1089,  suggest  the  need 
of  an  engineering  commission  to  investigate  the  subject  of  columns.  This 
commission  should  have  open  and  public  proceedings,  should  listen  to  any  one 
wishing  to  be  heard,  and  should  render  specific  answers  to  arguments  against 
the  standard. 

It  is  difficult  to  understand  the  method  by  which  the  author  undertakes  to 
prove  his  case  against  existing  standards  and  sustain  his  substitution  therefor. 
There  are  parts  of  the  paper  that  seem  to  contradict  other  parts:  The  author 
states,  on  page  1089 :  "Even  those  engineers  who  most  favor  this  type  of  column 
[the  rodded  column],  cannot  agree  on  the  value  of  the  rods  nor  can  they 
prove  that  they  have  a  definite  value."  Then,  on  page  1116,  he  states :  Longi- 
tudinal reinforcing  rods  add  definite  strength  to  the  column." 

On  page  1140,  in  the  criticisms  of  the  "1921  Tentative  Specifications",  the 
author  states: 

"The  working  stresses,  in  all  cases,  are  lower  than  the  safe  calculated 
stresses,  provided  the  concrete  in  the  column  is  equal  to  the  nomiual  concrete 
strength  on  which  design  has  been  based,    *    *    *." 

*  structural  Engr.    (Robert  W.  Hunt  &  Co.),  Pittsburgh,  Pa. 
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In  the  next  paragraph  he  states: 

"For  the  strengths  to  be  expected  from  a  nominal  strength  concrete,  the 
permissible  stresses  of  the  1921  Tentative  Specifications  are  much  above  the 
safe  calculated  stresses  for  many  possible  selections  of  variables." 

Surely  working  stresses  and  permissible  stresses  are  the  same;  but  how  can 
such  stresses  be  lower  than  the  author's  "safe  calculated  stresses"  in  all  cases 
and  much  above  the  safe  calculated  stresses  in  many  possible  cases. 

On  page  1099,  he  states  that  it  is  impossible  to  .determine  the  true  stress 
in  the  rods ;  and  later,  in  the  same  paragraph :  "It  will  be  shown  subsequently 
that  the  rods  develop  a  very  constant  strength." 

It  is  stated  on  page  1129  that:  "A  unit  volume  of  concrete  has  the  same 
ultimate  strength  no  matter  where  it  is  placed."  On  page  1096,  a  formula  is 
given  for  the  "increase  in  strength  of  concrete  due  to  spiral  reinforcement", 
thus  proving  that  if  the  volume  of  concrete  is  placed  inside  a  spiral  it  will 
be  of  much  greater  strength.  The  author  states  on  page  1098  that  "the  spiral 
increases  the  strength  of  the  concrete  in  a  definite  manner."  Surrounded  by 
restraining  concrete,  and  carrying  a  bearing  load,  1  cu.  in.  of  concrete  has 
many  times  the  compressive  strength  of  a  free  cube;  so  that  1  cu.  in.  of 
concrete,  wherever  placed,  has  by  no  means  a  certain  and  fixed  value  as  a 
resistance  to  compressive  stress. 

On  page  1136,  the  author  says: 

"The  contention  is  untrue  that,  in  the  process  of  destruction  of  the 
[rodded]  column,  the  rods  buckle  and  cause  the  surrounding  outer  layer  of 
concrete  to  scale,  thus  starting  and  aiding  the  failure  of  the  column.  The 
phenomenon  is  a  phase  in  the  failure  of  the  testing  of  this  type  of  column, 
and  represents  the  buckling  of  the  rods  after  the  maximum  strength  of  the 
column  and  concrete  has  been  passed  and  the  concrete  has  broken,  allowing  the 
rods  to  buckle  outward." 

Apparently,  his  conclusion  here  is  based  on  the  suddenness  with  which  the 
whole  column  breaks  down.  On  page  1118,  he  refers  to  the  suddenness  with 
which  the  Quebec  Bridge  collapsed.  Would  he  say  that  the  entire  Quebec 
Bridge  reached  its  ultimate  strength  in  every  part  and  that  no  one  part 
failed  first,  thus  causing  the  whole  collapse? 

In  addition  to  the  foregoing  contradictions,  there  are  statements  and 
attitudes  toward  engineering  problems  that  are  difficult  to  harmonize  with 
fact  and  logic. 

On  page  1127,  the  author  states :  "Increase  in  the  factor  of  safety,  a  result  of 
including  too  many  and  extraneous  factors,  does  not  give  increased  safety," 
and,  again,  in  the  same  paragraph,  "The  smaller  the  factor  of  safety  the  safer 
a  structure  becomes."  Is  it  the  actual  dimensions  and  type  of  design  that 
give  stability  to  a  structure,  or  the  correctness  of  the  logic  of  the  designer — the 
idea  in  his  mind? 

The  author's  statement  about  reliability  is  difficult  to  connect  with  any 
well-ordered  set  of  facts.  When  reliability  is  mentioned,  one  thinks  of  some- 
thing dependable,  not  likely  to  fail  suddenly  and  without  warning;  but  the 
author  rates  high  in  the  scale  of  reliability  the  very  things  that  are  the  most 
treacherous.    He  states,  on  page  1118 : 
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a*  *  »  ^j^g  suddenness  and  violence  of  the  failure  or  the  length  of  time 
required  for  failure  to  occur  in  the  testing  machine  is  no  indication  of  the 
strength  reliability  of  the  material  or  structural  element." 

On  page  1142,  he  states:  "The  rod  and  spiral  reinforced  concrete  column 
is  shown  to  be  almost  as  reliable  as  the  rodded  column."  This  sounds  like 
irony.  Hundreds  of  rodded  columns  have  failed  in  the  general  collapse  of 
more  than  a  score  of  structures;  and  no  structure  having  spirally  reinforced 
columns  has  collapsed.  The  author  states,  on  page  1141,  that  the  spirally 
reinforced  column  is  less  reliable  than  the  plain  concrete  column.  Then  why 
use  reinforcement  in  columns  ? 

On  page  1082,  the  author  states,  under  "Unreinforced  Concrete  Columns": 
"Applicable  test  results  on  only  twelve  columns  are  available",  and,  among 
these,  he  selects  seven  out  of  nine  made  by  Messrs.  McKibben  and  Merrill. 
Professor  Talbot  reports*  tests  on  nineteen  plain  concrete  columns,  and  other 
experimenters  have  made  tests  on  such  columns.  Why  this  meager  selection 
of  data,  when  an  attempt  is  made  to  establish  a  principle? 

On  page  1092,  the  author  states  that  the  rods  in  a  column  "have  a  strength 
of  39  700  lb.  per  sq.  in.  for  a  column  of  infinitely  small  length".  A  vertical 
rod,  even  of  fijiite  length,  will  have  an  ultimate  strength  that  no  testing 
machine  could  measure.  Throughout  the  paper,  the  author  ignores  this  vital 
fact,  that  thin  disks  of  any  material  are  enormously  stronger  than  cubes  or 
blocks  of  ordinary  dimensions.  It  is  incorrect,  therefore,  to  mention  the 
strength  of  any  column  of  infinitely  short  length. 

The  whole  tenor  of  the  paper  seems  to  be  an  effort  to  predict  the  laboratory 
result  when  columns  are  made  or  tested  in  the  laboratory  or  under  the  most 
perfect  conditions.  Is  the  laboratory  used  merely  for  the  purpose  of  dis- 
covering and  predicting  what  results  may  be  expected  in  any  given  series  of 
laboratory  experiments  subsequently  made;  or,  is  it  a  tool  of  the  designing 
engineer ;  and  are  results  to  be  interpreted  with  a  view  of  helping  him  to  solve 
the  problems  of  stability  ?  In  the  laboratory,  columns  are  tested  with  a  balanced 
or  symmetrical  load.  In  practice,  a  column  with  a  balanced  or  symmetrical 
load  is  exceedingly  rare,  as  rare  as  a  fixed-ended  column;  and  this,  again,  is 
practically  the  only  kind  of  column  tested  in  the  laboratory. 

In  the  author's  mind,  reliability  seems  to  be  the  probability  that  a  given 
column  will  develop  a  certain  predicted  strength  in  a  laboratory  test,  and  no 
more.  (He  rejects  some  spiral  column  tests  because  the  results  are  too  high.) 
In  the  engineer's  mind,  reliability  is  something  to  be  depended  on,  even  if 
materials  and  manipulation  in  the  field  are  not  perfect.  The  author  finds  most 
reliable  the  things  that  many  engineers  have  found  to  be  least  reliable.  The 
rodded  column  which  he  classes  high  in  the  scale  of  reliability,  has  been  the 
subject  of  more  failures  than  any  other  structural  element. 

Toughness,  the  quality  of  withstanding  overload  without  distress,  of  taking 
unequal  stress,  either  because  of  unbalanced  loading  or  of  inequality  of  the 
concrete  in  different  parts  of  the  column — this  quality  has  been  the  saving  of 

♦  Bulletin  No.  20,  Univ.  of  Illinois,  Eng.  Experiment  Station. 
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many  a  structure  none  too  well  designed.  Its  opposite,  brittleness,  has  caused 
the  failure  of  a  large  number  of  structures.  The  author,  however,  in  his  scale 
of  reliability,  rates  the  most  brittle  columns  higher  than  the  toughest. 

It  is  futile  to  say  that  one  must  eliminate  irregularities  of  loading  or 
irregularities  in  the  making  of  concrete  columns.  One  might  as  well  try  to 
control  the  weather  as  to  introduce  laboratory  methods  on  the  job,  and,  in  fact, 
the  weather  has  a  great  effect  on  the  quality  of  the  concrete. 

The  author  ridicules  the  common  use  of  a  factor  of  safety,  and  attempts  to 
show  that  it  is  not  based  on  scientific  principles.  The  phrases,  ''scientific  basis 
of  engineering  knowledge",  "rigid  control  of  the  making  and  placing  of  con- 
crete", "advance  in  technique",  sound  well ;  but  if  there  is  no  margin  to  cover 
uncertainties  in  execution  and  unknowables  in  design,  what  is  to  be  done,  if 
a  batch  of  bad  concrete  is  placed  in  a  rodded  column,  or  some  concrete  is 
affected  by  frost  ?  The  engineer  who  does  not  exert  himself  to  make  his  struc- 
tures "fool-proof",  not  only  by  using  a  factor  of  safety  to  cover  contingencies, 
but  also  by  using  a  design  that  will  produce  tough  columns,  is  likely  to  experi- 
ence serious  failures. 

Important  as  is  the  factor  of  safety,  to  insure  a  substantial  structure  and 
to  make  every  part  capable  of  taking  its  load  safely,  it  is  yet  more  important  to 
care  for  the  general  stability  of  a  structure  by  adopting  a  proper  design,  mem- 
bers with  proper  reliability,  and  a  structure  in  which,  on  the  whole,  no  principle 
of  equilibrium  is  violated.  Factors  of  safety  did  not  enter  into  either  of  the 
failures  of  the  Quebec  Bridge. 

Reinforced  concrete  failures,  contrary  to  the  statement  on  page  1130,  have 
not  been  due  to  inferior  concrete,  except  where  such  concrete  may  have  started 
the  failure,  and  brought  on  the  collapse  of  a  brittle  and  unreliable  structure. 
In  these  structures  an  increased  factor  of  safety,  exhibited  by  merely  adding 
more  brittle  concrete  to  improperly  designed  columns,  would  have  had  little  if 
any  benefit. 

If  laboratory  tests,  instead  of  being  made  on  isolated  members,  ideally  con- 
structed, and  conditioned,  were  made  on  two  or  on  four  columns,  monolithic 
with  girders,  the  inherent  brittleness  and  unreliability  of  the  rodded  column 
would  have  been  manifested  long  ago.  One  test  was  made  in  this  manner,  and 
the  columns  failed  at  about  400  lb.  per  sq.  in.  Failures  have  shown  that  the 
stresses  in  rodded  columns  were  as  low  as  150  lb.  per  sq.  in. 

It  will  doubtless  be  argued  that  the  failures  of  columns  at  low  unit  stresses 
are  due  to  eccentric  loads.  It  is  easy  for  the  experimenter  and  specification 
writer  to  say  that  eccentric  loading  should  be  taken  into  account  in  the  design, 
but  it  cannot  be  done.  The  writer  does  not  insist  on  it,  except  where  the 
eccentricity  is  obvious,  as  where  the  plane  of  a  girder  is  to  one  side  of  the 
column  axis,  or  where  a  steel  girder  rests  on  a  bracket  and  has  no  web  connec- 
tion to  the  column. 

Given  the  simplest  case,  of  a  steel  girder  supported  by  two  columns  to 
which  it  is  riveted  by  a  web  connection :  A  practical  designer  will  design  the 
girder  for  a  span  equal  to  the  distance  from  center  to  center  of  the  columns, 
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and  will  design  the  columns  for  the  direct  load.  He  will  be  right,  and  his 
structure  will  carry  its  designed  load;  but  the  theoretical  designer  will  doubt- 
less compute  a  bending  moment  in  each  column,  and  design  the  girder  for  the 
shortened  span.  The  former  method  is  the  way  designing  is  done,  and  prob- 
ably always  will  be  done,  in  spite  of  all  the  books  and  specifications  that  may 
be  written. 

Suppose  these  same  parts  are  to  be  designed  in  reinforced  concrete:  If 
the  columns  are  hooped,  the  same  method  of  computing  the  bending  moment  in 
the  girder  and  the  direct  load  in  the  columns  may  be  used  with  safety.  If  the 
columns  are  of  the  rodded,  brittle,  unreliable  type,  the  designer  who  does  the 
same  thing  does  it  at  his  peril,  especially  if  the  girders  are  long  or  shallow. 
The  latest  large  failure  of  record,  that  at  Salina,  Kans ,  is  an  example. 

The  author  excuses  all  low  values  in  column  tests,  and  explains  all  high 
values  on  the  convenient  basis  of  the  great  variation  in  the  strength  of  concrete. 
By  thus  allocating  any  desired  value  to  the  strength  of  the  concrete,  of  course, 
a  reinforcing  value  of  very  definite  amount  can  be  found  for  upright  rods,  no 
matter  what  strength  the  column  maj  show  in  the  test.  Among  Professor 
Talbot's  tests,  in  Bulletin  No.  10  previously  mentioned,  one  plain  concrete 
column  stood  nearly  50%  more  load  than  one  rodded  column;  and  if  four  tests 
had  not  been  made,  the  average  of  the  plain  columns  would  far  exceed  that  of 
the  rodded  so-called  reinforced  concrete  columns.  If  the  author  can  make  out 
of  this  an  argument  that  upright  rods  reinforce  a  column,  he  is  welcome  to 
any  assurance  it  may  give  him  for  his  laboratory  work;  but  he  should  not 
ask  designers  to  risk  valuable  lives  and  property  on  that  kind  of  assurance. 

Of  the  piers  tested  by  the  U.  S.  Bureau  of  Standards,*  the  hooped  piers 
having  1%  of  longitudinal  steel  are,  on  the  average,  only  \l%  stronger  than 
those  having  no  longitudinal  steel,  instead  of  15%  according  to  standard  rules. 
One  hooped  specimen  with  no  longitudinal  steel  is  stronger  than  any  of  those 
with  1%  longitudinal  steel,  and  is  exceeded  by  only  one  of  the  group  with  2% 
longitudinal  steel.  One  hooped  specimen  with  6%  longitudinal  steel  is  only 
10%  stronger  than  a  specimen  with  no  longitudinal  steel,  instead  of  90  per  cent. 
Of  the  rodded  piers,  the  group  with  2%  longitudinal  steel  is  weaker  than  that 
with  1  per  cent.  There  is  no  doubt  that  if  these  specimens  had  been  columns 
instead  of  piers,  the  results  would  have  been  more  erratic.  If  these  facts 
demonstrate  anything,  it  is,  to  quote  the  author,  that  engineers  who  favor  the 
rodded  column  cannot  prove  that  the  rods  have  any  definite  value.  Attempts  to 
harmonize  such  erratic  results  by  arbitrary  shifting  of  concrete  values  should 
be  anything  but  convincing,  especially  to  men  who  are  responsible  for  the  safety 
of  structures. 

In  dealing  with  spiral  reinforced  concrete  columns,  the  author  fails  to 
recognize  the  one  thing  that  explains  the  added  compressive  strength  which 
he  finds  to  exist  in  the  concrete.  He  even  omits  the  data  by  which  this  added 
strength  might  be  judged  or  duplicated.  The  writer  refers  to  the  pitch  of 
the  coils.    It  is  not  sufficient  to  say  that  a  column  is  reinforced  with  a  coil,  nor 

•  Published   in  Proceedings,  Am.   Concrete  Inst.,   February,   1915.  ■* 
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to  give  the  area  of  the  coil.  The  pitch  of  the  coil  is  of  great  importance.  In 
a  hooped  column,  the  succeeding  hoops  make  of  the  column  a  system  of  super- 
imposed flat  disks.  It  is  well  known  that  a  flat  disk  of  any  material,  such  as 
concrete,  is  of  very  much  greater  strength  than  a  cube  or  a  cylinder  two 
diameters  in  height.  A  cube  of  lime  mortar  will  stand  very  little  compression, 
but  a  thin  joint  of  the  same  mortar  will  stand  a  heavy  pressure,  and  the  thinner 
the  joint  the  greater  its  carrying  capacity.  This  effect  is  independent  of  the 
lateral  confinement,  except  that  which  is  afforded  by  the  friction  of  the 
end  planes.  In  the  hooi>ed  column,  the  hoops  offer  a  corresponding  con- 
finement. In  the  spiral  reinforced  column,  a  somewhat  similar  action  takes 
place,  and  the  pitch  of  the  spiral  is  of  great  importance.  In  the  tests  shown  on 
page  1094,  nearly  all  the  test  columns  have  about  1  in.  pitch  in  the  spiral. 
The  deductions  made  by  the  author,  therefore,  are  of  limited  application. 
Columns  with  a  different  pitch  in  the  spiral  might  show  very  different  strength. 

When  groups  of  tests  have  to  be  excluded  to  make  a  formula  agree, 
it  does  not  speak  well  for  the  formula.  If  these  groups  were  included,  it 
would  be  seen  that  the  percentage  of  spiral  reinforcement  has  little  to  do  with 
the  added  strength  of  the  concrete.  Some  columns  with  one-half  of  1%  spiral 
reinforcement  have  a  greater  increase  in  strength  than  others  in  which  the 
reinforcement  is  only  1  per  cent. 

Spiral  reinforcement  corresponds  to  lattice  in  steel  columns.  Steel  columns 
would  be  deficient,  if  the  lattice  system  was  inadequate,  but  the  area  of  the 
lattice-bars  is  never  included  in  the  area  of  a  steel  column,  nor  is  the  calcu- 
lated strength  of  the  column  varied  with  the  kind  of  lattice.  The  lattice,  how- 
ever, must  be  sufficient. 

Thus,  there  is  doubtless  a  balanced  proi)ortion  where  the  coil  area  and  pitch 
are  in  conformity,  and  it  is  improper  to  attribute  strength  to  a  column  varying 
with  the  coil  area.  If  experimenters  would  endeavor  to  discover  the  proper 
balance  between  the  coil  area  and  the  pitch  to  produce  a  well-proportioned 
column,  it  would  be  of  great  benefit  to  the  Profession. 

The  old,  discarded  formula  of  Considere  and  the  author's  substitute  are 
both  wrong,  because  they  would  vary  the  strength  of  the  column  with  the  vary- 
ing area  of  the  hooping,  when  there  is  nothing  in  the  compression  area  between 
the  hoops  but  concrete  (and  the  upright  steel,  when  it  is  used)  ;  and  the  nature 
of  these  is  not  altered  by  adding  to  the  steel  area.  Like  the  lattice  in  a  steel 
column,  the  coil  area  should  be  sufficient. 

The  proper  way  to  proportion  a  column  is  to  use  a  unit  stress  well  within 
what  a  plain  concrete  column  would  stand  under  a  central  load,  as  this,  by 
many  tests,  is  proved  to  be  the  point  where  the  column  will  begin  to  fail,  no 
matter  how  it  is  reinforced.  It  is  the  outer  shell  that  governs  in  the  matter 
of  unit  stress. 

The  author  belittles  the  contention  that  shrinkage  of  the  concrete  in  a 
rodded  column  causes  high  initial  compression  in  the  rods,  which  buckle  out 
and  spall  the  concrete,  thus  causing  the  failure  of  the  column.  He  states  tliat 
the   rods   do    not   buckle   until   the   whole   column   has   reached   its  ultimate 
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strength;  but  how  can  he  prove  this?  He  cannot  deny  that  in  many  testa 
the  rods  buckle  and  push  out  the  concrete.  Simultaneously  with  this  action,  in 
a  heavily  loaded  column,  the  center  of  the  column  would  have  to  crush. 
The  author  will  have  to  exhibit  some  tests  in  which  the  columns  broke  by 
splitting  and  the  rods  were  left  embedded  in  the  concrete  and  straight,  if  he 
wishes  to  satisfy  anybody  that  the  rods  do  not  buckle  and  push  the  surface 
concrete  out,  and  thus  cause  the  failure,  in  these  cases.  In  the  Edison  Build- 
ing, many  rods  buckled  out  and  pushed  oS  the  concrete,  and  the  columns  were 
still  standing  and  carrying  their  load.  Some  of  these  rods  were  in  the  middle 
of  the  side  of  the  column.  This  happened  even  in  rooms  where  the  heat  was  not 
sufficient  to  melt  insulation  on  electric  wires. 

It  is  far  from  convincing  to  mask  all  irregularities  and  account  for  every 
freak  result  by  the  blanket  statement  that  the  concrete  of  the  column  is  of 
irregular  and  unknowable  strength,  as  the  author  has  done. 

The  von  Emperger  type  of  column,  with  its  cast-iron  core  of  special,  high- 
strength  cast  iron,  and  its  hooped  concrete  shell,  would  better  be  left  as  a 
laboratory  curiosity.  There  is  no  practical  way  to  make  a  good  splice  in  the 
cast-iron  core,  either  for  high  compression  or  for  bending,  to  impart  tough- 
ness to  the  system.  Shop  milling  is  not  sufficiently  accurate  for  this  purpose. 
Flanges  would  break  the  continuity  of  the  hooped  shell.  Besides,  it  is  difficult 
to  connect  beams  and  girders  to  columns  of  this  type. 

On  page  1141,  the  author  states :  "It  is  immaterial  how  a  structural  element 
fails",  and,  on  page  1131,  he  states: 

"It  is  immaterial  *  *  *  vs^hether  the  rods  of  a  longitudinally  rein- 
forced concrete  column  cause  the  failure  of  the  column  or  whether  the  failure 
is  independent  of  the  action  of  the  rods." 

On  the  same  page,  he  intimates  that  the  ground  for  this  non-concern  is 
because  the  same  phenomena  occur  in  the  test  columns.  The  engineer  is  vitally 
concerned  with  what  makes  a  structural  element  fail.  In  no  other  way  can  he 
avoid  the  recurrence.  Suppose,  for  example,  that  it  was  established  that  the 
rods  in  a  rodded  column  did  cause  the  failure  by  buckling,  the  simple  expedient 
of  using  close-spaced  hooping  would  prevent  failures  of  this  type. 

E.  S.  Martin,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter) .—Although  Mr. 
Tucker's  paper  presents  the  most  thorough  study  of  reinforced  concrete  col- 
umns that  has  come  to  the  writer's  notice,  he  will  discuss  only  one  point  at 
this  time. 

It  is  recommended  that  unit  stresses  be  reduced  40%  if  field  cylinder  tests 
are  not  made.  This  is  an  important  point  affecting  very  materially  the  size 
and  costs  of  columns,  and  yet,  apparently,  this  recommendation  is  not  supported 
by  anything  in  the  paper. 

Of  what  value  are  field  cylinder  tests?    It  is  the  usual  practice  to  cast  two 

or  three  pairs  of  cylinders  from  a  day's  run  consisting  of  200  to  400  batches. 

In  testing  open-hearth  steel  at  the  mill,  the  engineer  requires  tests  to  be  made 

of  each  charge  or  heat,  and  would  not  regard  very  highly  a  report  of  tests 

*  Secy.-Treas.,  James  A.   Wickett,   Ltd.,   Toronto,   Ont.,   Canada. 
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made  from  one  heat  out  of  a  hundred,  although  that  is  all  a  field  cylinder 
test  of  concrete  is. 

In  the  writer's  judgment,  field  cylinder  tests  are  indications  only  of  the 
quality  of  the  concrete  that  can  be  made  from  a  particular  combination  of 
aggregates  and  cement;  and  it  is  only  necessary  to  make  these  tests  for  fresh 
supplies  of  either. 

George  Paaswell,*  M.  Am.  See.  C.  E. — The  author  makes  no  pretense  that 
this  paper  is  a  contribution  to  column  literature  per  se,  but  it  is  unquestionably 
a  most  stimulating  contribution  to  reinforced  concrete,  from  the  standjxjints  of 
both  design  and  experiment.  As  the  reinforced  column  is  by  definition  a  com- 
pression member,  it  is  the  usual  practice  to  design  it  by  the  accepted  column 
formula,  introducing  such  coefKcients  as  experiment  indicates,  and  making  the 
formula,  of  course,  a  function  of  the  slenderness  ratio.  As  a  matter  of  fact, 
it  is  seen  by  a  study  of  the  stress-strain  diagrams  (and  it  has  been  pointed 
out  before)  that,  with  the  slenderness  ratio  of  the  usual  concrete  column  prac- 
tice, the   column  strength  is  not  a  function  of  — —.      This   leads    the    speaker 

to  suggest  the  abandonment  of  attempts  to  mould  the  design  formula  to  fit 
the  column  theory,  and  that  a  frank  attempt  be  made  to  design  the  member 
as  a  heterogeneous  block  subjected  to  a  principal  compression  stress,  its  failure 
being  due  to  shear,  internal  friction,  or  otherwise,  along  experimentally  deter- 
minable surfaces.  The  speaker  suggests  this  method,  in  spite  of  the  apparent 
complexity  introduced  into  column  design,  with  the  hope  that  some  light  may 
be  thrown  on  the,  at  present,  hopeless  muddle  of  spirally  reinforced  columns. 

It  is  a  matter  of  no  great  mathematical  hardship  to  start  from  the  com- 
paratively simple  elastic  equations  of  isotropic  solids  and  derive  design  equa- 
tions. It  is,  however,  a  matter  of  grave  decision  as  to  what  modifications  must 
be  introduced  into  the  formulas  to  have  them  meet  the  variations  of  the  given 
material  from  the  ideal  properties  of  an  isotropic  solid.  To  take  a  spirally 
reinforced  column  as  an  example  of  an  isotropic  solid  makes  extremely  approx- 
imate the  resulting  equations  of  elastic  action.  This  is  merely  by  way  of 
gentle  criticism,  however.  One  must  start  with  the  isotropic  conditions  and 
then  modify  the  analysis  to  meet  the  material  variations. 

The  author  would  do  well  to  emphasize  the  qualitative  worth  of  the  analy- 
sis rather  than  the  quantitative.  The  Poisson  ratio  always  breeds  confusion 
and  attendant  distrust  of  analysis  dependent  on  its  determination.  The  ratio, 
presumably,  is  restricted  to  values  between  0.25  and  0.5.  As  a  matter  of  fact, 
there  is  no  direct  way  of  obtaining,  experimentally,  the  value  of  the  ratio.  It 
can  only  be  obtained  by  indirect  methods.  This  is  probably  the  reason  for  the 
great  variation  in  its  determination.  Thus,  Mr.  A.  E.  H.  Lovef  notes  that 
Professor  Yoight,  in  obtaining  the  elastic  properties  of  certain  crystals, 
having  axes  of  isotropic  action  which  are  well  defined,  finds  a  value  of  the 
Poisson  ratio  of  —  ^.  The  famous  ratio  is  certainly  a  double-edged  sword,  and 
designers  do  well  to  hang  very  little  analysis  on  it. 

♦  Section  Engr.,   Public  Service  Comm.,   First  Dist.,  New  York  City. 

t  "Treatise  on  the  Mathematical  Theory  of  Elasticity",  First  Edition,  Vol.  I,  p.  96. 
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A  Japanese  investigator,  Chido  Sunatani,*  has  pointed  out  that  the  mechan- 
ics of  failure  are  but  little  understood,  and,  as  a  result  of  experiments,  has  indi- 
cated a  method  of  design  predicated  on  a  combination  of  shearing  and  internal 
friction  action.  Without  vouching  for  the  accuracy  of  these  equations,  aside 
from  noting  that  the  phenomena  of  failure  are  consistent  ^\'ith  the  investi- 
gator's equations,  it  seems  to  the  speaker  that  more  success  could  be  obtained 
by  either  testing  or  mathematically  analyzing  the  reinforced  column  along 
such  lines,  than  by  making  a  fetich  of  the  column  formula. 

The  matter  of  reliability  is  so  ably  and  concisely  put,  and  its  application 
is  so  obvious,  that  one  wonders  that  it  has  not  appeared  in  print  before.  One 
cannot  emphasize  sufficiently  the  Society's  debt  to  Mr.  Tucker  for  his  keen 
analysis  of  the  application  of  statistical  methods  to  the  study  of  tests.  It  is 
true  that  an  average  test  strength  is  meaningless  until  one  knows  the  varia- 
tions from  this  mean  strength. 

In  the  matter  of  working  stresses,  it  must  be  always  borne  in  mind  that 
the  concrete  receives  very  little  sympathy  from  the  average  contractor. 
In  matters  of  decision,  it  is  the  plant  and  not  the  concrete  that  receives  the 
benefit  of  the  doubt.  On  the  other  hand,  a  cylinder  test  is  not  usually  a  fair 
and  typical  indication  of  the  strength  and  carrying  capacity  of  the  concrete 
structure.  The  building  contains  no  structural  unit  stressed  like  the  cylinder. 
Briefly,  the  cylinder  test  is  not  an  absolute  measure  of  the  value  of  the  con- 
crete, but  merely  a  relative  one.  The  speaker  hopes  to  read,  some  day,  of 
extensive  tests  made  on  structural  frames,  in  which  the  units  are  loaded  in 
accordance  with  engineering  practice,  and  not  in  accordance  with  the  highly 
ideal  conditions  of  "laboratory"  colimans  and  beams. 

Jacob  Feld,!  Jun.  Am.  See.  C.  E. — There  are  two  points  in  this  paper 
which  the  speaker  believes  are  not  substantiated  by  experiment :  The  reduction 
formulas  for  column  length,  and  the  action  and  failure  of  spirally  reinforced 

columns.  The  concrete  columns  used  in  practice  seldom  have  an  —  ratio 
greater  than  15.  The  following  tests  (including  those  quoted  by  the  author) 
of  plain  concrete  columns  show  that  the  — -   ratio  has  practically  no  effect  on 

the  allowable  unit  load,  within  the  usual  maximum  ——  ratio.     It  is  not  fair 

to  compare  the  strength  of  a  test  column  with  that  of  a  single  test  cylinder. 
It  is  better  to  compare  the  strength  of  columns  with  the  average  strength  of 
the  concrete  used,  as  determined  by  the  average  of  all  the  cylinders  tested. 
The  argument  in  favor  of  the  method  used  by  the  author,  that  cylinder  and 
column  come  from  the  same  batch  of  mix,  does  not  carry  as  much  weight  as 
it  would  in  testing  steel  columns,  comparing  the  column  with  a  test  specimen 
made  from  the  same  ingot.  Such  uniformity  as  that  obtained  in  steel  manufac- 
ture cannot  be  expected  in  concrete,  where  five  or  six  men  using  equipment 

•  The  Technology   Reports   of  the  Tohoku    Imperial   Univ.,    Sendai,   Japan. 
t  Brooklyn,  N.  Y. 
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costing  about  $100  may  constitute  the  entire  construction  as  well  as  produc- 
tion unit.    Comparison  with  the  product  of  the  steel  mill  is  impossible. 

In  considering  the  M  columns  in  Table  1,  the  low  values  for  the  columns 
with  a  slenderness  ratio  of  16.6  are  probably  due  to  the  exceptionally  high 
test  cylinder  for  that  case.  A  comparison  with  the  average  cylinder  values, 
including  the  tests  at  the  University  of  Texas,*  made  by  F.  E.  Giesecke,  M. 
Am.  Soc.  C.  E.,  in  1919-20,  at  the  University  of  Illinois,t  at  the  University 
of  Wisconsin,:):  and  the  Aberthaw  tests  at  the  Watertown  Arsenal  (1897),  is 
shown  in  Table  14. 

TABLE  14. — Effect  of  Slenderness  Eatio.    Plain  Concrete  Columns. 


Ultimate  Stress,  in  Pounds 

L 
D 

PER  Square  Inch. 

Source. 

Diameter, 
in  inches. 

Ratio : 

Cylinder. 

Cube. 

Column. 

SI 

14 

4.2 

2  032 

2  070 

1.02  to  cylinder. 

0.87  " 

14 

8.5 

2  032 

1  767 

14 

16.6 

2  032 

1  747 

0.86  " 

Wiee 

10.5 

9.72 

2  417 

i        2  600 

1.08  " 

A.C  I.,  1915 

20.9 

7.0 

2  647 

2  745 

1.10  '• 

Illin.  10,  20. 

12 

10.0 

2  200 

(2  mos.)  0.78  to  cube,  2  cols. 
(6  mos.)  0.9Cto     "      6    " 

Wgoo 

12  by  12 

10.0 

2  300 

0.88  to     "      4     '• 

Texas  

3  by  6 

5  to  25 

(5  sets  of  .30  columns  each,  wet  mix.) 

Little  variation. 

Aberthaw.. 

12  by  13 

2  to  14 

(hand-mixed  concrete.) 

1.00  ±0.076. 

Before  drawing  any  conclusions  from  Table  14,  the  following  notes,  from 
the  reports  of  these  tests,  should  be  considered : 

"It  is  noticeable  that  there  is  but  very  slight,  if  any,  decrease  in  strength 
with  the  length  of  the  specimen,  and  this  difference  may  probably  be  due  to 
the  fact  that  the  longer  columns  were  tested  at  earlier  periods." 

"The  longest  columns  were  tested  in  35  days,  the  shortest  in  47  days."§ 

"Strength  of  these  concrete  columns  varied  only  slightly  with  the  slender- 
ness ratio,  which,  however,  did  not  exceed  25;  but  it  also  shows  that  a  varia- 
tion in  the  consistency  of  the  mix  or  a  variation  in  the  method  of  the  placing 
of  concrete  may  produce  a  very  great  variation  in  strength,  more  than  100 
per  cent.  *  *  *  The  strength  of  the  column  is  almost  independent  of  the 
slenderness  ratio."  || 

"In  considering  these  tests  it  must  be  borne  in  mind  that  the  specimens 
[columns]  were  very  carefully  made."^ 

Remembering,  also,  that  the  unit  strength  of  cubes  is  greater  than  that  of 
cylinders,  there  is  no  doubt  that  every  one  of  these  tests  shows  that  the  unit 

L 

strength  of  columns  is  practically  independent  of  the  -— - 


ratio.     The  greatest 


*  Engineering  Neios-Record,  v.  89    (1922),  pp.  274-276. 

t  Bulletin  Nos.  10  and  20. 

t  Bulletin  No.  300. 

§  Aberthaw  tests  at  the  Watertown  Arsenal,   1897. 

II  Engineering  News-Record,  v.   89    (1922),   pp.    274-276. 

li  Univ.  of  Wisconsin,  Bulletin  No.  4^6,  p.   14. 
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reduction  is  0.14  for  the  M  column  with  —  =  16.6,  the  other  tests  show  that 

—  =  8.5  gave  an  unusually  low  value.    A  comparison  of  the  author's  reduction 

formulas  with  those  of  various  specifications  may  be  of  interest,  and  is  shown  in 
Table  15. 

P 

^.—French  regulations  (1906):  P'  =  — r^ zry. 

1  + 


10  000     r^ 

L 
A\. — For  round-ended  columns,  k  is  1.0  ;  no  reduction  for  —  =:  20. 

L 
J.2.— For  fixed  columns,  k  is  0.25  ;  no  reduction  for  -— -  =  20. 

B. — German  regulations  (1905-07):  for  —  greater  than  18,  and  a  factor  of 

_      „        it"^  EI 
safety,  s  =  10,  P   = rry-. 

a— English  (1909)  :—:  15     18     21     24     27     .30 

P' 

— -:     1.0  0.8  0.6  0.4   0.2   0.0 
P 

C  1. — For  round-ended  columns,  L'  =  i,  the  length  of  the  column. 
C2. — For  fixed  columns,  L'  ^^  4^L. 

L                                             45                P 
D.— Swiss  (1909):  for  —  greater  than  20,  P'  =  —  . .• 


1  + 


100  r 


^.—Austrian  (1911):  for  —  greater  than  80,  P'  =  P  (  1.72  —  0.024  — V 

J?*.— Los  Angeles  (1915):  for  —  greater  than  15,  P'  =  P  ^.6  —  0.4  —  V 

G. — Joint  Committee,  Tentative  Specifications  (1921):  for  —  greater  than 
20,  P'  =  P  A.3.3  —  0.033  ^y 

H  1. — Tucker's  formula  for  plain  concrete  columns:  P'  =  P  / 1  —  0.171  —  | . 

H2. — Tucker's   formula   for   columns   with   longitudinal   steel   only: 

L 


P'  =  P  n  —0.0265 
H  3. — Tucker's   formula   for   columns   with   rods   and   spirals  : 

p' = p  /i— 0.0183  ^y 

Therefore,  it  seems  that  the  author's  recommendations  for  reductions  in  the 
unit  loads,  in  order  to  allow  for  the  — -  ratio,  are  unduly  harsh.    The  speaker 
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was  also  impressed  by  the  lack  of  consistency  in  Table  9.  Certainly  there 
is  no  reason  for  allowing  a  less  reduction  for  plain  concrete  columns  than  for 
the  reinforced  columns,  as  such  reduction  is  meant  to  allow  for  the  tension 
at  the  outermost  fiber  caused  by  flexure. 


TABLE  15. — Eatio  of  Column  Strength  to  Cylinder. 


L 
D 

A\. 

A  2. 

B. 

CI. 

C2. 

D. 

E. 

F. 

G. 

H\. 

Hi. 

HZ. 

10 

0.829 

0.735 

0.817 

11 

.... 

0.812 

0.708 

0.809 

\1 

0.795 

0.692 

0.780 

13 

0.778 

0.655 

0.762 

14 

0.761 

0.629 

0.744 

15 

1.0 

1.0 

0.743 

0.602 

0.725 

16 

0.93 

0.96 

0.726 

0.576 

0.707 

ir 

0.87 

0.92 

0.709 

0.549 

0.6S9 

18 

1.0 

0.80 

0.88 

0.692 

0.523 

0.671 

19 

1.9' 

0.73 

0.84 

0.675 

0.496 

0.652 

20 

0.8 

0.67 

0.80 

0.658 

0.470 

0.634 

21 

0.586 

0.850 

0.7. 

0.60 

0.76 

0.63 

0.641 

0.443 

0.616 

22 

0.503 

0.838 

0  fi' 

r         0.53 

0.72 

0.60 

0.624 

0.417 

0.598 

23 

0.542 

0.825 

0.6( 

0.41 

0.68 

0.56 

0.607 

0.390 

0.579 

24 

0.531 

0.812 

0.5' 

0.30 

.0.64 

0.53 

0.590 

0.364 

0.561 

25 

0.500 

O.tiOl 

0.5J 

i.6 

0.60 

0.50 

0.572 

0.337 

0.512 

30 

0.410 

0.735 

0.31 

0.95 

1.0 

0.40 

0.33 

0.487 

0.205 

0.451 

40 

0.273 

0.610 

0.2C 

0.79 

0.86 

0.316 

0.268 

50 

0.200 

0.500 

O.IJ 

1.0 

0.64 

0.52 

0.145 

0.095 

Two  phenomena  which  concern  directly  the  failure  of  spirally  reinforced 
columns  have  not  been  considered  by  the  author:  The  method  of  failure  of 
concrete,  and  the  contraction  in  volume  on  drying  out.  Concrete  specimens, 
whether  they  fail  in  compression,  tension,  or  shear,  may  fail  either  by  the 
separation  of  the  individual  units  making  up  the  concrete  (grains  of  sand  or 
stone),  due  to  the  overpowering  of  the  cohesive  forces  in  the  cement,  or  by 
rupture  of  the  individual  grains.  From  observation  of  several  thousand 
specimens  tested  under  the  speaker's  supervision  in  the  concrete  laboratories 
of  the  University  of  Cincinnati,  he  is  convinced  that  failures  of  the  latter 
type  may  be  disregarded,  especially  in  considering  the  strength  of  the  usual 
concrete.  Failure  of  concrete  columns  is  either  by  flexure  or  by  shear;  in 
either  case,  the  column  fails  because  of  the  low  tensile  strength  of  the  con- 
crete. For  the  tensile  strain  ruptures  the  extreme  fiber  in  flexure,  and  simple 
shear  is  a  tension  along  one  of  two  rectangular  axes,  with  a  simultaneous  com- 
pression of  equal  magnitude  along  the  other.  Failure,  therefore,  occurs 
whenever  the  tensile  stress  overcomes  the  adhesion  produced  by  the  cement. 
After  such  failure  occurs,  the  body  is  no  longer  a  homogeneous  solid,  even 
though  the  separation  of  the  parts  may  be  by  an  infinitesimal  distance.  Such 
failure  is  reported  by  several  of  the  experimenters : 

"Generally  the  first  sign  of  failure  in  the  columns  appeared  in  the  form  of 
longitudinal  cracks,  usually  occurring  from  0  to  2  ft.  from  one  end,  although 
sometimes  extending  the  entire  length."    (Aberthaw.) 

"No  cracks  or  other  signs  of  failure  were  visible  until  the  maximum  load 
was  reached,  except  that  in  Column  7a  a  small  longitudinal  crack  was  seen  in 
the  shaft  just  below  the  head  at  a  load  of  2  190  lb.  per  sq.  in.    At  the  maximum 
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load  longitudinal  cracks  developed  all  around  the  shaft  of  the  column  below 
the  top  of  the  head  and  extended  down  over  the  upper  quarter  of  the  lengtli  of 
the  shaft.    The  load  at  once  fell  off  20%  or  more."* 

"In  some  cases  no  cracks  were  visible  below  the  maximum  load.  In  general, 
the  load  fell  off  considerably  a  half  minute  or  so  after  the  maximum  load  was 
applied  ."t 

It  has  been  settled  definitely  that  concrete  contracts  as  it  sets  in  air.  A.  T. 
Goldbeck,  Assoc.  M.  Am.  Soc.  C.  E.,  establishes  the  contraction  at  a  maximum  of 
0.0005  at  3  months.:}:  The  importance  of  this  contraction  in  the  spirally  reinforced 
column  is  the  setting  up  of  initial  stresses  in  the  concrete  and  a  compression  in  the 
spiral.  Considering  the  effect  on  the  concrete,  and  assuming  that  the  deforma- 
tion is  equal  in  all  directions,  the  dilatation,  cr,  equals  Sx-\-  Sy-\-  s^  =  3s,  for 
an   isotropic   body,  neglecting  infinitesimals   of  higher   order  than   the  first. 

0.0005 
Therefore,  s  is  — - — ,  or  0.00017.    This  value  is  probably  excessive,  for  it  pro- 
duces a  rather  large  stress.    The  normal  unit  stress,  p,  causing  this  dilatation  is 

d 
(3A  -}-  2/i)  — ,  where  jii  is  the  modulus  of  shear  or  of  rigidity ;  6  is  the  dilata- 

2  ju        1 

tiou  ;  A  = — r,  —  being  the  Poisson   ratio.     (Poisson  and   others  assumed 

m  —  2    m 

that  X  —  jj,  and  obtained  —  =  0.25  ;  but  this  is  only  a  special  value.)     The 

relation  between  these  constants  and  E,  Young's  modulus  of  elasticity,  is  given 

m  E 

by  the  equation  :  /u  = . 

•'  ^  2(1-1-  m) 

The  values  of  the  normal  stress,  p,  for  values  of  E  and  m,  are  as  given  in 
Table  16.  i  ;?irii.:;x<?.tn  ^Ji  [, 

TABLE  16. 


E. 

m. 

1^- 

A. 

<r. 

p.  in  pounds 

per  square 

inch. 

2  000  000 
2  000  000 
1  600  000 

0.25 
0.20 
0.20 

800  000 
833  000 
667  000 

800  000 
555  000 
444  000 

O.OOO) 
0.0005 
0.0005 

667 
556 
445 

The  effect  of  such  an  internal  stress  cannot  be  disregarded.  The  important 
factor  is  that  the  concrete  shrinks  away  from  the  spiral ;  in  addition,  the  fire- 
proofing  outside  the  spiral  puts  an  initial  compression  in  the  steel,  the  amount 
of  which  can  be  found  by  the  method  of  computing  stresses  in  pipes  under 
radial  pressure,  assuming  the  spiral  to  act  as  a  steel  cylindrical  unit.  Such 
action  would  require  a  spirally  reinforced  column  to  behave  in  a  different  way 
under  loadings  which  cause  a  strain  less  than  the  ultimate,  than  under  higher 

*  Am.    Concrete   Inst,    1915,    on    plain    concrete   columns. 

t  Am.   Concrete  Inst.,  1915,  on   columns  with   rods  only. 

t  Am.  Soc.  for  Testing  Materials,  Vol.  XI,  "Contraction  of  Concrete". 
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loads.  This  is  easily  seen  from  the  tests  of  such  columns.  The  ultimate  strain 
of  plain  concrete  is  less  than  0.0015 ;  Walker  finds  0.00142  as  a  maximum  strain, 
with  5  000  as  the  corresponding  stress.*  To  save  space,  the  tests  by  Witheyt 
are  averaged  to  give  Table  17. 


TABLE  17. 


Stress 

AT  Strain  of  : 

Number  of 

Percentage 

Percentage 

Type  of 

columns. 

of  spiral. 

of  rods. 

concrete. 

0.0005 

0.0010 

0.0015 

o.ooao 

0.0025 

8 

0.5 

0  to  6.1 

1:2      :  31^ 

1  480 

2  510 

3  200 

3  410 

3  540 

8 

1.0 

0  to  6.1 

1:2      :  31^ 

1  410 

2  430 

3  0(X) 

3  200 

3  300 

2 

1.0 

8.0 

1:2     : 4 

2  600 

4  TOO 

6  050 

6  380 

6  500 

6 

2.0 

8.0,  10.0 

1:2     :4 

2  4(i0 

4  400 

5  600 

5  670 

5  750 

4 

1.0 

0    ,    6.0 

1:1      :2 

2  300 

4  250 

5  500 

6  200 

2 

1.0 

,    5.7 

1  :  IM  :  3M 

1  650 

4  100 

5  600 

6  100 

6  450 

2 

1.0 

5.8 

1:3:6 

1  750 

2  850 

3  350 

3  500 

3  650 

It  is  very  noticeable  that  practically  90%  of  the  ultimate  strength  of  the 
column  is  developed  by  a  strain  of  0.0015.  The  speaker  believes  that  the  action 
and  failure  of  spirally  reinforced  columns  is  somewhat  as  follows:  As  the 
column  sets,  the  concrete  core  shrinks  away  from  the  spiral,  and  the  outside 
concrete  shell  compresses  the  spiral.  As  the  load  is  placed  on  the  column, 
the  compressive  strain  causes  a  lateral  expansion  (Poisson's  ratio)  until  a 
strain  of  about  0.0010  has  occurred.  Beyond  that  strain,  the  concrete  core,  as 
it  expands  laterally,  presses  against  the  spiral  balancing  and,  as  it  increases, 
overbalances  the  initial  compression  in  the  spiral.  At  an  axial  strain  of  0.0015, 
the  concrete  has  developed  its  maximum  stress  and  fails ;  that  is,  the  adhesion  is 
broken.  This  adhesion  is  aided  somewhat  by  the  tension  which  now  exists  in 
the  spiral.  There  is  now  a  drop  in  the  load  as  the  concrete  shifts  its  burden  on 
the  spiral.  Failure  of  adhesion  does  not  occur,  at  first,  along  more  than  one 
shear  plane.  Additional  loading  tends  to  spread  the  column  laterally,  which  is 
prevented  by  the  tight  steel  spiral,  and  axially,  which  is  opposed  by  the  friction 
between  the  separated  surfaces.  This  action  is  very  similar  to  that  of  a  loaded 
cylinder  of  sand  encased  in  a  sheet  of  paper.  Axial  loads  tend  to  spread  the 
sand  particles,  but  a  surprisingly  large  load  is  required  to  cause  failure.  The 
speaker  at  one  time  had  occasion  to  use  paper  cylinder  forms  for  concrete  test 
specimens,  and  noted  an  increase  in  strength  in  the  specimens  tested  with 
the  forms  over  that  of  the  cylinders  made  in  steel  forms. 

To  quote  from  the  1915  Keport  of  the  American  Concrete  Institute,  the 
final  step  is : 

"As  the  maximum  load  was  approached,  the  spiral  stress  was  no  longer 
uniform  around  the  circumference  and  it  varied  at  different  parts  of  the  length 
of  the  column.  Finally  at  some  point  the  maximum  strength  of  the  spiral  rein- 
forcement was  reached  or  the  action  of  the  column  became  very  far  from 
uniform,  and  the  maximum  column  load  which  could  be  carried  was  attained." 

*  Bulletin  5,  Structural  Materials  Laboratory,  1920. 
t  Univ.  of  Wisconsin,  Bulletin  1(66. 
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From  the  foregoing  considerations,  the  theory  of  elasticity*  cannot  be  used 
unless  there  are  taken  into  account :  The  end  conditions,  the  initial  stress  in  the 
concrete  before  loading,  the  expansion  of  the  concrete  bringing  the  spiral  into 
play,  and  the  incipient  separation  of  the  concrete  at  a  strain  of  0.0015.  Beyond 
that  point,  the  mass  is  so  far  from  homogeneous  that  the  theory  of  elasticity 
cannot  apply. 

The  author  has  refused  to  admit  the  accuracy  of  the  measurements  which 
gave  an  evident  Poisson's  ratio  greater  than  0.5.  In  an  isotropic  body  that 
would  be  impossible.  He  claims  that  the  method  of  measurement,  the 
axial  strain  being  measured  over  the  entire  length  and  the  lateral  strain 
localized,  is  the  reason  for  such  values.  In  the  American  Concrete  Institute 
columns,  lateral  and  axial  strain  at  twenty  points  on  the  concrete  and  on  the 
spiral  were  determined.  The  following  gives  the  average  of  all  the  readings  in 
the  test  of  Column  3b,  20.75  in,  in  diameter,  1  :  IJ  :  3  concrete,  1.89%  vertical 
and  0.94%  spiral  steel,  and  no  fire-proofing  cover: 

Axial  unit  load 3  500         4  350         5  000         5  450         5  800 

Longitudinal    strain 0.001  0.0014        0.0025        0.0035        0.0050 

Lateral  strain. 0.0002        0.0003        0.00075      0.0015        0.0027 

Poisson's  ratio 0.20  0.24  0.30  0.43  0.54 

Poisson's  ratio  increases  very  rapidly  after  the  axial  strain  has  passed  0.0010 ; 
in  other  words,  we  are  no  longer  dealing  with  a  solid.  Too  much  reliance 
cannot  be  placed  on  the  theoretical  investigation,  even  if  the  stress  is  below 
the  ultimate,  because  concrete  is  much  more  heterogeneous  than  is  usually 
assumed.  This  can  be  seen  best  from  the  difiiculty  of  determining  the  constants 
of  the  material. 

It  has  been  proved  that  ^  is  a  variable  depending  on  the  conditions  under 
wliich  the  concrete  was  made.     Withey  reports  that  at  one-fourth  the  ulti- 

/^\ 
mate    stress,    n.    or     { ^^  I ,    the    E^   being   fairly    constant    varied    from    9.2 

to  15  in  the  columns  tested.     At  the  yield  point,  the  variation  was  from  14 

to  30.     The  —  was  0.090  to  0.085  at  one-fourth  of  the  ultimate  stress,  and 
m 

varied  with  the  load.     The  shear  modulus  is  a  function  of  E  and  m;  the  bulk 

modulus  is  a  function  of  the  shear  modulus  and  m.     The  dilatation  is  the 

ratio  of  the  normal  stress  to  the  bulk  modulus. 

Before  the  proper  theory  for  columns  can  be  developed,  a  sufiicient  num- 
ber of  these  "constants"  of  concrete  must  be  determined  experimentally,  in  order 
to  be  able  to  evaluate  every  one  of  them. 

The  author  is  to  be  complimented  on  his  exhaustive  treatment  of  the  sub- 
ject, and  the  extremely  interesting  form  and  manner  in  which  it  is  presented. 
It  opens  up  several  new  views  and  methods  of  attack  which  will  lead  to 
valuable  results  in  placing  concrete  design  on  a  more  scientific  basis. 

A.  W.  BuEL,t  M.  Am.  Soo.  C.  E. — A  paragraph  on  page  1082  reads,  in  part: 
"*    *    *    this  type  of  column  is  not  used  in  practice.  *    *    *    Applicable  test 

•  See  pp.    1104-1106. 

t  Cong,  Engr,,  New  York  City. 
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results  on  only  twelve  columns  are  available."  The  author's  explanation  of  this 
statement  is  that:  ''They  are  forbidden  by  the  code."  As  his  opening  state- 
ment reads :  "The  purpose  of  this  paper  is  primarily  to  determine,  by  scientific 
methods,  values  of  safe  working  stresses"  and  refers  to  the  Joint  Committee't; 
specifications,  but  not  to  any. "code,"  his  explanation  seems  to  be  inconsistent, 
and,  in  the  speaker's  opinion,  the  limitation  is  unscientific,  restricts  the 
application  of  the  results,  and  reduces  the  value  of  the  pai)er. 

A  prominent  engineer  has  said  that  we  have  to  have  codes,  on  account  of 
the  ignorant  and  incorhpetent  designers  extant.  There  is  something  in  that, 
but  do  not  other  professions  also  need  a  code  as  much  or  more?  In  the 
medical  profession  a  really  efficient  code  would  have  fully  as  great  opportuni- 
ties of  saving  lives  as  in  engineering. 

Codes  are  subject  to  revision  and  radical  changes,  as  are  also  specifications 
and  "reports  of  Committees,"  both  of  which  are  the  products  of  compromise 
and  majority  vote.  If  the. speaker  may  paraphrase  the  description  by  the  late 
James  J.  Hill,  F.  Am.  Soc.  C.  E.,  of  E.  H.  Harriman's  standard  box  car: 

"The  Committee's  specifications  were  written  by  engineers  in  conference. 
Each  man  had  his'pet  mixture,  reinforcing  system,  column  formula,  etc.  So 
your  specification  is  a  composite  of  engineers'  hobbies,  not  a  truly  standardized 
or  scientific  specification  to  meet  conditions.  A  scientifically  draisTi  specifica- 
tion may  be  written  which  will  be  far  broader  in  its  application  and  give 
greater  economy  without  sacrificing  safety ;  but  you  can  bet  such  a  specifica- 
tion will  not  be  written  in  conference." 

Therefore,  provisions  of  codes  and  specifications  should  not  be  permitted 
to  have  a  controlling  effect  on  research  work. 

The  author  could  only  find  twelve  tests  of  plain  concrete  columns.  This 
is  only  one  among  many  instances  that  illustrate  how  valuable  work  of  only 
fifteen  or  twenty  years  ago  is  either  entirely  overlooked  or  else  ignored  by  ptes- 
ent-day  workers.  Possibly,  they  think  the  old  experimental  work  was  not 
sufficiently  scientific  and  accurate  to  be  entitled  to  serious  consideration.  Per- 
haps it  is  an  effect  of  the  World  War;  but,  whatever  the  cause,  research  workers 
would  do  well  to  start  each  new  line  of  work  with  an  exhaustive  search  for  all 
past  experimental  results  bearing  on  the  subject  in  hand.  In  this  case,  it 
happens  that  the  U.  S.  Government  publications,  "Tests  of  Metals  and  Other 
Materials"  made  on  the  testing  machine  at  Watertown  Arsenal,  for  the  six 
years  from  1904  to  1909,  inclusive,  contain  reports  of  tests  of  206  concrete 
columns,  plain  and  reinforced,  of  which  64  were  of  plain  concrete  or  mortar. 
These  series  are  very  interesting  and  instructive.  The  earlier  ones  were 
included  in  a  work  by  the  speaker,  published  in  1906,  which  has  had  wide  distri- 
bution. They  show  conclusively  that  cement  is  cheaper  than  steel  for  reinforc- 
ing concrete  columns ;  that  a  verj'  rich  concrete  column,  without  reinforcement, 
will  do  the  work  for  less  cost  than  a  column  of  lean  concrete  reinforced 
with  steel.  They  also  show  the  low  efficiency  of  hooping  for  rich  concrete. 
There  are  also  reported  in  the  same  volumes  nineteen  tests  of  columns,  with 
various  mixtures,  made  for  the  purpose  of  determining  the  load  sustained  by 
the  concrete,  and  the  load  sustained  by  the  steel,  in  columns  with  longitudinal 
rods.     The  author  seems  to  give  the  impression  that  these  determinations 
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would  be  difficult  to  manage.  It  would  seem  to  be  a  comparatively  simple 
matter  to  make  such  determinations  with  extensometers. 

In  many  places,  the  use  of  plain  concrete  columns  is  perfectly  good,  and  gives 
the  greatest  economy,  but  certainly  steel  reinforcement  should  always  be  used 
where  there  is  eccentricity  of  loading,  transverse  loading,  or  bending,  or  where 
the  beam  and  girder  connections  and  details  make  the  latter  continuous  with 
the  column,  consequently  throwing  bending  into  the  column,  and  when  wind 
is  carried  by  bending  in  the  columns.  Thus,  in.  city  work,  where  buildings 
of  several  or  many  stories  constitute  the  bulk  of  the  structures,  longitudinal 
reinforcement  will  be  generally  necessary,  and  it  may  be  quite  proper  to  require 
it  by  the  code,  but  in  many  places  far  afield  the  requirements  are  very  different. 

The  restriction  of  plain  concrete  columns  to  a  length  of  six  diameters  does 
not  seem  to  be  justified.  Plain  concrete  is,  or  can  easily  be  made,  as  good  as 
stone,  and  lengths  of  nine  to  ten  diameters  occur  in  several  of  the  classical 
orders.  The  speaker  thinks  ten  to  twelve  diameters  should  be  i)ermitted  in 
certain  types  of  structures  and  under  proper  conditions. 

Referring  to  Fig.  2,  the  author  gives  a  ''representative  line"  for  the  rela- 
tion   of   strength    of    columns    with    slenderness    ratios    \-fr)    from    0    to    18, 

to  "cylinder  strength."  The  line  does  not  appear  to  fit  the  points  plotted  from 
the  test  records,  and  is  not  convincing.  Although  it  would  be  preferable  to 
have  a  great  many  more  points  to  locate  such  a  line  with  any  assurance,  as 
far   as   they   go   they   certainly    indicate   a    line   coincident   with    the   100% 

L  L 

abscissa  from  — —   =   0   to  — -   =    10,  or  greater.      Moreover,  when  a  larger 

number  of  experimental  determinations  are  available,  it  is  not  improbable 
that  additional  light  may  be  shed  on  the  "discrepancy",  mentioned  by  the 

L 

author,  that  his  "  representative  line  "  does  not  cross  the  100%  line  at  — —  =^  2, 

if,  in  fact,  the  discrepancy  does  not  entirely  disappear.  If  100%  were  used  for 
values  of  —  up  to  10  or  12,  it  would   be   in  accord   with  past  practice   with 

other  materials. 

H.  V.  Spurr,*  M.  Am.  See.  C.  E. — The  author  has  performed  a  valuable 
service  in  reviewing  the  various  tests  on  reinforced  concrete  columns  and  in 
presenting  in  tabulated  form  an  original  interpretation  of  their  meaning. 

The  problem  of  the  designing  engineer  is  to  design  safely  and  econom- 
ically. The  formulas  for  concrete  columns  as  proposed  by  various  commit- 
tees, and  as  stipulated  in  the  building  codes  of  various  cities,  differ  greatly  in 
form  and  in  the  allowable  safe  load  on  columns  of  the  same  make-up.  Arbi- 
trary factors  have  been  adopted  for  the  value  of  longitudinal  as  well  as  for 
that  of  spiral  reinforcement,  and  different  values  have  been  given  for  the 
concrete  itself.  . 

*  Chf.   Engr.,   Purdy  &   Henderson   Co.,   N«w  York  City. 
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Designing:  engineers  would  welcome  a  formula  for  reinforced  concrete 
columns  which  would  meet  with  general  approval  and  which  would  result 
in  both  economy  and  safety. 

Economy  in  column  des.ign  is  largely  a  question  of  the  design  of  columns 
carrying  heavy  loads  in  the  lower  stories  of  buildings.  In  such  columns 
large  quantities  of  reinforcement  are  used,  as  it  is  desired  to  reduce  the  size 
to  the  minimum.  In  order  to  design  such  columns  economically,  a  reasonable 
stress  must  be  allowed  on  the  concrete,  as  the  percentages  of  reinforcement  are 
limited  for  practical  reasons.  In  large  columns  supporting  heavy  loads,  the 
cheapest  reinforcement  is  cement;  that  is,  a  concrete  of  high  strength  and 
reliability.  Strength  and  reliability  are  dependent  not  only  on  the  stone,  sand, 
and  cement,  but  on  the  control  of  the  proportions  and  the  water  content. 
Columns  can  never  be  designed  economically  until  reasonable  care  is  taken  to 
insure  a  concrete  of  fair  reliability  and  strength. 

Objection  is  made  to  the  various  formulas  now  in  use,  in  that  they  do 
not  sufficiently  emphasize  the  importance  of  securing  good  concrete,  but 
attempt  rather  to  discount  the  use  of  poor  concrete.  By  controlling  the  water 
content,  and  with  good  aggregate,  it  is  possible  to  increase  the  reliability  of 
the  concrete  and  to  use  higher  stresses. 

It  is  reasonable  to  suppose  that  spiral  reinforcement  adds  strength  to  a 
concrete  of  a  given  mix,  but  this  increase  should  be  discounted  somewhat  in 
the  formula  adopted,  as  cages  are  not  perfectly  fabricated  and  assembled  in 
the  field.  It  would  be  reasonable  to  assume  that  longitudinal  reinforcement 
of  large  rods  well  tied  by  bands  or  hooping,  and  encased  in  concrete,  should 
be  capable  of  taking  a  safe  load  approximating  that  which  the  same  area  of 
steel  would  sustain  in  the  outstanding  legs  of  a  structural  column.  A  reason- 
able stress  for  longitudinal  reinforcement  would  seem  to  be  12  000  lb.  per 
sq.  in.  For  practical  or  economical  limits,  5%  of  the  longitudinal  reinforce- 
ment should  be  the  maximum. 

In  building  construction  in  general,  repetition  of  stress  can  be  neglected, 
due  to  the  large  proportion  of  dead  load  in  the  columns.  This  is  especially 
true  in  large  columns  in  the  lower  stories.  As  the  design  of  columns  is 
based  on  the  strength  of  concrete  at  28  days,  it  would  seem  reasonable  to 
assume  that  the  normal  increase  in  strength  with  age  would  counteract  the 
effect  of  time  loading  within  the  range  of  the  safe  working  stresses  that 
would  naturally  be  used  without  considering  this  factor. 

It  would  appear,  therefore,  that  the  principal  elements  to  be  considered 
in  the  design  of  columns,  in  the  order  of  their  importance,  are: 
1. — The  reliability  and  strength  of  the  concrete. 
2. — The  age  at  which  it  would  receive  its  maximum  load. 
3. — The  increase  in  strength  from  a  moderate  amount  of  longitudinal 

reinforcement  at  12  000  lb.  per  sq.  in. 
4. — The    increase   in    strength   due   to    spiral   hooping   of   mild   steel 
between  the  limits  of  three-fourths  of  1%  and  li%.    This  increase 
in  strength  should  be  expressed  as  a  percentage  of  increase  in  a  safe 
stress  on  the  concrete  in  terms  of  percentage  of  spiral. 


DISCTJSSIOK^  ON  REINFORCED  CONCRETE  COLUMNS  llGt 

5. — That  the  ratio  of  length  to  diameter  would  have  little  effect  up 
to  10,  and  that  above  that  figure  some  reduction  in  the  safe  stress 
should  be  made. 
The  most  important  element  in  the  strength  of  a  concrete  column,  the 
strength  of  the  concrete  itself,  can  only  be  determined  within  certain  limits. 
Tests  of  a  sufficient  number  of  specimens  for  a  given  mix,  in  which  the 
water  content  had  been  controlled,  have  not  been  made  to  determine  the 
relation  between  the  strength  of  the  concrete  in  the  columns  at  6  months 
to  that  of  the  standard  specimens  at  28  days.  It  is  reasonable  to  suppose 
that  the  average  strength  of  the  concrete  in  the  colimms  at  6  months  would 
be  considerably  greater  than  that  at  28  days,  and  that  the  range  of  strength 
of  the  columns  will  not  be  as  wide  as  that  of  the  specimens.  Therefore,  if 
preliminary  tests  of  the  concrete  mix,  proposed  to  be  used  for  a  nominal 
3  000-lb.  concrete,  show  that  none  of  the  specimens  developed  less  than  2  500 
lb.,  it  is  reasonable  to  assume  that  the  concrete  in  the  columns  at  6  months 
will  never  fall  as  low  as  2  500  lb.,  provided  the  materials  average  well  and 
reasonable  care  is  exercised  to  control  the  proportions  and  the  water  content. 
For  such  a  condition,  1  000  lb.  per  sq.  in.  on  the  concrete  would  not  seem  to 
be  an  excessive  safe  working  stress,  which  could  be  increased  a  certain  per- 
centage by  the  use  of  spiral  reinforcement. 

Formulas  which  are  based  on  a  low  working  stress  in  the  concrete  in  order 
to  discount  poor  concrete,  but  which  give  a  high  influence  to  spiral  reinforce- 
ment, are  unbalanced.  Such  formulas  lead  to  the  use  of  a  maximum  quantity 
of  spiral  in  small  columns  with  a  minimum  quantity  of  longitudinal  steel, 
without  any  serious  attempt  to  obtain  good  concrete.  With  large  columns, 
in  which  the  percentage  of  spiral  is  limited  by  the  size  of  hooping  available 
and  practicable,  a  reduction  in  the  percentage  of  spiral  reinforcement  neces- 
sitates a  reduction  of  stress  in  the  core,  which  can  only  be  made  up  by  adding 
a  great  quantity  of  longitudinal  reinforcement.  Thus,  economy  of  design 
is  impossible  for  the  very  columns  for  which  it  counts  the  most  in  cost.  Also, 
in  the  large  columns  in  the  lower  stories  of  a  building,  the  concrete  will  be 
several  months  old  before  it  receives  even  its  full  dead  load. 

Austin  H.  Keeves,*  Assoc.  M.  Am.  Soc.  C.  E. — For  more  than  twenty  years 
practically  no  advance  has  been  made  in  the  development  of  a  new  and  proper 
type  of  reinforcement  for  concrete  columns.  Most  thinking  engineers  who 
have  had  to  design  concrete  structures  have  recognized  the  fact  that  the  pres- 
ent methods  of  column  design  are  faulty.  It  is  easy  to  design  a  column  to 
pass  the  building  code  of  any  given  city  or  to  meet  the  requirements  of  the 
Joint  Committee  specifications,  yet  it  is  difficult  (impossible  for  the  speaker) 
to  justify  any  of  the  designs  thus  made  with  well  known  principles  of  mathe- 
matics, mechanics  of  materials,  and  common  sense.  This  is  said  with  no  lack 
of  respect  for  any  one  who  has  contributed  a  share — by  making  tests,  writing 
textbooks,  or  otherwise — to  the  present  knowledge  of  the  subject. 

The  title  of  this  paper  is  erroneous.  A  reinforced  concrete  column  should 
be  able  either  to  support  a  greater  load  before  incipient  failure  or  to  support 

♦  Newark,  N.  J. 
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the  same  load  with  greater  integrity  or  at  less  cost.  The  speaker  will  show  that 
the  present-day  types  do  none  of  these  things,  and,  besides,  they  are  unsci- 
entific. Therefore,  they  are  not  reinforced.  (It  should  be  noted  that  this  is 
true  if  total  volume  of  concrete  is  considered — there  is  no  fairness  in  con- 
sidering only  the  core  area  of  one  type  as  against  the  total  area  of  another, 
and  using  the  increased  ultimate  unit  stress  on  this  partial  area  to  argue  for 
greater  load  sustained.) 

Thera  are  really  only  three  classes  of  concrete  columns:  (a)  plain  columns; 
(h)  columns  containing  a  mass  of  steel;  and  (c)  reinforced  columns.  Plain 
columns  need  no  explanation.  The  second  class  includes  present-day  practice 
and  is  a  futile  attempt  to  strengthen  plain  columns.  The  third  class  embraces 
a  truly  reinforced  concrete  column  on  which  the  speaker  has  patent  rights* 
pending,  and  which  may  be  called  the  mat  or  "spider"  system  of  lateral 
reinforcement. 

The  four  headings  under  which  the  speaker  wishes  to  develop  his  remarks 
are  as  follows: 

1. — A  plea  for  the  plain  concrete  column. 

2. — The  introduction  of  a  new  laterally  reinforced  system  developed  by  the 
speaker,  which  may  be  called  the  "spider"  system. 

3. — Recommendations  for  different  procedure  as  regards  size  and  test  of  test 
specimens.  c.;'/yu-'.  v 

4. — Proof  that  the  ratio  of  length  to  diameter  has  no  place  in  any  con- 
crete column  formula. 

Mr.  Tucker  states  that :  "*  """  *  this  type  [unreinforced  concrete]  of  col- 
umn is  not  used  in  practice."  The  statement  that  such  columns  are  not  used  in 
practice  is  in  error,  but  the  speaker  believes  that  even  if  the  plain  column  was 
not  used  in  practice,  the  tests  should  be  of  great  value  if  proi}erly  made  and  the 
results  diligently  studied,  because  only  in  that  way  can  the  best  type  of  rein- 
forced concrete  column  be  developed. 

The  author's  next  sentence  is  also  incorrect,  in  that  it  states :  "Applicable 
test  results  on  only  twelve  columns  are  available,  and  these  results,  together 
with,  data  on  the  columns,  are  given  in  Table  1."  The  results  given  in  Table  1 
do  not  include  test  data  on  any  of  the  following  thirty-six  plain  columns  which 
have  also  been  tested,  namely,  six  plain  columns,  three  of  which  were  12  by 
12  in.  by  12  ft.,  one  was  12  by  12  in.  by  6  ft.,  one  was  9  by  9  in.  by  12  ft., 
and  one  was  9  by  9  in.  by  6  ft.,  given  in  Bulletin  No.  10,  University  of  Illinois ; 
Column  'No.  1  583  (12.66  by  12.59  in.  by  7  ft.  10  in.),  which  was  tested  at  the 
Watertown  Arsenal  in  1904;  twenty-one  plain  columns  tabulated  in  Bulletin 
No.  20,  University  of  Illinois;  five  plain  columns  which  were  remarkably  uni- 
form, reported  on  page  11  of  Bulletin  No.  900,  University  of  "Wisconsin;  and 
tkree  plain  columns,f  tested  by  H.  C.  Berry,  M.  Am.  Soc.  C.  E.  The  speaker 
does  not  mean  to  infer  that  this  additional  number  completes  the  list  of 
available  results  on  tests  of  plain  columns,  as  he  knows  of  others  that  have 
been  made. 

The  speaker  wdll  prove  that  the  ratio  of  length  to  diameter  has  no  place 

*  Patent  pending,  filed  F'ebruary  16,  1923,  Serial  No.  619  470. 
t  Engineering  Record,  February  19,  1910,  p.   209. 
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in  any  concrete  column  formula.  This  will  show  that  practically  everything 
on  page  1083  of  the  paper  is  incorrect,  including  the  curve,  Fig.  2,  and  Equa- 
tions (3),  (4),  and  (5). 

Haying  discredited  practically'  all  the  author  has  said  on  plain  columns, 
the  next  step  will  be  to  show  that,  when  properly  considered,  the  plain  column 
is  the  best  concrete  column  produced  by  any  present-day  method.  Professor 
Withey  has  stated:* 

"In  the  table,  however,  the  areas  and  percentages  are  based  upon  the  areas 
of  the  cores  inside  the  spiral ;  these  values  were  used  in  computing  the  ultimate 
strengths  and  stresses  at  the  yield  point  *  *  *.  This  procedure  is  per- 
missible since  the  strength  of  these  columns  at  the  yield  point  or  ultimate  was 
approximately  independent  of  this  shattered  outside  shell." 

This  is  one  of  many  authorities  who  have  found  that  beyond  the  yield 
point  (which  averaged  74%  of  the  ultimate  for  the  thirty-two  columns,  the 
test  results  of  which  are  tabulated  on  page  42  of  Bulletin  No.  466,  University 
of  Wisconsin),  the  outside  shell  is  useless.  It  may  not  be  there  even  when  most 
needed  for  fire-proofing.  It  has  been  foundf  that  four  spiralled  columns  began 
to  disrupt  the  shell  at  six-tenths  the  ultimate  load  and  that  the  four  columns 
containing  both  spirals  and  rods  began  to  disintegrate  the  outside  shell  at  three- 
fourths  of  the  ultimate  load.  On  the  contrary,  plain  concrete  columns  do  not 
show  even  .warning  cracks  until  the  ultimate  load  is  reached.  It  has  been 
statedf  that: 

"The  four  12  by  12-in.  plain  columns  of  this  series  broke  at  an  average 
stress  of  approximately  2  070  lb.  per  sq.  in.,  the  maximum  variation  of  a  single 
result  from  this  mean  value  being  only  40  lb.  per  sq.  in.,  or  2  per  cent." 

The  remarks:}:  on  the  six  plain  concrete  columns  were:  "Failed  without 
warning  cracks",  "no  cracks  appeared  before  maximum  load  was  reached",  and 
the  like.  This  tends  to  prove  that  plain  columns  do  not  spall  off  or  even  crack 
until  the  ultimate  load  is  reached,  whereas  the  shell  of  the  so-called  reinforced 
concrete  column  spalls  off,  disrupts,  or  disintegrates  at  from  six-tenths  to 
seventy-five  one-hundredths  of  the  ultimate  load — this  is  what  the  speaker  calls 
sustaining  the  load  with  greater  integrity.  For  out-to-out  dimensions  of  con- 
crete, other  things  such  as  mix,  density,  age,  etc.,  being  equal,  it  has 
been  repeatedly  shown  that  a  plain  concrete  column  will  hold  approximately 
the  sarne  ultimate  load  as  any  rodded,  spiralled  or  spiralled  and  rodded  col- 
umn. Professor  Berry§  has  recorded  the  results  of  tests  on  nine  columns,  all 
14  in.  square  and  12  ft.  long,  three  of  which  were  plain,  three  were  rodded,  and 
three  were  spiralled  and  rodded.    He  states: 

"The  results  of  the  tests  impress  one  with  the  good  showing  made  by  plain 
concrete  and  the  small  increase  in  strength  resulting  from  the  use  of  rein- 
forcement. The  popular  notion  that  the  hooped  columns  are  much  more 
desirable  because  of  their  greater  toughness  would  seem  to  be  ill-founded 
because,  as  can  be  shown  also,  by  a  theoretical  analysis,  this  toughness  is  not 
exhibited  until  after  the  maximum  load  is  developed,  which,  if  applied  by 

*  Bulletin  No.  J,66,  Univ.  of  Wisconsin,  p.  38. 

t  Bulletin  No.  SOO,  Univ.  of  Wisconsin,  p.  19. 

t  Bulletin  No.  10,  Univ.  of  Illinois. 

§  Engineering   Record,   February   19,    1910,    pp.    206-209. 
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a  dead  weight  instead  of  a  testing  machine,  would  cause  almost,  if  not 
quite,  as  sudden  a  collapse  as  would  occur  with  either  of  the  other  types 
of  columns." 

The  three  plain  columns  stood  an  average  maximum  stress  of  2  500  lb. 
per  sq.  in.  as  against  2  580  and  2  810  lb.  per  sq.  in.  for  the  redded  and  for 
the  spiralled  and  rodded  types,  respectively.  Mr.  Godfrey  has  stated*  that: 
''Some  plain  concrete  columns  have  stood  much  more  ultimate  load  than  some 
so-called  reinforced  colunans  in  the  same  series."    He  has  also  statedf  that: 

"On  the  other  hand,  the  results  of  tests  on  many  varieties  and  styles  of 
plain  and  reinforced  concrete  columns,  as  I  have  pointed  out  on  other  occa- 
sions, shows  remarkable  agreement  in  one  thing;  that  is,  they  practically 
all  begin  to  fail  at  nearly  the  same  unit  load,  no  matter  what  the  reinforce- 
ment or  lack  of  it."  And  continues :  "As  illustrating  the  negligible  effect  of 
steel  reinforcement  on  the  initial  point  of  failure  of  columns,  I  pointed  out, 
in  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXVIII,  1915,  page  141,  that  the  average 
load  at  1st  failure  of  set  of  tests  made  at  the  University  of  Michigan  was  as 
follows : 

"Plain  concrete 2  250  lb.  per  sq.  in. 

Less  than  1  per  cent,  of  hooping 2  250  lb.  per  sq.  in. 

More  than  1  per  cent,  of  hooping 2  230  lb.  per  sq.  in." 

The  equal  strength,  the  greater  integrity,  and  the  lower  cost  of  plain 
concrete  columns,  as  compared  with  any  present-day  type  of  concrete  columns, 
argues  for  one  of  two  things:  Either  the  use  of  plain  columns  or  the  devel- 
opment of  a  new  and  truly  reinforced  concrete  column,  such  as  the  speaker 
has  developed.  He  never  has  believed  that  a  given  size,  out-to-out,  colunm 
could  be  increased  in  strength  by  attempting  to  increase  its  compressive 
strength  or  by  the  use  of  the  spiral  to  suppress  lateral  deformation.  He  has 
believed  that,  due  to  the  operation  of  Poisson's  ratio,  the  weakness  of  con- 
crete in  tension,  and  the  great  increase  in  rate  of  lateral  deformation  before 
failure,  the  development  of  a  scientific  system  of  lateral  reinforcement  was 
the  proper  solution  in  order  to  produce  a  concrete  column  of  maximum 
strength. 

Concrete  is  strong  in  compression,  fairly  strong  in  shear,  weak  in  tension, 
and,  as  regards  reinforcement,  has  its  most  valuable  asset  in  its  bond  strength. 
Steel  bars  are  best  in  tension  and,  because  of  the  bond  of  the  concrete,  they  are 
able  to  relieve  the  tensile  stresses  of  concrete.  By  making  full  use  of  these 
properties,  it  seems  conservative  to  predict  that  a  most  scientifically  designed 
and  spaced  system  of  horizontal  "spiders"  would  develop  twice  the  strength  of 
the  plain  column. 

The  "spider"  may  be  of  many  forms,  one  type  of  which  is  a  cluster  of  six 
or  eight  bars  radiating  from  a  central  ring  to  very  near  the  outside  of  the 
column,  with  the  outer  ends  either  plain,  hooked,  or  other  shape.  Light  wires 
may  tie  the  rods  at  intervals  to  form  a  mat  to  be  placed  in  a  horizontal  position 
in  the  column.  These  "spiders"  may  be  hung  from  the  top  of  the  column  form, 
supported  by  a  proper  central  shaft,  or  placed  as  the  column  is  poured  or  in  any 

*  Proceedings,  Am.  Concrete  Inst.,  1921,  p.  176. 
t  Loc.  cU.,  p.  177. 
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other  manner  best  adapted  to  an  accurate  spacing  during  the  pouring  of  con- 
crete. 

On  setting,  the  concrete  grips  the  rods,  and  as  loads  are  applied  the  lateral 
tensile  stress  is  distributed  evenly  by  the  bars,  the  core  is  restrained  in  the 
most  rigid  manner,  and  the  shell  is  doing  its  duty  also  in  sustaining  its  share 
of  the  load  until  failure.  The  reinforcement  of  the  column  is  well  protected 
against  heat  (in  marked  contrast  to  placing  the  reinforcement  within  2  in. 
of  the  heat  as  in  the  spiral  and  rodded  columns). 

The  intimation  may  have  seemed  excessive  that,  for  a  given  out-to-out 
dimension,  a  properly  designed  "spider"  reinforced  concrete  column  would 
sustain  with  equal  integrity  and  with  only  a  little  more  cost,  twice  as  much  as 
an  otherwise  equal  (regarding  age,  mix,  etc.)  plain  concrete  column.  It  is 
well  known  that  cubes  give  higher  test  results  than  cylinders,  the  ultimate  unit 
stress  of  the  cube  is  generally  about  one  and  one-half  times  that  of  the  standard 
cylinder.  Few  engineers  seem  to  realize  that  the  ordinary  test  specimens  do 
not  give  the  true  maximum  ultimate  compressive  strength  of  concrete.  In 
order  to  determine  this  maximum,  the  test  should  be  made  on  very  shallow 
specimens,  say,  2  in.  high.  In  specimens  of  this  small  height,  the  restraining 
effect  of  the  bearing  plates  of  the  testing  machine  is  able  practically  to  nullify 
the  effects  from  the  operation  of  Poisson's  ratio.  As  the  average  of  a  sufficient 
number  of  tests  of  cylinders  8  in.  in  diameter  and  16  in.  high  have  been  shown 
to  be  a  good  indication  of  the  ultimate  strength  that  a  plain  concrete  column  of 
similar  concrete  would  develop,  such  tests  are  alone  sufficient  as  a  guide  to 
plain  concrete  column  design. 

For  the  "spider",  or  for  any  other  truly  reinforced  concrete  column,  which 
can  be  made  to  develop  the  true  maximum  ultimate  compressive  stress  in  the 
concrete,  the  ultimate  unit  cQmpressive  stress  should  be  determined  by  testing 
specimens  not  more  than  2  in.  high.  Tensile  and  modulus  of  rupture  tests 
should  also  be  made. 

The  speaker  believes  it  would  not  be  necessary  to  test  prior  to  each  con- 
struction job,  but  that  for  a  concrete  of  given  mix,  density,  water  content,  age, 
class  of  aggregate,  quality  of  cement,  expected  character  of  workmanship,  etc., 
reference  might  be  made  to  Government  tests.  Joint  Committee  tests,  or  other 
accepted  standard  tests  which  are  averages  of  a  siifficient  number  of  specimens 
to  obtain  a  good  forecast  of  ultimate  strength.  Such  sets  of  tests  would  greatly 
aid  the  designer  and  the  specification  writer. 

The  speaker  will  now  prove  that  the  ratio  of  length  to  diameter  has  no 
place  in  any  concrete  column  formula.  Tests  indicate  that  diagonal  shear 
occurs  on  a  plane  having  an  angle  of  about  35°  with  the  vertical,  which  shows 
that  when  the  ratio  of  length  to  diameter  exceeds  IJ,  the  ratio  is  no  longer 
important. 

A.  N.  Talbot,  Past-President,  Am.  Soc.  C.  E.,  has  stated*  that : 

"It  seems  hardly  necessary  to  advance  the  idea  here  that  for  concrete 
columns  used  in  ordinary  building  construction  little  attention  need  be  given 
to  the  relation  between  length  and  lateral  dimensions  after  a  length  of  a  few 


•  Bulletin  No.  10.  Univ.  of  Illinois,  p.  45, 
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diameters  has  been  reached.  *  *  *  Even  for  15  diameters  we  may  readily  con- 
clude from  the  calculated  results  of  long  column  formulas  and  also  from  the 
small  lateral  deformation  found  in  the  columns  tested  that  the  difference  in 
strength  between  a  column  15  diameters  long  and  one  5  diameters  long  is  less 
than  the  variation  among  several  columns  of  the  same  length.  *  *  *  For  col- 
umns eccentrically  loaded,  the  effect  of  any  eccentricity  is  generally  large  in 
comparison  with  the  lateral  deflection  used  in  the  Euler  analysis,  and  it  may 
be  said  to  be  generally  independent  of  the  length  of  the  column.  Clearly,  for 
conditions  of  ordinary  design,  a  formula  for  plain  columns  or  for  columns 
reinforced  with  longitudinal  rods  need  not  include  the  ratio  of  length  to  lateral 
dimensions." 

Professor  Talbot  and  Arthur  R.  Lord,  M.  Am.  Soc.  C.  E.,  have  also 
stated*  that,  "In  other  words,  the  stress  taken  by  the  concrete  may  be  consid- 
ered to  be  nearly  independent  of  the  slenderness  ratio  of  the  column,  within 
the  lengths  tested,    *     *    *." 

Messrs.  McKibben  and  Merrillf  have  stated: 

"The  average  compressive  strengths  of  8  in.  by  16-in.  cylinders  and  5-ft. 
columns,  14  in.  in  diameter,  are  very  nearly  equal,  while  the  strength  of  10-ft. 
and  20-ft.  columns  are  approximately  equal,  amounting  to  81%  of  the  strength 
of  cylinders." 

Further  discussion  seems  unnecessary  as  sufficient  references  and  quotations 
have  been  given  to  support  the  speaker's  contention,  which  might  be  summa- 
rized as  follows :  That  plain  concrete  columns  be  considered  on  their  merits ; 
that  science  be  used  to  the  fullest  extent  possible  in  concrete  column  design, 
which  would  at  once  eliminate  the  present-day  types  of  so-called  reinforced 
columns;  that  testing  of  specimens  be  placed  on  a  more  scientific  basis;  and 
that  the  ratio  of  length  to  diameter  be  admitted  to  have  no  place  in  any  con- 
crete column  formula. 

Joel  B.  Cox,:j:  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The  author's  Sec- 
tion III,  on  "Reliability",  wherein  the  theory  of  probability  is  applied  to  the 
determination  of  factors  of  safety,  is  of  especial  interest  and  importance.  It  is 
undoubtedly  true  that  in  the  strength  of  a  material,  as  in  many  other  kinds  of 
engineering  data,  engineers  are  dealing  with  a  variable  of  which  the  mean 
value  is  known  and  for  which  the  probability  of  its  occurrence  within  any 
limits  may  be  determined,  but  for  which  the  exact  value  in  a  given  case 
cannot  be  predicted.  The  theory  of  probability  and  the  mathematical  methods 
based  thereon  furnish  the  only  strictly  logical  method  of  dealing  with  the 
problem.  The  writer  believes  that,  in  a  general  recognition  of  this  fact,  and 
in  a  more  widespread  use  of  probability  mathematics  by  engineers,  there  is 
opportunity  for  a  great  advance  in  engineering  thought.  Hence,  it  seems 
worth  while  to  add  to  the  author's  treatment  of  the  problem. 

Such  data  as  those  of  the  strength  of  a  given  material  can  be  presented 
most  fully  by  a  graphical  or  tabular  statement  of  the  frequency  with  which 
the  strength  falls  within  certain  limits.  If  such  a  diagram  as  Fig.  14  is 
presented  (or  Table  18),  showing  the  distribution  of  the  ultimate  strength  in 

■-     *  Bulletin  No.  .56,  Univ.  of  Illinois,  p.  43. 

t  Proceedings,  Am.  Concrete  Inst.,  1916,  p.   209. .^ 

t  Engr.,  Bast  Maui  Irrig.  Co.,  Eaia,  Maui,  Hawaii,  > 
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A  skew  curve  such  as  Fig.  14  is  a  more  general  type.  The  two  mathematical 
systems  of  dealing  with  such  skew  curves  have  been  presented  most  con- 
veniently by  Elderton  and  Fisher.*  Elderton  gives  the  method  developed  by 
Professor  Karl  Pearson;  Fisher  gives  that  developed  by  Gram,  Charlier,  and 
Thiele. 

In  dealing  with  frequency  curves  and  probability  computations,  the  fol- 
lowing definitions  and  notation  are  used  here. 

For  any   frequency  distribution: 

S  =  any  value  of  the  variable; 

8'  =  mean  value  of  the  variable; 

2S                                               ■  ■ 

'^'  = (62) 

where  n  is  the  number  of  S's  in  the  summation : 

X  =  deviation  of  the  variable  from  its  mean  value; 

X  =  S  —  S' (63) 

y  =  frequency  with  which  the  variable  occurs  at  the  value,  x,  y  being 
frequency  per  unit  of  x,  the  total  frequency  being  1. 

y  is  also  the  probability  that  the  variable  will  occur  within  the  unit  of  x  to 
which   it  corresponds. 
By  definition: 

:2xy  =  0 (64) 

:sy  =  i (65) 

The  moment  functions  about  the  origin  at  8'  are  defined  as  follows: 

/'o  =  ^-  =  1 (^''^) 

^  y 

>^x  =  -^  ==  0 (^7) 

'^  =  -¥v ^''^ 

.3=^ W 

2  y  : 

etc. 

A  more  general  and  better  measure  of  the  spread  or  dispersion  of  the 
distribution  than  the  "probable  error",  is  the  "standard  deviation",  which  is 
the  square  root  of  the  mean  square  deviation  from  the  mean : 

,—           l^  x^y 
Standard  deviation  =  d  =  V  /'a  =  vl "^^^ — (70) , 

•  "Frequency  Curves  and  Correlation",  by  W.  Palln  Elderton,  Lond.,  C.  and  B.  Layton, 
1917  ;  "The  Mathematical  Theory  of  Probabilities",  by  Ame  Fisher,  Second  Edition,  New 
York,"  The  MacmlUan  Co.,  1922. 
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The  "coefficient  of  variation"  is  the  standard  deviation  divided  by  the 
mean  value  of  the  variable,  and  is  of  esi)ecial  value  in  indicating  the  relative 
reliability  of  two  materials  having  different  average  strengths : 

C„  =  4^ (71) 

The  "probable  error",  used  by  the  author,  is  only  valid  when  the  frequency 
curve  is  normal  or  Gaussian.    It  is  given  by : 

r  =  0.6745  a (72) 

Another  convenient  factor  is  the  "coefficient  of  skew",  given  by  the 
equation : 

Cs  =  ^ (73) 

This  is  a  rough  measure  of  the  "skewness"  of  the  curve,  the  latter  being 
defined  as. 

Mean  —  mode 
Standard  deviation 

The  mode  is  the  abscissa  of  the  highest  point  of  the  frequency  curve. 

To  enable  the  use  of  the  best  modern  tables  of  the  probability  function 
and  of  the  probability  integral,  and  for  ease  of  computation,  it  is  convenient 
to  express  x  in  units  of  cr,  or: 

X 

^'   =- (74) 

o 

y'  =  cTy (75) 

The  probability  functions  are: 

y  =  f  (x) 
or, 

2/  =  f(^) 


P 


f  {X')  dx'  =  y'  dx'  =  f(x)dx=l        yd  a;.(76) 

Values  of  j/  and  of  p  or  (1  —  p)  for  a  normal  or  Gaussian  distribution  have  been 
given,*  or  they  may  be  computed,  as  shown  by  the  author.  For  other  than 
a  normal  distribution,  they  may  be  computed  by  the  methods  of  Pearson  or 
Charlier. 

To  obtain  data  having  a  high  degree  of  reliability  for  such  variables  as 
the  strength  of  materials  requires  a  large  number  of  tests.  It  is  most  unfor- 
tunate that  the  required  frequency  distributions  are  not  more  readily  available. 
The  accompanying  data  indicate  that  the  author's  values  of  r  in  Table  10  are 
derived  from  too  limited  a  number  of  tests  on  columns  too  closely  similar,  and 
show  a  reliability  somewhat  greater  than  can  be  depended  on  in  practical 
work.  The  accompanying  tables  present  in  probability  form  the  following 
data: 

•  Pearson's  "Tables  for  Statisticians  and  Biometricians" ;  Fisher's  "The  Mathematical 
Theory  of  Probabilities"  ;  and  elsewhere. 
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Table  18  gives  76  tests  on  the  ultimate  strength  of  structural  steel  in 

tension. 
Table  19  gives  76  tests  on  the  useful  limit  point  of  structural  steel  in 

tension. 
Table   20   gives   249   tests   on    the   ultimate   strength   of   structural   steel 

columns. 
Table   21   gives   183   tests   on  the  useful   limit  point  of  structural   steel 

columns. 

Table  22  gives  27  tests  on  the  useful  limit  point  of  structural  steel  col- 

l 
umns,  all  lisrht  sections  with  a  ratio.  — ,  of  Ho,  forming  a  more  homo- 

r 

geneous  series. 
Table  23  gives  73  tests  on  1  :  6  concrete  of  different  materials  at  an  age  of 
28  days. 


TABLE  18. — Frequency  Distribution  of  the  Ultimate  Strength  tn  Tension 
OF  76  Samples  of  Structural  Steel.* 


Ultimate  strength, 
in  pounds  per 
square  incn. 

Number  of 
samples. 

X. 

Nx. 

Nx'i. 

Nxa. 

53  000-54  000 

2 

—4 

-  8 

32 

-188 

54  000-55  000 

2 

-3 

—  6 

18 

—  54 

55  000-56  000 

6 

-2 

-12 

24 

-  48 

56  000-57  000 

19 

-1 

—19 

19 

—  19 

57  000-58  000 

11 

0 

0 

0 

0 

58  000-59  000 

n 

1 

11 

11 

11 

•     59  00(1-60  000 

r, 

2 

10 

20 

40 

60  000-61  000 

6 

3 

18 

54 

162 

61  000-62  000 

7 

4 

28 

112 

448 

62  000-63  000 

2 

5 

10 

50 

250 

63  000-64  000 

2 

6 

12 

72 

432 

64  000-65  000 

2 

7 

14 

98 

686 

65  000-66  000 

1 

8 

8 

64 

512 

76 

66 

574 

2  293 

*  Transactions,  Am.  Soc.  C.   B.,  Vol.   LXXXIII    (1919-20),  p.   1613. 
/n     =  m    —  m  "  =  6.7985 

a  =  y/i^  =  2.6074 
Mean  =  57  500  -|-  868  =  58  368 
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76 

66 


76 

574 
76 

2292 


=     1.0000 
=     0.8684 


i  . 5526 


Mg  =  nig  —  3  »ij  wi 

2.6074 


C„  = 


Mo% 


58.368 
=  0.5522 


ijijS  =  9.8260 
=  0.04484 


m,B 


=  0.5154 


The  equation. 


=  —  0.0859 


y'  =  <i>  (.T')  =  ^^  (X')  -  0.0859  </.g  {X') 
where  i}>    (.(•')  is  the  Gaussian  value  of  y'  and  <i>    (x')  is  its  third  derivative. 
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TABLE  19. — Frequency  Distribution  of  the  Useful  Limit  Point  in  Tension 

OF  76  Samples  of  Structural  Steel.* 


Useful  limit  point, 
in  pounds  per 
square  inch. 

Number 

of 
samples. 

Useful  limit  point, 

in  pounds  per 

square  inch. 

Number 

of 
samples. 

Useful  limit  point, 
in  pounds  per 
square  inch. 

Number 

of 
samples. 

17  000-18  000 

18  000-19  000 

19  000-20  000 

20  000-21  000 

21  000-22  000 

22  000-23  000 

23  000-24  000 

24  000-25  000 

1 
2 
0 
1 
1 
0 
6 
1 

25  000-26  000 

26  000-27  000 

27  000-28  000 

28  000-29  000 

29  000-30  000 

30  000-81  000 

31  000-32  000 

32  000-33  000 

3 
4 
5 
4 

4 
5 
6 
6 

33  000-34  000 

34  000-35  000 
3fi  000-36  000 
86  000-37  000 

37  000-88  000 

38  000-39  000 

39  000-40  000 

40  000-41  000 

12 
1 

4 
3 

4 
1 
1 
1 

•  Transactions,  Am.  See.  C.  E.,  Vol.  LXXXIII   (1919-20),  p.  1613. 
Mean  =  30  300;  standard  deviation,  <r  =  5  018;  Cv  =  0.1655. 


TABLE  20. — Frequency  Distribution  of  the  Ultimate  Strength  of  249 
Structural  Steel  Columns.* 


Ultimate  strength, 
in  pounds  per 
square  inch. 

Number 
of  samples. 

Ultimate  strength, 

in  pounds  per 

square  inch. 

Number 
of  samples. 

Ultimate  streugth, 

in  pounds  per 

square  inch. 

Number 
of  samples. 

21  000-22  000 

22  000-23  000 

23  000-24  000 

24  000-25  000 

25  000-26  000 

26  000-27  000 

27  000-28  000 

28  000-29  000 

3 
3 
8 
9 
13 
13 
16 
31 
14 

30  000-31  000 

31  000-S2  000 

32  000-33  000 

33  000-34  000 

34  000-35  000 

35  000-36  000 

36  000-37  000 

37  000-38  000 

38  000-39  000 

25 
24 
27 
18 
12 
6 
10 

ii 

39  000-40  000 

40  000-41  000 

41  000-42  000 

42  000-43  000 

43  000-44  000 

44  000-45  000 

45  000-46  000 

2 
3 

1 

29  000-30  000 

Total 

249 

*  Transactions,  Am.   Soc.  C.  E.,  Vol.  LXXXIII   (1919-20),  p.  1613. 
Mean  =  30  607;  standard  deviation,  o-  =  4  396;  C„  =  0.1436. 


TABLE  21. — Frequency  Distribution  of  the  Useful  Limit  Point  of  183 
Structural  Steel  Columns.* 


Useful  limit  point, 
in  pounds  per 
square  inch. 

Number 
of  samples. 

Useful  limit  point, 

in  pounds  per 

square  inch. 

Number 
of  samples. 

Useful  limit  point, 
in  pounds  per 
square  inch. 

Number 
of  samples. 

18  000-19  000 

19  000-20  000 

20  000-21  000 

21  000-22  000 

22  000-23  000 

23  000-24  000 

1 

4 
3 
8 
9 
17 

24  000-25  000 

25  000-26  000 

26  000-27  000 

27  000-28  000 

28  000-29  000 

29  000-30  000 

20 
19 

27 
13 
15 
12 

30  000-31  000 

31  000-32  000 

32  000-33  000 

33  000-34  000 

34  000-35  000 

35  000-36  000 

15 
8 
5 
3 
3 
1 

Total 

183 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXIII   (1919-20),  p.  1613. 
Mean  =  26  576;  standard  deviation,  <t  -  'i  452;  C„'=  0.1299. 
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TABLE  22. — Frequency  Distuibution  of  the  Useful  Limit  Points  of  27 

I 
Structural  Steel  Columns,  All  Light  Sections,  —  =  85.* 

r 


Useful  limit  point, 
in  pounds  per 
square  inch. 

Number 
of  samples. 

Useful  limit  point, 
in  pounds  per 
square  inch. 

Number 
of  samples. 

Useful  limit  point, 
in  pounds  per 
square  inch. 

Number 
of  samples. 

23  000-24  000 

24  000-25  000 

25  000-26  000 
36  000-27  000 

1 

1       ! 

4 

27  000-28  000 

28  000-29  000 

29  000-30  000 

30  000-31  000 

8 
4 
3 
4 

31  000-32  000 

32  000-33  000 

33  000-84  000 

34  000-35  000 

4 
2 

i 

Total 

1 

27 

t 

»  Transactions,  Am.  See.  C.  E.,  Vol.  LXXXIII   (1919-20).  p.  1613. 
Mean  -  28  952 ;  standard  deviation,  (t  =  2  478 ;  Cv  =  0.0854. 


TABLE  23. — Frequency  Distribution  of  the  Compressive  Strength,  at  28 

Days,  of  Y3  Samples  of  1 :  6  Concrete  of  Various  Materials, 

FROM  Various  Sources,  not  Including  the  Author's  Data. 


strength,  in  pounds 
per  square  inch. 

Number  of 
samples. 

Stren^h,  in  pounds 
per  square  inch. 

Number  of 
samples. 

Strength,  in  pounds 
per  square  inch. 

Number  of 
samples. 

600-700 

1  666-i"ioo 

1 
3 

i 

2 
2 

1 
4 

1  800-1  900 

1  900-2  000 

2  CK»-2  100 
2  100-2  200 
2  200-2  300 
2  300-2  400 
2  400-2  500 
2  500-2  600 
2  600-2  700 

3 

4 

2 

5 
11 
7 
5 
5 

2  700-2  800 
2  800-2  900 

2  900-3  000 

3  000-3  100 
3  100-3  200 
3  200-3  800 
3  300-3  400 

s't-ocCs'soo 

2 
1 
4 
1 

1  300-1  400 
1  400-1  500 
1  500-1  600 
1  600-1  700 
1  700-1  800 

1 

i 
i 

Total 

73 

Mean  -  2  286  ;  standard  deviation,  <r  =  547  ;  Cv  =  0.2446  ;  C^  =  —  0  300. 

TABLE  24. — Frequency  Distribution  of  the  Compressive  Strength,  at  28 

Days  of  45  Samples  of  1  :  9  Concrete  of  Various  Materials, 

FROM  Various  Sources. 


strength,  in  pounds 
per  square  inch. 

Number  of 
samples. 

strength,  in  pounds 
per  square  inch. 

Number  of 
samples. 

Strength,  in  pounds 
per  square  inch. 

Number  of 
Ramples. 

400-    500 

700-    800 

800-    900 

1  000-1  100 

1  ion-1  200 

1  200-1  300 
1  300-1  400 

1 
2 

1 
3 
3 
1 
3 

1  400-1  500 
1  500-1  600 
1  600-1  700 
1  700-1  800 
1  800-1  900 

1  900-3  000 

2  000-2  100 

1 
2 
3 
2 
3 
8 
3 

2  100-2  2C0 
2  200-2  300 
2  300-2  400 
Z  4fl0-2  500 
2  500-2  600 
2  800-2  900 

4 
4 
3 
1 

I 
1 

Total 

15 

Mean  —  1  728 ;  stan  dard  deviation,  a  —  546  ;  C'l,  =  0.316 ;  Cg 


0.324. 


i 
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TABLE  25. — Frequency  Distribution  of  the  Compressive  Strength  of  108 

Test  Cylinders  of  Concrete  given  by  the  Author,  Omitting 

Those  with  a  Strength  of  More  Than  4  000  Lb.  per 

Sq.  In.,  Which  Appear  to  Belong  to  Concrete 

OF  AN  Entirely  Different  Class. 


strength,  in  pounds 
per  square  inch. 

Number  of 
samples. 

Strength,  in  pounds 
per  square  inch. 

Number  of 
samples. 

Strength,  in  pounds 
per  square  inch. 

Number  of 
samples. 

eoo-  700 

700-    800 
800-    900 
900-1  000 
1  000-1  100 
1  100-1  200 
1  200-1  300 
1  300-1  400 
1  400-1  500 
1  500-1  600 
1  COO  1  700 

"4 
2 
4 
6 
4 
3 
9 

1  800-1  900 

1  900-2  000 

2  000-2  100 
2  100-2  200 
2  200-2  300 
2  800-2  400 
2  400-2  500 
2  500-2  600 
2  600-2  700 
2  700-2  800 
2  800-2  900 
2  900-3  000 

7 
5 
8 
10 
5 
5 
3 
4 
5 
4 
6 

3  000-3  100 
3  100-3  200 
3  200-3  800 
3  300-3  400 
3  400-3  500 
3  500-8  600 
3  600-8  700 
3  700-3  800 
3  800-3  900 
3  900-4  000 

3 

1 

2 

1 

.... 

"2' 
.... 

1  700-1  800 

Total 

108 

Mean  =  2  031  ;  standard  deviation,  o-  =  650 ;  Cv  =  0.320  ;  Cg  -  +  0.386. 

TABLE  26. — Frequency  Distribution  of  the  Strength  of  116   Concrete 

Samples  given  by  the  Author.     Arranged  as  Percentages  of  the 

Mean,  for  Each  Group  of  Tests,  to  Obtain  the  Eeliability 

to  be  Expected  in  a  Homogeneous  Series. 


Percentage  of 
variation. 

Number  of 
samples. 

Percentage  of 
variation. 

Number  of 
samples. 

Percentage  of 
variation. 

Number  of 
samples. 

-35.2 

—31.8 

-29.4 

-27.7 

—20.4 
—16  to  —18 
—14  to —16 
—13  to  —14 
—10  to  —12 

1 
1 
2 
1 
1 
1 
3 
2 
1 
8 

—  6  to  —  8 

—  4  to  —  6 

—  2  to  —  4 
Oto  —  2 
Oto       2 
2  to        4 
4  to        6 
6  to       8 
8  to      10 

10  to      12 

6 

10 

12 

12 

11 

9 

9 

3 

7 

3 

12  to  14 
14  to  16 
16  to  18 
20.4 
29.4 
37.2 
41.6 
45.0 

3 

a 

8 
1 

1 
1 
1 
1 

—  8  to  —10 

Total 

116 

Mean  -  0  ;  standard  deviation,  <t  =  12.26%  ;  C„  -  0.1226 ;  Cj  =  -|-  0.380. 

Table  24  gives  45  tests  on  1 :  9  concrete  of  different  materials  at  an  age  of 
28  days. 

Table  25  gives  108  tests  on  tlie  strength  of  concrete  test  cylinders  from 

the  author's  data. 
Table  26  gives  116  tests  on  the  strength  of  concrete,  from  the  author's 

data. 

For  each  series,  the  frequency  distribution  is  given  in  tabular  form,  and 
the  computation  of  a,  C^„  C g,  and  the  equation  of  a  skew  curve  (after  Fisher) 
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is  shown  in  detail  for  Series  1  (Table  18).  Series  1  and  4  are  shown  graph- 
ically in  Figs.  14  and  15.  Fig.  14  is  a  markedly  skew  distribution,  and  Fig. 
15  is  normal  or  Gaussian.  There  is  as  yet  no  decisive  evidence  for  using  other 
than  the  normal  form  for  the  frequency  curves  of  concrete  or  for  the  useful 
limit  point  of  stool.  The  skewness  in  the  ultimate  strength  of  steel  in 
tension  is  probably  due  to  the  selective  effect  of  laboratory  control  of  manu- 
facture, which  eliminates  the  unusually  low  specimens.  The  absence  of  such 
a  skewness,  in  the  tests  for  the  useful  limit  point,  indicates  that  in  making 
steel  too  great  emphasis  is  placed  on  the  ultimate  strength  of  the  product, 
and  not  enough  on  the  more  important  elastic  limit.  A  comparison  of  the 
data  from  these  series  of  tests  with  those  of  the  author  is  given  in  Table  27. 

TABLE  27. — Comparison  of  the  Frequency  Data  on  Strength  of  Materials. 


Item 
No. 


Material. 


Steel— Ultimate  strength  in  tension.  ( See  Table  18. ) 
Steel— Useful  limit  point  in  tension.  (See  Table  19.) 
Steel  columns— Ultimate  strength.  (See  Table  20. » 
Sieel  columns— Useful  limit  point.  (See  Table  21.) 
Steel  columns,  homogeneous  series— Useful  limit 

point.    (SeeTttble22.) 

1.6  concrete,  28-day  strength,  of  samples  of  various 

materials.    (See  Table  23.) 

1:6  concrete,  2S  day  strength,  of  the  same  samples 

as  above,  reduced  to  a  homogeneous  series  by 

computing  standard  deviation  about  the  means 

of  each  set  of  tests 

1:9  concrete,  28-day  strength,  of  samples  of  various 

materials.     ( See  Table  21. ) 

C  o  n  c  r  e  t  e— N  o  n  -  h  o  m  ogeneous  series  from  the 

author's  paper.    (See  Table  25. ) 

Concrete— Homogeneous  series  derived  from  above 

(See  Table  26.) 

Structural-steel  columns.    (See  Table  10.) 

von  Emperger  type  columns.     (See  Table  10.) 

Structural   steel    and    concrete    columns.      ( See 

Table  10.) 

Concrete  column   rod   reinforcement.       See 

Table  10.) 

Concrete    column     spiral     reinforcement.      (See 

Table  10.) 

Concrete   column  rods  and  spiral  reinforcement 

(See  Table  10.) 

Concrete  column  unreinforced.  (See  Table  10.) . . . 
Cast  iron 


Mean. 


58  368 
30  300 
30  607 
26  576 

28  952 


Coefficient  of 

variation, 

Cv. 


0.04484 
0.1655 
0.1436 
0.1299 

0.08.54 

0.2446 


2  236 

0.1.H63 

1  728 

0.316 

2  031 

0.320 

2  031 

0.1226 
O.O.S04 
0.0350 

0.0638 

0.0831 

0.0834 

70'666 

0.1036 
0.0865 
0.1780 

Coefficient 
of  skew, 

Vs. 


-t-0.5522 


—0.324 
-f  0.386 
-f  0.380 


It  is  to  be  hoped  that  engineers  connected  with  testing  laboratories  will 
be  able  to  add  more  complete  and  conclusive  data. 

The  difference  in  reliability  between  concrete  specified  by  proportions  only, 
and  that  controlled  by  test,  is  well  exemplified  in  Table  27.  It  would  appear 
to  be  consistent  to  use  this  difference  in  probability  or  reliability  coefficients 
in  computing  the  allowable  working  stress  for  the  two  classes,  rather  than  the 
arbitrary  factor,  0.6,  proposed  by  the  author. 

Having  determined  the  probability  coefficients  for  the  material  under  con- 
sideration, from  the  best  data  available,  it  remains  to  use  these  factors  in 
a  logical  derivation  of  the  factor  of  safety.  After  applying  a  factor  of  0.50 
(for  concrete)  to  cover  the  effect  of  fatigue,  the  author  arbitrarily  chooses  a 
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stress  which  will  make  the  probability  of  failure  0.0000001.     It  is  difficult  to 
justify  such  a  choice  of  the  proper  stress  without  analysis. 

It  is  evident  that  the  choice  of  the  proper  \init  stress  is  an  economic  one. 
If  it  cost  nothing  to  assume  a  low  stress  there  would  be  justification  In  pro- 
viding structures  that  would  not  fail  once  in  a  hundred  million  or  in  a  hun- 
dred billion  times,  rather  than  in  the  ten  million  assumed  by  the  author.  This 
is  not  the  case,  however,  and  frequently  his  factor  will  be  unjustifiably 
conservative. 

The  computation  of  the  proper  stress  for  the  simple  case  where  the  load 
can  be  estimated  definitely  with  negligible  variation,  and  where  the  additional 
dead  load  stress  caused  by  a  decreased  unit  stress  may  be  neglected,  is  as 
follows : 
Let, 

S'  =  the  mean  unit  strength  of  the  material  at  the  point  where  struc- 
ture   failure    takes    place.      The   author   points   out   that   this 
should  be  50%  of  the  ultimate  strength  in  the  case  of  concrete. 
C  =  the  part  of  the  cost  of  the  structure  which  varies  with  the  unit 

stress  adopted. 
S  =  the  unit  stress. 

C  =  — — ,  where  ^  is  a  constant (77) 

o 

p  =  the  probability  of  failure. 
D  =  the  value  of  the  damage  or  loss  in  case  of  failure. 

The  probable  loss  from  failure  is  D  p.  This  may  be  considered  as  the 
cost  of  insurance  against  failure,  a  premium  which  will  compensate  adequately 
for  the  risk  of  loss  and  damage. 

K 

The  total  cost  of  the  structure  is  K'   -\-   C  —  K'   4-   — — ,  in  wliich  K'   is  a 

constant. 

For  maximum  economy, 

K'  -}-  — ;r  +  -O  P  must  be  a  minimum (78) 

From  Equation  (63),  8  =  8'-\-x, 

K'  + -\-  D  p  must  be  a  minimum (79) 

Placing  the  first  derivative  of  Equation  (79)  at  zero: 

(o    +  X)  a  X 

But,  from  Equation  (76),  y- 2>  =  y, 

,  "  ^'    2  +  Dy  ^  0 : (81) 

(b     +  X) 

Substituting  from  Equation  (77),  and  re-arranging, 

^   =  ^.... (82) 
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which  may  be  solved  for  S  if  —  and  the  eciuation  of  //  =f  (x)  are  known.       — 

■^  O 

is  the  ratio  of  the  value  of  the  total  loss  in  case  of  failure  to  the  part  of  the 

cost  of  the  structure  which  is  dependent  on  the  unit  stress  adopted. 

For  the  case  when  the  dead  load  stress  is  not  negligible,  with  notation  as 
before : 

Let, 

L  =  the  total  live  load;  and 

M 

-5-   =  the  total  dead  load,  wliere  M  is  a.  constant. 

o 

The  total  cost  of  the  structure : 

K    /^  M\  ^^  K  L         K  M 

As  before, 

d    I   KL               KM                   \ 
cf^ls^T^  +  (SM^'+  *P)  =  » -(8*) 

—  KL  2  K M 

WT^' -  W+^' + '"' -  ' • <*'' 

K  /^  M\         KM 

C        KM 

^■"  =  5+^5- <8^) 

D            1            KM 
'G    =S~y  +  CS^ ^^^^ 

For  this  case,  S  is  always  larger  than  with  Equation  (82). 

As  an  example  of  the  application  of  Equation  (82),  take  a  concrete  for 
which  tests  are  available  showing  an  average  ultimate  strength  of  2  500  lb. 
per  sq.  in.,  with  a  (7„  of  12.5  per  cent.  Using  the  author's  factor  of  0.50  for 
repeated  loads,  8^  —  1  250  lb.  per  sq.  in.,  and  a  =  156  lb.  per  sq.  in.  The  com- 
putation is  given  in  Table  28. 


D 
TABLE  28. — Computation  of  -—  for  S' 

0 


1  250,  d 


156. 


-s, 

X 

x' 

J/'- 

y 

^ 

stress,  in 

, 

c 

pounds  per 

=  S  -  1  250 

from  probability 

1 

square  inch. 

1.56 

tables. 

156 

Sy 

300 

—950 

-6.09 

0.010000004 

0.000000000026 

128  000  000 

400 

-850      • 

—5.45 

0.0000001416 

0.O0O00O0OD9O7 

2  760  000 

500 

—750 

—4.81 

0.000003776 

0.0000000242 

82  700 

600 

—650 

—4.17 

0.0000668 

0.000000428 

3  900 

700 

—550 

—3.53 

0.0007853 

0.00000503 

284 

800 

—450 

-2.88 

0.006307 

0.0000404 

30.95 

900 

—350 

—2.24 

0.03246 

0.000208 

5.34 

1  000 

—250 

—1.60 

0.1109 

0.000706 

1.416 
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The    usual  range  of  —   is  from  10  to  10  000,  giving  Avorking  stresses  from 

865  to  565  lb.  per  sq.  in.  The  author's  factor  of  p  =  0.0000001  gives  yf  = 
6.20,  a  working  stress  of  440  lb.  per  sq.  in.,  and  implies  for  this  case  a  value 

of  —  of  670  000. 

The  values  of  S  are  plotted  as  abscissas  and   those  of  — -  as  ordinates  in 

G 

the  upper  curve  of  Fig.  16. 

A  similar  computation  for  a  1 :  6  concrete,  specified  by  proportions  only, 

with  the  data  of  Item  7,  Table  27,  gives  the  lower  curve  in  Fig.  16.     The 

markedly  lower  stresses  permissible  for  this  case  are  a  striking  argument  for 

adequate   laboratory   control.     Thus,  for  a   —   of  1  000,  the   allowable   stress 

G 

is  only  30.3 70   of  that  for  the  tested  concrete,  and  for  a   —  of  10,  only  64.2 

G 

per  cent.    It  is  to  be  noted  that  the  manner  in  which  the  tests  were  compiled, 

from  a  wide  variety  of  sources,  gives  a  greater  degree  of  heterogeneity — and 

hence  of  dispersion  or  unreliability — than  will  normally  need  to  be  provided 

against  in  practice,  even  without  laboratory  control.     The  writer  believes  that, 

until  additional  evidence  is  forthcoming,  a  coefficient  of  variation  of  18%  is 

a   reasonable   estimate   for   commercial   concrete   without  laboratory   control. 

The  curve  for  such  a  concrete,  with  an  ultimate  strength  of  2  500  lb.  per  sq. 

in.,  and  a  time  load  or  repeated  load  factor  of  50%,  is  shown  by  the  middle 

curve  in  Fig.  16. 

The  proper  value  of    77,  in  theory,  should  be    determined    for   each   indi- 
G 

vidual  case  of  design.  It  is  absurd  to  assume  that  the  same  working  stress 
is  economical,  and  should  be  used,  in  the  design  of  an  isolated  water  tank, 
where  the  only  damage  in  case  of  failure  would  be  the  loss  of  the  structure, 

D 

with  a  — -  of  from  2  to  5,  and  in  the  design   of  a  metropolitan  bridge  carry- 
G 

ing  heavy  traffic  at  all  times,  where  failure  would  entail  a  heavy  loss  of  life 
and  very  expensive  dislocation  of  traffic. 

It  is  suggested  that,  for  an  average  building  or  bridge,  —  be  taken  at  about 

G 

1  000  ;  for  storage  warehouses  not  intended  for  human  occupation,  -—-should 

G 

be  taken  at  about  100;  for  bins  and  tanks  holding  cheap  materials,  for  elec- 
tric poles,  etc.,  —  should  be  taken  at  about  10  ;  and  for  fence  posts  and  similar 
G 

D 
work,  —   should   be    taken   at   about   2.      In   any   important   case    of   design, 

B 

—  should  be  estimated  carefully  for  the  special  conditions  which  govern.     This 
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makes  it  possible  to  choose  a  proper  unit  stress  for  design,  whicli  may  then  be 

modified  by  the  factors  for  —  and  the  type  and  quantity  of  reinforcement  sug- 
•^  r 

gested  by  the  autlior. 
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Fig.   16. 


The  author  is  to  be  congratulated  on  his  recognition,  and  thanked  for  his 
presentation,  of  the  possibilities  of  a  statistical  study  of  the  reliability  of 
materials,  and  for  the  application  of  probability  mathematics  to  this  important 
subject.  The  methods  of  probability  furnish  a  definite,  sound,  and  logical 
basis  for  the  choice  of  unit  stresses  in  design,  and  should  be  used  widely  and 
carefully.  The  great  need  is  for  more  adequate  data  on  the  frequency  dis- 
tributions of  strength  for  the  various  materials  of  construction.  The  routine 
of  recording  tests  should  be  arranged  with  this  necessity  clearly  in  mind.  No 
amomit  of  committee  work,  or  averaging  of  the  empirical  guesses  of  different 
men,  can  produce  results  as  trustworthy  as  those  which  may  be  obtained  by  a 
small  increase  in  the  numbers  of  test  samples,  and  analysis  by  the  probability 
method  outlined. 

The  writer  believes  that  the  two  concepts  of  engineering  design,  as  being 
primarily  an  economic  problem,  and  as  dealing  with  variable  elements  for 
which  definite  and  fixed  predictions  cannot  be  made,  but  for  which  a  close 
estimate  of  probabilities  can  be  formed,  are  fundamental.  Advance  in  the 
theory  and  in  the  practical  details  of  engineering  design  can  only  take  place 
if  these  fundamental  concepts  are  deeply  ingrained  in  all  processes  of  thought, 
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kept   clearly   in   mind,   and   applied   consistently   in   tlic  technical   details   of 
computations. 

L.  J.  Menscii,*  M.  Am.  8oc.  C.  E.  (by  letter). — The  author  is  to  be  con- 
gratulated on  the  clear  and  forceful  manner  in  which  he  has  presented  his 
subject  in  Section  I;  he  established,  as  his  foundation,  tests  made  on  concrete 
columns  in  the  United  States,  and  succeeded  in  developing,  for  the  strength 
of  such  columns,  empirical  formulas  more  convenient  and  more  accurate 
than  the  rules  given  generally  in  building  codes  or  in  the  recommendations 
of  the  Joint  Committee  on  Concrete  and  Reinforced  Concrete. 

The  subject,  however,  needs  much  more  consideration  than  the  author 
has  given  it.  He  has  neglected  a  great  many  tests  made  in  America  and 
the  fundamental  tests  made  by  European  authorities,  namely,  about  60 
columns  tests  by  Considere  and  the  French  Committee;!  170  tests  by  the 
Austrian  Committee ;:{:  a  very  large  number  of  tests  by  Professors  Y.  Bach,§ 
M.  Rudeloff,||  Morsch,T[  etc. 

As  these  tests  are  not  well  known  in  America,  the  writer  presents  some 
of  them  in  Tables  29  and  30.  A  study  of  these  tests  would  enable  the  author 
to  correct  and  supplement  many  of  his  statements.  For  example,  for  spirally 
reinforced  concrete  columns,  the  author  has  stated  the  following  three  im- 
portant principles: 

(1)  The  vertical  reinforcement  is  stressed  higher  in  a  spirally  rein- 
forced concrete  column  than  in  an  ordinary  concrete  column;  a 
known  fact,  which  has  been  stated  by  very  few  writers,  but  which 
is  recognized  in  a  ruling  of  the  Chicago  Building  Department; 

(2)  The  effect  of  the  spiral  reinforcement  is  proportional  to  the  strength 
of  the  plain  concrete  in  the  core; 

(3)  The  effect  of  the  spiral  reinforcement  is  independent  of  the  elastic 
limit  of  the  material  of  the  spiral,  as  long  as  the  limit  of  the  latter 
is  greater  than  36  000  lb.  per  sq.  in. 

All  who  are  familiar  with  the  history  of  reinforced  concrete,  know  that 
Considere,  the  inventor  of  the  spirally  reinforced  concrete  column,  derived 
the  idea  of  the  spiral  reinforcement  from  the  behavior  of  sand  in  sand-boxes. 
Although  sand  has  no  compressive  stress  in  an  unconfined  state,  it  has  gi-eat 
supporting  power  if  confined  laterally,  and,  from  the  theory  of  pressure  in 
gi'anular  materials,  he  derived  the  theorem  that  the  relation  of  vertical  to 
lateral  pressure  equals  2.4.  Later  researches  on  this  relation  for  sand  have 
shown  that  it  is  even  greater  than  3.  Considere  maintained  that  for  concrete 
this  relation  should  not  be  less  than  that  for  i>lain  sand,  and  assumed  that 
the  spiral  reinforcement  has  to  carry  only  -^  times  the  increase  of  the 
strength  of  the  core  due  to  the  spiral,  a  view  adopted  in  many  building  codes. 

*  Gen.  Contr.,  Chicago,  111. 
t  Commission  du  Beton  Arme,  Paris,  1907. 

t  Mitteilungen  iiber  Versuche  ausgefuhrt  vom  Eisenbeton-Ausschuss  de  Oesterreichischen 
Ingenieur   und   Architekten-Vereiiis,    Heft    3,    1912. 

§  Zeitschrift  des  Vereines  deutcher  Ingenieure,  1915,  p.  898. 
II  Deutsoher  Ausschuss  fiir  Eisenheton,  Heft  5,  21,  28. 
H  Der  Eisenbeton  Bau,  Band  I,  1920. 
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TABLE  29.— Tests  of 


No.  of 
test. 


Length, 
in  feet. 


Core  diam- 
eter, in 
inches. 


Area,  in 
square 
inches. 


Vbrtical  Stkel. 


Oi3 

o)  a 


fe  *  " 

•Sua 


Spiral  Reinforceurnt. 


"■'  S  « 
o  E-? 


Tests  by  the 


1 

6.56 

7.16  sq. 

51.2 

1      Plain  concrete  without 

!     No  spiral  reinforce- 

la 

•' 

" 

(      vertical  r( 

M'nforcement. 

2 

2o 

3 

3a 

4 

" 

" 

■' 

8 

0.59 

2.19 

4 

26 

1            menc  used. 

" 

7.25  round 

41.2 

6 

0.394 

0.73 

1 

42 

0.236 

0.394 

4.92 

'• 

c> 

.. 

ii 

I. 

i 

.. 

0.55 

3.4C 

4a 

" 

" 

" 

' 

" 

" 

" 

5 

'^ 

" 

" 

0.315 

0.985 

3.46 

5a 

" 

" 

'I 

>' 

' 

" 

" 

" 

6 
6a 

7. 

7a 

8 

8a 

9 

8.20 

6 

0.355 

0.592 

1 

15 

0.236 

0.748 

2.58 

8.50 

" 

6 

0.314 

0.469 

0 

91 

" 

0.943 

2.05 

9.81 

" 

6 

0.276 

0.358 

0 

69 

" 

1.18 

1.64 

13.1 

7.16  sq. 

51.2 

(       Plain  concrete  without 

1 

9o 

" 

" 

\      vertical  reinforcement. 

1  No  spiral  reinforcement 
(                  used. 

10 

'• 

"■ 

8 

0.355 

0.79 

1.53 

10  a 

" 

'■• 

>' 

•' 

" 

•' 

j 

11 

7.25  rd. 

41.2 

6 

0.314 

0.467 

0  91 

0.236 

1.77 

1.09 

11  a 

•' 

" 

" 

'• 

" 

•' 

" 

•' 

13 

" 

" 

" 

" 

>' 

" 

0.196 

1.18 

1.13 

12  a 

" 

" 

>* 

" 

" 

•'■ 

" 

" 

" 

13 

5.5  rd. 

23.8  1 
11       r 

f   0.236 

1.18 

2.7 

14 
15 

.! 

No  vertical  steel. 

1    0.1.57 
]    0.236 

0.59 
1.07 

2.52 
3.0 

16 

29.4  sq. 

J 

1       No  spiral  used. 

Tests  b? 


17 

18 
19 
20 
21 
22 
23 
24 
25 
26 


1.67 


95.0 


0.395 


1.00 


0.315 


1.97 

1.57 

1.26 

0.95 

0.63 

10.315 

I  1.26 

0.95 

I  0.63 

(.0.315 


1.45 

1.82 

2.25 

3.05 

4.45 

9.10 

2.1 

2.65 

4.15 

8.10 


Tests  by  Professor 


73     J 

74  y 

4.25 

10.75 

88.5 

8 

0.552 

1.925 

2.25 

0.286 

1.18 

2.06 

75     1 

76     1 

77    y 

" 

•1 

" 

'• 

" 

" 

" 

»• 

" 

" 

78     ) 

79 

" 

" 

" 
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Total  Load  at 
Failure. 

Load  carried 
by  concrete. 

Ultimate 
strength,  in 
pounds  per 
square  inch, 
correspond- 
ing to  that 
obtained  in 
plain  con- 
crete. 

Increase  of  Load. 

o 

II 

H 

n 

o  n 
t-  g  o 

■SIS 

&»:' 

•u  •/  * 

1)  s 

» 

0.2 

-4^ 

■a  ^ 
a  0) 

o  rt 

0   M 

1 

h 

S 

a 

"5  3 

a  g 

Q53 

Per  square  inch 
of  core  area,  due 
to  spiral  rein- 
forcement. 

i) 
a 
c 
o 

o 

9) 

be 

< 

French  Committee. 


176.4 

3  450 

176  400 

0 

3  450 

5  months 

134.5 

2  620 

134  500 

0 

2  620 

238 

4  600 

176  400 

61  600 

3  450 

210 

4  040 

134  500 

69  500 

2  620 

375 

9  100 

142  000 

25  600 

207  400 

5  050 

1  025 

30 

3  450 

845 

8  860 

108  000 

" 

211  600 

5  400 

1  100 

42 

2  620 

363 

8  780 

142  000 

" 

195  4U0 

4  740 

1  360 

39 

3  450 

335 

8  120 

108  000 

" 

201  600 

4  900 

1  400 

53 

2  620 

315 

7  680 

142  000 

" 

147  400 

3  580 

1  035 

30 

3  4.i0 

325 

7  830 

108  000 

" 

192  600 

4  660 

1  345 

52 

2  620 

325 

7  830 

142  000 

20  700 

162  300 

3  930 

1  520 

44 

3  450 

300 

7  300 

108  000 

" 

172  300 

4  180 

1  620 

61 

2  620 

281 

6  800 

142  000 

16  400 

122  600 

2  970 

1  450 

43 

3  4.50 

247 

6  000 

108  000 

'• 

122  600 

2  970 

1  450 

56 

2  620 

220 

5  340 

142  000 

12  500 

65  500 

1  580 

965 

28 

3  450 

218 

5  280 

108  000 

97  500 

2  360 

1  440 

55 

2  620 

144.5 

2  820 

144  500 

0 

2  820 

107 

2  160 

107  000 

0 

2  160 

161 

3  140 

144  500 

16  500 

)  or  an  ave 
i        in.  of 

rage  of  32 

750  lb. 

per  sq.  j 
nent        | 

2  820 

156 

3  040 

107  000 

49  000 

vertical  re 

inforcer 

2  160 

224 

5  410 

116  000 

15  300 

92  700 

2  250 

2  060 

73 

2  820 

195 

4  720 

89  000 

" 

90  700 

2  210 

2  030 

94 

2  160 

210 

5  100 

116  000 

" 

78  700 

1  920 

1  700 

60.4 

2  820 

800 

4  850 

89  000 

" 

95  700 

2  330 

2  060 

95 

2  160 

154 

5  800 

6  050 
5  620 
1  180 

28  100 
28  100 
28  100 
34  200 

0 
0 
0 
0 

125  900 

130  900 

119  900 

0 

5  280 

5  490 

5  000 

0 

1  955 

2  030 

1  850 
0 

166 
172 
157 

1  180 
1  180 
1  180 

l.'JO 

148 

34.2 

Professor  Bach. 


M.     RUDKLOFF. 


413 

4  350 

176  000 

48  000 

189  000 

1  990 

1  370 

74 

1  850 

28  days 

452 

4  760 

228  000 

2  400 

1  320 

71 

" 

520 

5  470 

296  000 

3  120 

1  390 

75 

" 

605 

6  370 

" 

381  000 

4  020 

1  375 

74 

" 

770 

8  100 

" 

546  000 

5  750 

1  290 

70 

" 

1  230 

12  940 

1  006  000 

10  520 

1  150 

62 

" 

357 

3  760 

&S  000 

48  000 

226  000 

2  380 

1  135 

130 

875 

403 

4  250 

272  000 

2  860 

1  080 

l:i3 

'• 

578 

6  080 

" 

" 

447  000 

4  700 

1  150 

131 

" 

978 

10  300 

" 

847  000 

8  900 

1  100 

126 

Elastic 
limit  of 
spirals. 


452.5 

5  100 

214  000 

86  000 

152  500 

1  710 

830 

34.5 

2  410 

44  800 

590 

6  660 

" 

- 

290  000 

3  280 

1  590 

65.8 

" 

85  600 

654 

7  400 

206  000 

" 

362  000 

4  090 

1  980 

85.4 

100  000 
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TABLE  30. — Tksts  of  von  EmpehSer  Columns, 
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Tests  by  Austrian  Concrete  Institute  (See  Heft  3 


1° 
III"* 

1 

■J-Y^ 

)f 

stU 

\\A 

9.6 

47.14 

8 

0  197rd. 

0.248 

0.394 
0.276 

1.57 
0.788 

2.37 
2.28 

3.21 
8.1 

8 
9 

5.91 

5.01 

9.86 

6 

0.197  rd. 

0.183 

0.15  rd. 

3.15 

1.03 

I® 

)^ 

8.77 

Tests  by  Professor  Kirch  at  the 


12 

7.88 

7.88 

40.98 

6 

13 

" 

" 

14 

" 

" 

" 

15 

" 

" 

l«t 

'• 

" 

" 

17 

7.88 

7.88 

31.20 

18 

" 

" 

" 

19 

" 

20 

0.197rd. 


0.183   0.15   rd. 


0.78  rd 
0.15  rd. 
0.181  rd. 
0.15    rd. 


3.15 


1.57 
3.15 
3.15 
3.15 


1.37b 


0.61 
1.375 
2.02 
1.375 


2.81 


1.2.-. 
2.81 
4.13 
2.81 


VON  Emperger's  Tests, 


46 
56 
10  6 
66t 
76 
86 


15.75 


14.95 


15.7 


0.394  rd. 

0.97 
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Spiral 
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1.24 

Tests  by  Professor  C.  P.  Gebhard,  is  1918,  at  Armodr  Institute 
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0 

8 

S: 

i^\ 

f 

[7V2 

7 

0       ( 
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0.39] 

Cast 

No.  12 

0.39 

0.39 

iron 

only. 

0.39 

No.  12 

j,.o 


1.0 


•  Column  ends  of  Nos.  11°  and  111°  enlarged  to  16  in. 

tTliis  column  had  t«o  joints  at  quaner-poiuts  in  cast-iron  column,  and  was  tested  with  an 

t  Cinder  concrete. 
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IN  1911,  1912,  AND  1916,  1:2:4  Concrete. 
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(1911),  Publication  op  that  Institute.) 


5.67 

0.375 

6.24 

■i3!2' 

120 

307  000 
706  000 
765  000 

307  000 
373  000 
387  000 

49  200 
59  700 
62  000 

7  000 

8  000 

3S0  000 
378  000 

li 

4.73 

0.2165 

3.12 

31.6 

35.6 
53.2 

392  000 
356  000 

8  000 
7  000 

79  000 
69  000 

313  OCO 

287  000 

100  000 
93  000 

247  000 
269  000 

Polytechnic  School,  Vienna,  1912. 


3.15 

0.3465 

3.06 

6.25 

35.5 
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In  the  case  of  sand  or  very  poor  concrete,  confined  inside  spiral  reinforce- 
ment, the  author's  coefficient  h  (Equation  21)  would  become  very  large. 
A  positive  proof,  that  the  effect  of  the  spiral  reinforcement  depends  very 
little  on  the  strcnjarth  of  the  concrete  core  and  is  nearly  constant,  is  given 
by  Professor  Bach's  tests  on  columns  of  concrete  of  two  mixes  of  widely 
different  strength,  namely,  of  1850  and  875  lb.  per  sq.  in.,  as  given  in  Table 
29,  which  tests  cannot  be  contradicted.  The  actual  increase  of  the  strength 
of  the  core  due  to  each  percentage  of  spiral  reinforcement  for  the  richer 
concrete  is  only  about  10%  higher  than  for  the  poorer  concrete,  and  the 
si>eculative  value  of  ^•  varies  from  02  for  the  richer  to  131  for  the  poorer 
concrete.  Tables  29  and  30  show  that  spiral  reinforcement  is  still  very 
effective  for  i)ercentages  of  more  than  2  and  up  to  9. 

Table  29  contains  the  only  tests  known  to  the  writer,  which  were  made 
for  the  purpose  of  ascertaining  the  effect  of  the  elastic  limit  of  the  spiral 
reinforcement.  These  tests  (Nos.  73  to  79)  were  made  on  seven  columns,  all 
having  the  same  mix  of  concrete  (of  an  ultimate  strength  of  approximately 
2  400  lb.  per  sq.  in.)  and  2%  of  spiral  reinforcement  with  an  elastic  limit 
from  44  800  to  100  000  lb.  per  sq.  in.  From  these  tests,  it  is  found  that  the 
increase  in  strength  of  the  core,  for  the  same  percentage  of  spiral  reinforce- 
ment and  the  same  strength  of  concrete,  is  proportional  to  the  elastic  limit 
of  the  hooping.  It  should  be  noted  that,  with  hard  wire,  the  difference  between 
the  elastic  limit  and  the  ultimate  strength  hardly  amounts  to  10  per  cent. 
The  tests  by  Considere  and  the  Austrian  Committee  also  show  that,  for  a 
spiral  reinforcement  of  more  than  1  or  2%,  the  increase  of  strength  due  to  the 
hooping  depends  on  the  pitch  of  the  spiral  which  should  be  very  much  less  than 
is  usually  assumed  in  such  cases.  It  appears  that,  under  high  pressure,  the 
concrete  flows  through  the  spaces  of  the  spiral  hooping  which  probably  acts 
as  though  the  effective  area  of  the  restrained  core  became  smaller  in  diameter. 

In  Table  29  it  should  be  noted  that  the  space,  from  center  to  center  of  hoop- 
ing wire,  is  less  than  1  in.  for  3%  and  less  than  -|  in.  for  5%  of  spiral  hooping. 
When  conclusions  are  drawn  from  tests  in  which  the  elastic  limit  of  the 
spiral  is  not  known,  or  the  pitch  of  the  spiral  is  comparatively  large,  con- 
fusion arises,  and  authors  do  not  agree.  To  sum  up,  if  all  the  available 
tests  are  studied  and  the  variables  just  mentioned  are  taken  into  account,  it 
will  be  found  that  the  author's  coefficient,  h,  is  not  a  constant;  that  the 
effect  of  the  spiral  reinforcement  may  rather  be  considered  an  increase  of  the 
core  strength,  which  depends  only  to  a  slight  extent  on  the  strength  of  the 
concrete  itself;  and  that  the  column  is  stronger,  the  harder  the  steel  and 
the  smaller  the  pitch  of  the  hooping.  From  all  available  tests,  the  conclusion 
can  safely  be  drawn  that  the  increase  of  core  strength  averages  about  1  500 
lb.  per  sq.  in.  of  core  area  for  1%  spiral  reinforcement,  using  hard  wire  and 
small  spacing,  which  agrees  very  well  with  the  formula  proposed  by  Professor 
Talbot  in  his  report  on  the  tests  by  the  American  Concrete  Institute. 

The  author  heli)ed  to  make  the  tests  on  the  von  Emperger  columns  at 
the  Pittsburgh  Laboratory  of  the  Bureau  of  Standards,  in  1916,  and  there- 
fore,  is  familiar   with  the   behavior  of  hooi)ed  concrete  columns  with  cast- 


J 


DISCUSSION  ON  EEINFORCED  CONCRETE  COLUMNS  1191 

iron  reinforcement.  His  empirical  formula  (Equation  32)  for  the  strength 
of  such  columns  may  be  accepted  as  being  correct  as  to  type,  but  not  as  to 
details. 

The  writer  cannot  agree  with  Mr.  Tucker  that  the  hooped  concrete 
in  the  von  Emperger  columns,  which  he  tested,  should  be  considered  as  having 
sustained  more  than  4  778  lb.  per  sq.  in.  This  assumed  ultimate  stress  is 
the  average  of  the  two  spirally  hooped  columns  tested  with  0.69%  spiral  and 
0.71%  vertical  reinforcement,  without  a  cast-iron  core,  and  is  in  very  good 
agreement  with  similar  tests  on  hooped  concrete  columns  by  other  investi- 
gators. Mr.  Tucker  knows  that  one  of  the  standard  spirally  reinforced 
columns  failed  at  a  total  load  of  518  500  lb.,  the  corresponding  test  cylinder 
at  3  890  lb.  per  sq.  in.,  and  the  other  failed  at  562  000  lb.  and  its  test  cylinder 
at  only  3  370  lb.  per  sq.  in.  As  the  agreement  between  cylinder  strength 
and  column  strength  was  not  particularly  good,  the  writer  offers  the  explana- 
tion that  the  workmen  were  accustomed  to  tamping  columns,  but  not  to 
making  test  cylinders,  which  sometimes  were  made  of  a  shovelful  of  concrete 
which  was  entirely  too  wet. 

Mr.  Tucker's  statement  that  the  hooped  columns  with  cast-iron  reinforce- 
ment failed  at  a  strain  of  0.0034  is  a  surprise  to  the  writer,  who  many  times 
has  measured  the  ultimate  strain  between  the  platens  of  the  testing  machine 
as  soon  as  the  scale  indicated  that  the  maximum  load  was  reached,  often 
not  a  second  intervening  between  the  two  occuiTcnces.  In  no  case  was  the 
ultimate  strain  less  than  0.006,  the  average  for  all  columns  measured  was 
0.0082,  and  the  ultimate  strain  at  the  point  of  failure  probably  exceeded 
0.01  in.  per  in. 

The  von  Emperger  columns  tested  at  Pittsburgh  had  the  rather  low  spiral 
reinforcement  of  0.69%,  and  the  cast-iron  reinforcement  failed  in  the  10-ft. 
columns  at  a  stress  of  about  42  000  lb.  per  sq.  in.  To  find  the  effect  of  a 
higher  percentage  of  hooping  on  the  cast-iron  reinforcement,  the  writer  had 
columns  made,  as  shown  in  Table  30,  in  July,  1918,  and  tested  in  October, 
1918,  by  Professor  C.  F.  Gebhard,  of  the  Armour  Institute  of  Technology. 
Although  the  standard  hooped  concrete  columns  with  1%  of  spiral  reinforce- 
ment failed   at   5  010  lb.   per  sq.   in.,   the   von   Emperger   columns   failed   at 

5  010  lb.  per  sq.  in.  on  the  concrete  core  and  52  000  lb.  per  sq.  in.  on  the  cast- 
iron  reinforcement. 

Table  30  shows  that  in  the  von  Emperger  columns  a  still  higher  percentage 
of  hooping  allows  the  cast-iron  core  additional  carrying  capacity.  The  con- 
crete inside  the  spiral  hooping  was  given  the  highest  possible  credit  (from 

6  000  to  8  000  lb.  per  sq.  in.)  for  a  spiral  hooping  of  3  to  4  per  cent.  It  was 
found  that  the  cast-iron  reinforcement  contributed  from  50  000  to  116  000  lb. 
per  sq.  in.  at  the  ultimate  load,  depending  on  the  quality  of  the  cast  iron,  the 
strength  of  the  hooped  concrete  surrounding  the  cast-iron  core,  and  the  length 
of  the  columns. 

The  writer  joins  the  author  in  a  plea  to  manufacturers  of  cast-iron  pipe 
and  columns,  who  in  the  last  10  years  or  more  have  introduced  i)erfected 
methods  of  casting  columns  vertically,  and  who,  lately,  have  also  been  using 
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electric  ovens  to  melt  the  pig  iron,  and  have  established  chemical  and  mechani- 
cal laboratories  in  their  plants,  to  have  their  products  tested  by  independent 
experts.  Such  tests  would  do  away  with  the  prejudice  aj^ainst  using  cast- 
iron  columns,  and  might  result  in  an  economy  in  the  construction  of  heavy 
buildings. 

In  Section  I,  the  author  adliered  strictly  to  actual  tests  and,  with  the 
material  at  hand,  produced  excellent  results.  In  Section  II,  however,  he  lost 
himself  in  the  realms  of  higher  theory  and  speculation,  and  this  part  of  the 
paper  not  only  contains  false  theoi'y,  but  is  very  confusing. 

In  Section  III,  he  presents  a  very  interesting  application  of  the  theory 
of  probability  to  the  selection  of  the  reliability  factor  of  building  mate- 
rials. Probably  not  one  engineer  in  a  hundred  has  ever  studied  this  most 
speculative  part  of  higher  mathematics.  It  would  be  advisable  if  the  author, 
in  his  closure,  would  give  the  frequency  curves  of  the  actual  tests,  and  show 
how  the  reliability  factor  can  be  found  directly  from  these  curves.  In  practice, 
this  very  thing  is  done.  Where  a  large  number  of  tests  center  around  a 
certain  value,  that  particular  value  is  taken  as  the  average  test  result,  and 
the  much  higher  and  much  lower  values  are  disregarded  as  exceptions  or 
real  errors. 

Section  IV  contains  some  very  meritorious  reflections  on  the  manner  in 
which  the  factor  of  safety  or  the  working  stresses  should  be  ascertained.  The 
writer  is  not  convinced  that  the  Joint  Committee  ever  recommended  dangerous 
stresses.  Accepting  even  the  author's  viewT^oint,  although  the  stresses  may 
appear  to  be  high  for  concrete  28  days  old,  they  will  be  low  for  a  concrete 
1  year  old,  and,  as  all  practical  men  know,  a  column  rarely  carries  the 
design  load  within  a  year,  or  even  during  the  life  of  the  structure. 

In  Part  D  of  Section  IV,  the  author  finds  that  the  reliability  theory  favors 
the  von  Emperger  column  too  much,  which,  however,  the  supplemental  tests 
produced  by  the  %vriter  in  Table  30  only  further  confirm,  and  he  tries  to 
reduce  the  working  stresses  by  new  argiiments.  He  forgot  that,  ,in  a  number 
of  tests  at  Pittsburgh,  Mr.  P.  H.  Bates,  Superintendent  in  charge  of  the 
laboratory  of  the  U.  S.  Bureau  of  Standards,  insisted  that  the  testing 
machine  continue  to  run  after  the  maximum  load  on  the  von  Emperger  column 
had  been  reached ;  after  a  short  time  a  few  spiral  hoopings  burst,  and  the 
concrete  surrounding  the  cast  iron  fell  out  and  exposed  the  core  for  a  length 
of  probably  6  in.  At  this  time,  the  load  on  the  column  indicated  by  the 
machine  was  about  80%  of  the  ultimate.  This  load  was  carried  by  the  cast 
iron  alone  for  the  6-in.  length  just  mentioned,  which  corresponds  to  a  stress 
of  about  60  000  to  TO  000  lb.  per  sq.  in.  on  the  cast  iron. 

Mr.  Tucker,  being  an  adept  in  the  theory  of  probabilities,  will  easily  find 
that  the  probability  that  the  weakest  part  of  the  hooped  concrete  surrounds 
the  weakest  part  of  the  cast  iron  is  extremely  small,  and  to  speak  of  allowing 
a  stress  in  the  core  only  as  great  as  in  a  plain  cast-iron  column  means  to 
disregard  all  tests  and  to  stop  progress. 

The  use  of  von  Emperger  columns  in  large  bridges  and  buildings  has 
been  described  in  many  articles  in  American,  French,  English,  and  German 
technical  journals,  and  in  a  number  of  booklets. 
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Dr.  von  Einperg'er— who  is  well  known  in  America  as  the  builder  of 
the  first  Milan  hridj^es  nearly  30  years  ago — has  built  bridges  on  his  system 
up  to  300  ft.  s])an  in  coinj)etition  -svith  light  steel  and  wooden  bridges,  and 
has  designed  a  large  number  of  buildings  in  which  his  columns  have  been 
used. 

Mr.  Albert  Kahn,  of  Detroit,  Mich.,  has  used  these  columns  in  two  large 
12-story  buildings,  with  column  loads  of  2  500  000  lb.  They  have  also  been 
used  in  Chicago,  111.,  in  the  10-story  Surf  Hotel,  in  the  12-story  McKinlock 
Building,  in  two  buildings  of  the  National  Tea  Company,  in  the  Rienzi 
Hotel,  etc.,  and  have  been  adopted  for  the  largest  apartment  building  project 
in  Chicago,  now  in  course  of  construction,  comprising  two  17-story  buildings 
with  column  loads  up  to  1400-000  lb.  These  columns  have  effected  a  saving 
of  about  $200  000  over  steel  skeletons  in  this  project. 

Mr.  Godfrey  does  not  believe  that  the  von  Emperger  columns  can  be 
spliced  properly.  Tests  made  at  the  Bureau  of  Standards  proved  that  the 
simple  contact  of  the  cast-iron  core  pieces  is  sufficient  to  obtain  full  efficiency. 
The  fact  is  that  columns  with  spliced  cores  failed  at  a  higher  load  than  the 
same  columns  without  splices,  von  Emperger  columns  are  used  only  for 
heavy  loads;  and  the  eccentricities  of  loading,  from  girders  on  one  side,  or 
from  wind,  are  relatively  smaller  than  in  columns  -carrying  smaller  loads. 

The  condition  that  tension  occurs  on  one  side  of  a  von  Emperger  column 
is  perhaps  never  found.  Therefore,  the  standard  splice  required  in  Chicago, 
as  shown  in  Fig.  17,  for  a  2.5-in.  column,  should  fultlll  all  requirements  of 
good  engineering  design. 

Mr.  Godfrey  believes  that  high-grade  cast  iron  is  necessary  for  the 
success  of  von  Emi)erger  columns.  This  is  incorrect.  Common  grades  of 
cast  iron  (often  very  defective)  have  been  used  in  the  tests  at  the  Bureau 
of  Standards  and  at  the  Armour  Institute,  and  most  of  the  buildings  just 
mentioned  had  cast-iron  cores  made  by  water-pipe  manufacturers  from 
standard  grades  of  cast  iron.  High-grade  cast  iron  has  been  used  only  by 
Dr.  von  Emi^ei'ger  in  Europe,  and  his  tests  show  a  strength  of  cast-iron  cores 
in  his  columns  of  100  000  lb.  iper  sq.  in.  at  the  time  of  failure  of  the  concrete 
column. 

Like  the  Joint  Committee  on  Concrete  and  Eeinforced  Concrete,  the 
author  has  evaded  a  very  difficult  part  of  the  subject,  that  is,  eccentrically 
loaded  columns.  If  a  concrete  column  in  a  structure  shows  signs  of  distress, 
a  load  of  appreciable  eccentricity  may  be  suspected.  All  outside  columns  of 
a  building  are  eccentrically  loaded,  and  the  eccentricity  of  loading  is  very 
marked  in  the  upper  two  or  three  stories.  The  standard  textbooks  treat  the 
design  of  combined  axial  loading  and  bending  in  a  very  complicated  manner 
(the  solution  of  cubic  equations  being  required),  so  that  only  rarely  are 
such  columns  designed  properly.  The  theory  is  not  only  difficult  to  apply, 
but  is  faulty,  as  the  test  results  differ  from  it  often  by  50%'  and  more. 

The  writer  has   developed   a   new  theory   for  the  design   of   eccentrically 
loaded  compression  members  which  may  be  found  in  his  discussion*  on  the 
*  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXIII   (1919-20),  p.  1667. 
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Final  Report  of  the  Committee  on  Steel  Columns  and  Struts.  He  has  com- 
pared this  theory  with  all  published  tests  of  eccentrically  loaded  columns, 
made  of  masonry,  steel,  or  reinforced  concrete,  and  found  it  to  be  in  jierfect 
agreement  with  the  tests. 


SECTION  THROUGH  _25- INCH  EMPERGER  COLUMN 

S-lJ^-iD.  square  bars    [^ 


FlG.   17. 


Fig.  18  shows  the  result  of  this  new  theory,  for  concrete  columns  with 
vertical  steel  reinforcement  only,  and  for  hooped  concrete  columns  having 
a  core  strength  on  the  spirally  reinforced  concrete  alone  of  5  000  lb.  per 
sq.  in.,  with  various  percentages  of  vertical  reinforcement. 

If  e  is  the  distance  of  the  point  of  application  of  the  load  from  the 
center  of  gravity  of  the  section,  and  d  is  the  side  or  diameter  of  the  column, 

the  strength  of   an  eccentrically  loaded  column  is  a  function  of  —,  for  which 

fraction  the  writer  proposes  the  name  "relative  eccentricity." 

The  value  of  the  diagram  will  be  made  clear  by  examples:  A  column 
of  3  000-lb.  concrete,  with  a  total  of  2%  vertical  reinforcement  and  a  relative 
eccentricity  of  f\f,  can  sustain  just  50%  of  the  load  which  would  be  carried 
by  the  same  column  if  concentrically  located;  or,  a  hooped  concrete  column, 
having  an  ultimate  strength  of  5  000  lb.  per  sq.  in.,  including  the  effect  of  the 
hooping,  with  2%  vertical  steel,  and  a  relative  eccentricity  of  ^,  will  carry  57. 5^o 
of  the  corresponding  concentric  load. 


DISCUSSION  OK  REINFORCED  CONCRETE  COLUMNS 


1195 


Axis  of  Abscissa,^ 
0.1   0.2  0.3  0.4   0.5  0.6   0.7  0.8   0.9  1.0    1.1   1.2  1.3   l.i   1.5   1.0  1.7    1.8   1.9  2.0 


0    0.1    0.2  0.3   0.1  0.5  0.6  0.7 


1 

10 
15 
20 
25 
30 
35 
40 
45 

J 

]^ 

^y 

'M 

i 

W 

^45"^ 

m 

60 
65 
70 
75 
80 
85 
90 
95 
100 

t 

w 

*ljf[ 

m-tf^ENGTH 

OF 

HOOPEB 

y    CONCRETE  COLUMNS 
-W-ithout-Vertical  Reintaroc-- 
meDt=56oO  IV.  per  sq.  iiu 
(Ultinutell         I                   1 

Hijh-Carbon  Steel  i.30  OOO 
)  Ultimate  Compresaion)  j 

High-Carbon  Steel  :i.;2  000 
lb.  per  iq.  iii.(Ultimate| 

TeosioD) 

Fig.  18. 

It  is  verj'  remarkable  that,  for  values  of  the  relative  eccentricity  up  to 
y2^,  the  loads,  carried  by  eccentrically  loaded  columns,  in  percentage  of  the 
load  of   the  concentrically  loaded  columns,  is  nearly  the  same  for  all  types  of 

concrete  columns,  and  this  ratio  is  given  by  the  simple  expression,  

in  which,  re  =  3.14.  This  formula  is  correct  for  heavily  reinforced  concrete 
columns  for  relative  eccentricities  as  large  as  ^,  which  extension  should 
include  nearly  all  cases  found  in  practice. 

John  F.  O'Eourke,*  M.  Am.  Soc.  C.  E. — Generally  speaking,  all  concrete 
reinforcement  should  either  be  placed  properly,  or  omitted.  The  bearing  power 
of  a  concrete  column  is  increased  by  using  vertical  reinforcing  rods  when  they 
are  stressed  so  that  the  length  of  compression  is  the  same  in  the  concrete 
as  in  the  steel.  As  the  modulus  of  elasticity  is  more  constant  for  steel  than 
for  concrete,  it  is  difficult  to  obtain  this  condition.  As  it  also  is  difficult  to 
determine  the  adhesion  of  the  concrete  to  the  steel,  on  w^hich  everything 
depends,  the  use  of  vertical  rods  in  columns  is  of  uncertain  value.  The  "spider" 
reinforcement,  on  the  contrary,  acts  like  the  hoops  of  a  barrel.  Concrete 
thus  reinforced  is  free  to  compress  vertically  and  the  reinforcement  binds  it 
laterally,  greatly  increasing  its  strength.  Some  authorities  ascribe  more  than 
twice  the  efficiency  to  steel  used  in  this  manner  than  to  that  used  in  vertical 
reinforcement,  for  which  reason  the  speaker  is  inclined  to  favor  strongly  the 
use  of  "spider"  reinforcement  when  it  is  not  incompatible  with  the  other  parts 
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of  the  structure.  Where  columns  carry  floors  or  fronts  of  buildings,  into  which 
some  of  the  vertical  rods  radiate,  their  use  is  obligatory,  in  which  case,  the 
combination  of  the  two  methods  might  be  advantageous. 

As  the  concrete  itself  is  the  principal  material  in  reinforced  concrete,  a 
few  words  regarding  it  may  be  appropriate.  As  is  well  known,  good  concrete 
hardens  with  age,  and  when  used  in  the  ground,  where  it  is  protected  from 
the  weather,  it  has  the  durability  and,  in  time,  almost  the  strength  of  granite. 
A  good  example  of  this  was  discovered  when  the  foundations  of  the  old  Equi- 
table Building,  in  New  York  City,  were  removed  by  the  speaker  in  1913.  The 
part  of  the  building  on  the  corner  of  Broadway  and  Cedar  Street,  which  was 
built  in  1868,  had  very  heavy  foundations  of  concrete  overlaid  with  two  layers 
of  granite  slabs.  These  slabs,  about  2  ft.  thick,  10  ft.  long,  and  5  ft.  wide,  were 
cut  and  pointed  to  good  beds  and  joints.  These  old  foundations  were  taken 
out  like  a  ledge  of  rock.  Holes  were  drilled  through  the  granite  and  concrete, 
and  both  were  blasted  at  the  same  time.  The  concrete  broke  with  a  fracture  as 
sharp  as  the  granite,  and  looked  like  a  hard  bluestone.  From  what  he  knows 
of  concrete,  the  speaker  would  say  that  it  was  composed  of  imported  Portland 
cement,  sand,  and  trap  rock,  ^nd  appeared  to  be  a  1 :  2 :  5  mix. 

At  the  time  that  work  was  done,  it  was  customary  to  mix  concrete  with 
a  proportion  of  water  just  sufiicient  to  show  at  the  top  of  6-in.  layers  when 
thoroughly  rammed.  It  would  appear  that  the  masons  who  did  the  Equitable 
work  understood  their  business,  because  no  loose  aggregate  was  found  in  the 
concrete,  through  which  the  matrix  was  very  evenly  distributed.  It  required 
both  skill  and  care  to  accomplish  this.  In  later  times,  the  method  of  mixing 
concrete  with  a  surplus  of  water,  insuring  a  better  distribution  of  the  matrix, 
was  generally  adopted.  This  wet  concrete  also  admits  of  being  chuted  to  place 
without  separating  the  aggregate,  which  is  another  reason  for  its  general  use. 
It  is  the  speaker's  opinion  that  the  method  of  mixing  concrete  wet  so  that  it 
can  be  spaded  or  vibrated  in  place  is  the  only  reliable  one,  and  that  such  con- 
crete as  that  found  at  the  Equitable  Building,  mixed  by  the  old  method,  was 
exceptional.  This  statement  is  based  on  experience  in  taking  out  other  con- 
crete that  was  mixed  in  that  manner,  and  finding  sometimes  a  considerable 
proportion  of  it  entirely  without  matrix  and  nothing  but  loose  stone.  As  a 
matter  of  fact,  concrete  placed  in  moiilds  or  forms  does  not  usually  admit  of 
being  rammed,  but,  when  mixed  wet,  may  be  consolidated  into  a  strong,  dense 
mass  by  spading  or  vibration,  even  in  the  most  complicated  forms.  The 
speaker  approves  of  the  spiral,  or  "spider",  method  of  reinforcing  concrete 
columns  modified,  when  necessary,  as  described, 

S.  H.  Ingberg,*  Esq.  (by  letter). — Empirical  formulas  are  reliable  only 
when  they  are  based  on  a  sufficiently  wide  range  of  facts  comparable  in  kind  with 
those  to  whicli  the  formulas  are  applied.  The  formulas  deduced  in  this  paper 
for  column  strength  and  reduction  of  strength  with  length  are  based  on  laboratory 
tests  conducted  during  a  period  of  15  years,  none  of  which  is  more  recent  than 
1914.  During  and  subsequent  to  this  period,  there  have  been  many  changes 
and  developments  in  methods  of  manufacture  and  placing  concrete,  and  in 
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determining  the  difference  between  field-made  and  laboratory-made  products. 

That  formulas  based  on  these  tests  can   apply  with  much  precision  to  the 

field-made  concrete  of  to-day,  is  open  to  question.     They  may  be  taken  with 

caution  to  give  information  on  the  effect  of  amount  and  type  of  reinforcement, 

concerning  which  further  comments  will  be  made  under  the  different  column 

types. 

Length-Strenyth  Relations. — In  deducing  empirical  foi-mulas  for  reduction 

of  strength  due  to  length,  the  author  calls  attention  to  the  reduction  with 

length  that  should  be  exi>ected  with  a  material  of  variable  quality  like  concrete, 

on  the  probability  that,  on  the  average,  the  longer  column  will  be  more  likely 

to  have  a  weaker  section  than  the  shorter  one.    Although  this  is  theoretically 

correct,  a  careful  study  of  test  results  does  not  confirm  any  decided  trend  of 

results  distinctly  attributable  to  this  cause.     This  can  probably  be  explained 

by  the  greater  strength  of  the  lower  part  of  long  concrete  columns,  due  to 

higher  pressure  of  the  wet  concrete,  when  placed  in  one  continuous  oi)eration, 

failure  being  almost  wholly  confined  to  the  upper  half  of  the  column.     There 

are  few  indications  of  decided  difference  in  strength  for  lengths  of  less  than 

10  or  12  diameters,  excluding  the  cube  and  cylinder,  and  possibly  the  trend  of 

results  shown  in   Fig.   2   would  be  better  represented  by   a   curve  than   the 

straight  line.    It  is  not  apparent  that  the  reduction  factors  for  length  for  the 

various  types  of  concrete  columns  are  based  on  sufficient  experimental  evidence 

to  justify  any  distinction  between  them.     It  is  noted,  particularly,  that  the 

vertically  reinforced  column,  both  with  and  without  spiral,  has  been  given  the 

L 
higher   reduction   factors,  although   its   ratio  of    -^    for   a   given    length    and 

outside  diameter,  would  be  smaller  than  that  for  the  plain  column  or  the 
column  reinforced  only  with  spirals.  There  is  nothing  in  the  data  presented 
to  indicate  the  necessity  for  change  in  the  present  usage  of  allowing  a  uniform 

L 
stress  up  to  lengths  of  10  or  12  —  and  a  reduction  beyond  this  point  some- 
what sharper  than  that  indicated  by  the  author's  equations. 

Cylinder  Strength  vs.  Column  Strength. — In  considering  the  relation 
between  cylinder  strength  and  column  strength,  it  is  necessary  to  take  into 
account  the  difference  in  moulding  and  curing  conditions.  Test  columns  are 
usually  stored  in  air,  with  occasional  sprinkling,  during  the  first  part  of  the 
seasoning  period.  Cylinders  are  stored  in  water,  damp  sand,  or  air  for  the 
whole  or  a  part  of  the  period.  This  greatly  affects  the  strength,  as  does  also 
the  method  of  moulding,  cylinders  being  subject  to  variation  from  difference 
in  the  greater  amount  of  puddling  and  tamping  generally  given  them  than  the 
larger  columns.  A  statement  of  relation  between  cylinder  strength  and 
column  strength  obtaining  in  one  laboratory,  therefore,  cannot  be  interpreted 
too  broadly. 

Longitudinally  Reinforced  Columns. — The  relation  just  discussed  has  a 
bearing  on  the  author's  method  of  determining  the  ultimate  stress  in  the  rods 
of  longitudinally  reinforced  columns  by  assuming  equivalence  of  cylinder 
concrete  strength  and  column  concrete  strength,  and  assigning  the  remainder 
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of  the  ultimate  column  load  to  the  rod  reinforcement.  The  calculated  ultimate 
compressive  stresses  in  mild  steel  rod  reinforcement,  as  given  in  Column  7  of 
Table  5,  range  from  9  550  to  105  000  lb.  per  sq.  in.  For  the  rods  in  spirally 
hooped  columns  (Table  1,  Column  9),  a  similar  range  is  noted.  This  in  itself 
indicates  the  method  to  be  inapplicable  with  the  small  reinforcement  ratios, 
as  any  considerable  difference  between  assumption  and  fact  as  to  the  strength 
of  the  concrete  unduly  affects  the  computed  steel  stresses,  and  will  make  the 
average  unreliable.  As  strains  equivalent  to  the  yield-point  strain  of  steel  of 
mild  or  structural  grade  are  usually  observed  in  tests  of  rod  reinforced  columns 
before  failure,  it  would  be  better  to  accept  this  fact  directly  than  to  arrive  at 
the  same  conclusion  by  using  an  average  of  erratic  values,  increased  by  an 
insecurely  established  length-strength  relation. 

Laterally  Reinforced  Concrete  Columns. — The  author  prefaces  the  papyer 
with  the  statement  that  the  ultimate  strength  of  laterally  reinforced  concrete 
is  independent  of  the  yield-point  strength  or  the  ultimate  strength  of  the  spiral 
reinforcement,  although  in  the  concluding  statement,  on  page  1140,  this  is 
limited  to  the  ultimate  strength  of  the  wire.  Drawn  steel  of  the  carbon 
content  used  for  spiral  reinforcement  has  no  decided  yield  point,  the  increase 
of  rate  of  strain  being  gradual  over  a  wide  range  of  stress.  Fig.  10  does  not 
correctly  represent  a  typical  stress-strain  graph  for  such  steel.  The  criterion 
that  limits  the  ultimate  useful  point  of  such  lateral  reinforcement  is  a  certain 
unit  deformation  below  the  strain  at  maximum  load  obtaining  in  tension 
tests  of  the  reinforcement.  Measured  strains  in  the  lateral  reinforcement  near 
maximum  load  correspond  to  stresses,  at  times,  as  high  as  80  or  90%  of  the 
ultimate  strength  of  drawn  steel,  which  must  be  considered  to  be  above  any 
yield  point  that  can  be  assigned  for  the  steel.  Mild  and  medium  rolled  steels 
have  definite  yield  points  with  elongations  so  large  as  to  prejudice  further 
aid  to  column  strength. 

For  the  strength  of  laterally  reinforced  concrete  columns,  the  author 
assumes  a  form  for  his  empirical  Equation  (21),  of, 

/'o,  =  a  +  fco/'c 

in  which  fc  is  the  ultimate  strength  of  the  plain  concrete  assumed  as  equal  to 
the  cylinder  strength;  A-,  a  constant;  and,  r,,  the  percentage  of  lateral  steel. 
This  makes  the  increase  in  strength  due  to  the  reinforcement  a  linear  function 
of  the  percentage  of  the  spiral.  From  Equation  (42)  the  unit  load  sus- 
tained is, 

in  which  {e,-Ec)m  is  the  ultimate  strength  of  the  plain  concrete;  rgPg,  the 
percentage  and  stress  in  the  lateral  reinforcement ;  m,  a  constant ;  and  X  repre- 
sents the  additional  increase  in  strength  due  to  the  lateral  reinforcement.  It 
is  seen  that  X  is  not  a  direct  function  of  the  amount  of  reinforcement.  In 
the  loading  of  a  spirally  reinforced  column  to  failure,  three  stages  can  be  dis- 
tinguished, corresponding  approximately  with  the  three  terms  of  Equation 
(42).  Up  to  the  load  corresponding  to  the  failure  of  the  plain  concrete,  the 
stress-strain  curve  simulates  nearly  that  of  an  unreinforced  concrete  column, 
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with  low  strains  in  the  lateral  reinforcement.  Beyond  this  point,  there  is  a 
transition  stage,  varying  greatly  in  extent  between  different  tests  in  which  the 
rate  of  longitudinal  and  lateral  deformation  increases.  This  is  the  increment 
represented  by  the  X  term  in  Equation  (42).  The  total  load  increment  in  this 
stage,  although  having  some  relation  to  the  amount  of  lateral  reinforcement 
present,  is  not  directly  proportional  thereto,  the  smaller  percentages  up  to  1% 
being  proportionally  more  effective  than  higher  percentages.  In  the  third 
stage,  the  stress-strain  lines  maintain  more  nearly  constant  slopes  up  to 
points  approaching  failure,  and  the  load  increment  sustained  is  nearly  pro- 
portional to  the  quantity  of  lateral  reinforcement  present  and  the  amount  it 
can  be  stressed  without  incurring  unduly  high  strains.  It  is  in  this  region 
that  the  characteristics  of  a  laterally  restrained  material  are  developed. 

The  author  experiences  difficulty  in  reconciling  his  empirical  formula  for 
laterally  reinforced  columns  with  the  results  of  tests.  He  takes  particular 
exception  to  the  series  of  tests  conducted  at  Lehigh  University  in  1911,  as 
reported  by  Messrs.  McKibben  and  Merrill  and  impugns  their  validity  as 
having  been  made  "for  the  purpose  of  proving  and  demonstrating  the  high 
strength  to  be  obtained  with  spiral  reinforcement." 

The  discrepancy  between  the  results  from  the  author's  empirical  formula 
(Equation  (21)),  and  the  experimental  results  is  apparently  in  large  part  due  to 
the  assvunption  (1)  of  equivalence  of  plain  column  strength  and  cylinder 
strength,  and  (2)  that  the  increment  of  strength  of  the  laterally  reinforced  col- 
umn is  a  direct  function  of  the  amount  of  reinforcement  present,  the  validity 
of  both  of  which  has  been  discussed  previously.  The  writer  does  not  agree  with 
Messrs.  McKibben  and  Merrill  in  rejecting  very  high  or  very  low  test  results  as 
abnormal  with  a  material  as  variable  as  concrete,  as  the  range  is  as  significant 
as  the  average  values  when  properly  interpreted.  The  net  result  of  the  elim- 
inations made  in  their  paper,  which  includes  both  low  column  values  and  high 
cylinder  strengths,  however,  does  not  affect  the  merits  of  the  spirally  rein- 
forced column  by  their  method  of  presentation.  It  might  also  be  noted  that 
Mr.  Tucker  apparently  accepts  without  objection  the  results  of  eight  tests  of 
spirally  reinforced  concrete  in  the  same  series,  the  aspersions  being  directed 
against  the  six,  the  results  of  which  do  not  fall  near  the  line  in  his  Fig.  5. 
In  obtaining  his  comparisons,  he  uses  all  the  cylinder  values,  including  also 
those  rejected  by  Messrs.  McKibben  and  Merrill  as  being  unduly  high,  but 
even  so,  the  actual  column  strengths  for  the  six  in  the  two  refractory  groups, 
B  and  H,  having  percentages  of  spiral  of  0.46  and  0.96,  respectively,  range 
from  26  to  47%  above  the  "theoretical".  The  points  at  issue  are  summarized 
in  Table  31. 

The  author's  formula  from  which  he  derives  the  "theoretical"  strength 
on  which  the  ratios  in  the  last  column  of  Table  6  are  based,  is,  as  determined 
from  the  line  in  Eig.  5, 

f'os  =  (1  +  57  r,)  /',, 
in   which  fc   is   the   cylinder   strength.     N"o   reduction   factor  for   length  is 
applied.    The  average  cylinder  strength  for  the  five  groups  considered  is  2  433 
lb.  per  sq.  in.,  a  normal  average  for  laboratory-made  1:2:4  concrete  at  70  to 
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80  days,  and  the  average  cylinder  strengtli  for  the  whole  investigation  is 
2  427  lb.  i)er  sq.  in.  There  is  no  indication  in  this  case  of  any  unduly  low 
cylinder  strength  obtaining  with  the  spirally  reinforced  columns,  that  would 
attribute  an  excessive  strength  increment  for  the  reinforcement,  nor  have  the 
results  from  the  cylinders  been  utilized  by  any  one  connected  with  tests  in 
any  manner  except  as  an  approximate  check  on  the  quality  of  the  concrete, 
until  the  publication  of  Mr.  Tucker's  paper,  twelve  years  after  the  series  was 
completed.  Finally,  the  writer  having  been  concerned  with  the  planning  and 
conduct  of  those  tests  is  in  position  to  state,  if  that  is  necessary,  that  they 
had  no  object  other  than  that  of  investigation  and  that  no  conceivable  condi- 
tion existed  to  pervert  this  object. 

TABLE  31. 


Lehigh 
series. 


Column 

numbers  in 

Table  6  of 

paper. 


B  (1)  (2)  (3) 

H  (14>  (151  (16) 

C  (17)  (18)  (19) 

J  (20)  (21)  (22) 

D  m)  (35) 

Average   cylinder   strength 

above  five  groups 

Average  cylinder  strength  for 
the  whole  investigation 


4.3 

8.7 
17.2 

8.7 


Percentage 
ot  spiral 
reinforce- 
ment. 


0.47 
0.97 
0.97 
0.97 
1.90 


Average 

Column 

strength,  in 

pounds  per 

squareinch. 


3  839 

4  823 

4  750 
3  603 

5  331 


Average 

cylinder 

strength,  in 

pounds  per 

square  inch. 


1  %5 

2  374 

3  103 
2  lfi5 
2  559 

2  433 

2  427 


Ratio : 
Cylinder 

to 

column 

strength. 


1.70 
2.03 
1.53 
1.66 
2.08 


Ratio:  Column 

strength  to 
strength  com- 
puted by  Equa- 
tion (21). 


1.38 
1.31 
0.99 
1.07 
0.99 


Theoretical  Considerations. — The  theoretical  treatment  of  the  action  of 
concrete  restrained  by  lateral  reinforcement  given  by  Equations  (34)  to  (39), 
assumes  a  homogeneous,  isotropic  material  of  constant  elastic  properties.  This 
does  not  hold  for  plain  concrete  and  even  less  for  laterally  reinforced  concrete 
throughout  the  loading  range,  as  evidenced  by  the  shaiie  of  the  stress-strain 
lines.  The  assumptions  imply  constant  values  of  modulus  of  elasticity, 
Poisson's  ratio  equal  in  all  directions  of  strain,  and  a  material  able  to  resist 
up  to  the  maximum  all  direct  and  induced  compression,  tension,  and  shear. 
For  the  given  material,  the  treatment  is  of  value  only  as  outlining  the  main 
lines  of  action.  The  equations  cannot  be  used  for  determining  any  con- 
stants from  exi)erimental  data.  For  this  purjwse,  it  is  necessary  to  include 
in  the  treatment  assumptions  more  nearly  coinciding  with  the  true  condition 
of  the  material;  also,  only  the  increments  of  load  and  deformation  can  be 
considered,  over  which  the  shape  of  the  stress-strain  curves  corresponds  with 
the  assumptions.  Where  a  linear  variation  of  the  one  increment  with  the 
other  is  assumed,  the  available  range  is  limited  to  the  part  of  the  loading 
where  the  stress-strain  graphs  approximate  straight  lines,  which,  for  laterally 
reinforced  columns,  on  the  first  loading  will  be  within  the  third  or  final 
stage  before  the  maximum  is  reached  or  closely  approached. 

The  author  obtains  disconcerting  values  of  Poisson's  ratio  apparently  by 
taking  directly  the  ratio  of  values  of  lateral  and  vertical  deformation  from 
the  test  curves.     To  have  any  meaning  a  constant  must  not  change  in  value 
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within  the  pertaining  rang-e,  even  for  considerable  variation  in  reinforce- 
ment and  resultant  change  in  lateral  pressures.  It  is  apparent  that  the  latter 
will  affect  the  ratio  between  lateral  and  longitudinal  deformations,  even  where 
the  elastic  constants  do  not  change  and  make  inapplicable  as  a  constant  of  the 
material  any  ratios  taken  directly  from  the  test  curves  for  laterally  reinforced 
columns.  The  values  of  these  constants  can  be  obtained  only  by  the  substi- 
tution of  experimental  stress  and  strain  increments  in  equations  correctly 
expressing  their  relations,  considering  the  condition  of  the  material  at  the 
given  loading  stage,  and  solving  for  their  simultaneous  values.  By  this 
method,  the  writer  has  obtained  average  and  individual  values  for  the  modulus 
of  elasticity  and  Poisson's  ratio,  as  shown  in  Table  32,  which  covers  a  repre- 
sentative range  in  test  data  where  both  lateral  and  longitudinal  deformations 
are  reported. 

TABLE  32. 


Source. 

Columns. 

Percent- 
age of 
lateral 

reinforce- 
ment. 

Modulus 
of 

elastic- 
ity. 

Poisson's 
ratio. 

(1),  (la),  (16) 
(5) 
L  I 
Average  Group  B  (3  tests) 
Average  Group  C  i3  tests) 
Average  Group  D  (3  tests) 
Average  Group  E  (3  tests) 

0.98 
1.88 
1.10 
0.47 
0.97 
1.90 
3.80 

368  000 
307  000 
860  000 
353  000 
330  000 
257  01)0 
812  000 

0.31 

0  43 

Bulletin  ]Vo.  !,€(!,  Univ.  of  Wisconsin 

Lehigh  tests,  Am.  Concrete  Inst.,  1916. . 

.   O.    -Jl.Jj.  '5-;    ..ill.    •:..,i    ■■ 

0.42 
0.28 
0.29 
0.36 
0.42 

345  000 

0.34 

The  author's  objection  to  measurements  of  lateral  deformation  taken  on  1 
diameter  or  2  diameters  at  right  angles  at  the  same  point,  as  being  over  an 
infinitesimally  small  vertical  gauge  length,  cannot  be  taken  to  hold  fully,  as 
the  strains  in  the  concrete  tend  to  equalize  the  lateral  detrusion,  and  it  would 
be  impossible  for  the  section  at  the  instruments  to  have  deformation  differing 
greatly  from  that  of  the  neighboring  concrete  above  and  below,  and  an  effective 
vertical  gauge  length  of  considerable  extent  can  be  taken  to  be  present.  The 
most  accurate  method,  theoretically,  involves  a  number  of  corresponding 
vertical  and  lateral  gauge  lengths,  although  the  accuracy  obtainable  for  indi- 
vidual readings  would  not  be  as  great,  due  to  necessary  difference  in  types  of 
available  instruments  that  would  have  to  be  used.  ■    -    •  ^r 

Prohahility  and  WorJcing  Stress. — The  author's  use  of  present  test  data 
for  reinforced  concrete  for  establishing  reliability  as  a  final  factor  in  deter- 
mining working  stress,  although  interesting,  is  open  to  the  same  objection  as 
his  use  of  test  data  for  other  purposes,  namely,  that  present  data  cannot  be 
taken  as  representative  in  range  of  the  product  as  produced  by  the  present 
methods.  The  same  applies  to  the  six-tenth  relation  between  strength  of  field- 
placed  and  laboratory-made  concrete  obtained  from  a  limited  series  of  tests 
made  about  twenty  years  ago.     It  is  apparent  that  both  factors  relate  to  the 
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same  phase  of  the  problem  and  should  be  represented  by  the  same  symbol  of 
condition.  It  is  also  questionable  whether  the  large  reduction  (0.50)  due  to 
repetitive  loading  is  justified  for  the  general  purposes  for  which  concrete  is 
used.  Investigators,*  other  than  the  one  quoted  in  the  paper,  have  found  less 
reduction  in  ultimate  strength  from  long-time  application  and  repeated  loads. 
The  method  outlined  can  be  used  as  a  basis  for  determining  working  stress 
only  when  supported  by  a  sufficient  amount  of  applicable  test  data. 

H.  Alden  FosTER,t  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — The  writer  has 
taken  much  interest  in  Mr.  Tucker's  paper,  but  will  confine  his  discussion  to 
the  general  features,  as  he  does  not  wish  to  take  part  in  the  discussion  of  the 
design  of  concrete  columns. 

Factors  of  Safety. — Mr.  Tucker  has  given  an  excellent  analysis  of  the 
principles  which  should  govern  the  selection  of  working  stresses,  and  the 
determination  of  the  proper  factor  of  safety.  The  factor  of  safety,  as  used  in 
practical  engineering,  is  composed  of  two  parts:  (1)  a  "factor  of  reliability" 
(to  use  the  author's  term),  which  is  the  ratio  of  the  proper  working  stress  to 
the  average  ultimate  stress  of  the  material;  and  (2)  a  "factor  of  ignorance", 
as  it  has  been  called,  which  covers  all  the  other  unknown  features  that  influ- 
ence the  design  of  the  structure.  ^ 

Mr.  Tucker  claims  that  the  factor  of  safety  should  not  include  this  "factor      I 
of  ignorance",  that  questions  of  overloading,  distribution  of  loads  throughout       1 
the  structure,  etc.,  should  be  treated  as  matters  of  design.    It  is  possible  that       - 
this  could  be  done,  at  least  to  some  extent;  the  designer  may  be  able  to  deter- 
mine what  maximum  loads  will  be  carried  by  the  structure.    If  he  can  say  that 
a   definite   load  will   never   be   exceeded,   he  thereby   reduces   the   "factor   of 
ignorance"    proportionally.      This,   however,    cannot    always   be   done;    many 
structures,  especially   highway  bridges,   are  standing,   in  spite  of  the  heavy 
overloads  that  are  carried,  merely  because  the  "factor  of  safety"  in  the  design 
actually  included  an  extra  allowance  for  that  very  overload.  ^ 

It  is  true  that  if  the  reliability  of  the  material  can  be  accurately  deter- 
mined, that  part  of  the  factor  of  safety  could  be  correspondingly  reduced. 
The  specification  writer,  however,  having  practical  conditions  in  mind,  would      't 
still  have  to  consider  the  unknown  features  affecting  the  design  before  he      A 
could  select  the  proper  factor  of  safety.     The  writer  believes,  however,  that  a     fl 
scientific  study  of  engineering  materials,  along  the  lines  suggested  by  Mr.     ' 
Tucker,  would  result  in  the  determination  of  factors  of  safety  which  would 
have  a  logical  basis  for  existence. 

Possibly  the  best  method  would  be  to  select  a  factor  of  safety  based  on 
experiments  and  the  reliability  theory,  but  to  provide  for  increasing  this  factor 
of  safety  in  a  definite  manner  according  to  the  type  of  structure  or  the  manner 
of  its  use. 

Beliahility. — The  author  has  given  a  very  clear  explanation  of  the  theory 
of  probability  as  applied  to  physical  measurements,  basing  his  analysis  on  the 

*  See  Messrs.  Hatt,  Am.  Soc.  for  Testing  Materials,  1907,  and  Berry,  Am.  Soc.  for  Test- 
ing Materials,  1909-10. 

t  Structural   Designer,   D.   P.   Robinson   &   Co.,   New   York  City. 
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normal  or  "symmetrical"  law  of  error.  As  explained  in  the  writer's  paper  on 
"Theoretical  Frequency  Curves  and  Their  Application  to  Engineering 
Problems"*  certain  classes  of  physical  measurements  do  not  follow  the  normal 
law  of  error.  It  is  necessary  in  this  case  to  distinguish  between  measure- 
ments of  the  same  quality,  and  those  made  on  similar  qualities  of  different 
objects.  For  example,  if  a  series  of  measurements  are  made  to  determine  the 
length  of  a  base  line,  the  true  quality  measured  is  the  same  for  each  measure- 
ment, namely,  the  true  length  of  the  base  line.  All  the  actual  measurement?? 
will  differ  from  the  true  value,  but  the  errors  are  compensating  and,  as  has  been 
learned  by  exi)erience,  they  follow  the  normal  law  of  error. 

When  measurements  are  made  on  similar  qualities  of  different  objects,  the 
conditions  are  rather  different.  Assuming  that  each  measurement  is  correct  in 
itself,  the  different  measurements,  nevertheless,  will  show  considerable  varia- 
tions. Thus,  if  several  test  specimens  are  taken  from  the  same  heat  of  steel, 
the  resulting  values  for  ultimate  strength  determined  for  the  several  specimens 
will  all  differ,  regardless  of  how  accurate  the  testing  machine  may  be. 
Obviously,  the  measurements  are  not  made  on  the  same  quality,  but  merely 
on  similar  qualities.  Experience  has  shown  that,  as  a  rule,  the  resulting  values 
will  differ  from  the  mean  value  not  according  to  the  normal  law  of  error,  but 
according  to  the  so-called  "unsymmetrical  probability  law". 

As  Mr.  Tucker  has  pointed  out,  observations  of  this  type  are  not  sym- 
metrically located  with  respect  to  their  mean,  because  there  is  a  definite  lower 
limit  beyond  which  they  cannot  extend,  namely,  zero,  whereas  there  is  no  such 
definite  upper  limit.  Under  certain  conditions,  the  lower  limit  may  lie  between 
zero  and  the  mean,  for  example,  when  the  condition  of  the  material  is  largely 
controlled  by  inspection.    It  can,  however,  never  be  less  than  zero. 

It  is  shown  in  the  writer's  paper  referred  to  that  any  set  of  engineering 
data  which  tends  to  follow  the  unsymmetrical  probability  law  can  be  classified 
by  determining  a  "coefficient  of  variation"  and  a  "coefficient  of  skew",  as 
follows : 

If  V  =  the  variation  of  any  observed  value  from  the  mean  of  all  the  ob- 
served values,  expressed  in  terms  of  the  mean ;  and 
n  —  number  of  observations, 
the  coefficient  of  variation  equals 


Nn  —  1 


the  coefficient  of  skew  equals 

2  ir 


(n  -  1)  (c  vf 
and  the  reliability  number,  used  by  Mr.  Tucker, 

Nr  =  1.00  —  1.415  t  X  c  V. 
With  these  coefficients,  a  curve  showing  the  distribution  of  the  observa- 
tions with  respect  to  the  mean  can  be  readily  constructed.    The  resulting  curve, 
kno^vn  as  a  "duration  curve"  or  "curve  of  total  probability",  shows  the  number 
of  times  or  percentage-of-time  in  which  the  observed  value  equalled  or  exceeded 
•  Proceedings,  Am.  Soc.  C.  E.,  May,  1923,  Papers  aud  Dlscuspiojis,  p,  825. 
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any  given  amount.  Thus,  from  this  curve  could  he  found  tlie  vaUie of  tiie 
ultimate  strength  of  steel  which  was  exceeded  in  99  out  of  100  specimens,  or  in 
999  out  of  1  000  specimens.     The  latter  value  would  be  at  99.9%  of  the  time. 


■^       0.01      0.1 0.2  0.5  1    2        6      10 


■^0    so  40  50  60   70  80       yO     95     yS  a»      99.8  99.9    99.99 
Percentage  of  Time 

Fig.   19. 


To  illustrate,  the  writer  has  taken  the  data  given  in  Table  1,  for  plain 
concrete  columns,  using  the  ultimate  stress  of  twelve  specimens,  given  in 
pounds  per  square  inch.  The  values  are  first  arranged  in  order  of  magnitude, 
and  then  expressed  in  terms  of  their  mean.     The  variation  from  the  mean,  v, 

TABLE  33. — Plaik  Concrete  Columns 


Ultimate  stress. 

In  order  of 

In  terms  of 

in  pounds  per 
square  inch. 

magnitude. 

mean. 

2  045 

2  900 

1.35 

4-  0.35 

0.1225 

+  0.0428 

2  137 

2  660 

1.20 

0.20 

0.0400 

0.0080 

2  087 

3  660 

1.20 

0.20 

0.0400 

0.0080 

1  698 

2  500 

1.13 

0.13 

0.0169 

0.0022 

1  836 

2  480 

1.12 

+  0.12 

0.0144 

+  0.0017 

1  676 

2  1.37 

0.96 

—  0.04 

0.0016 

—  O.OOOl 

1  819 

2  0^7 

0.94 

0.06 

0.0036 

0.0002 

2  660 

2  045 

0.92 

0.08 

0.0064 

0.0005 

2  660 

1  836 

0.83 

0.17 

0.0289 

0.0049 

2  480 

1  819 

0.82 

0.18 

0.0296 

0.0053 

2  990 

1  698 

0.77 

0.23 

0.0529 

0.0122 

2  500 

1  676 

0.76 

—  0.24 

0.0576 

—  0.0138 

+  0.0627 

Mean  =  2  215 

2  i'2  =  0.4144 

—  0.0370 
2  v8  =  -)-  0.0257 

I0.4144     . 
■N    11 


0.0257 


^  0.33 


11  X  0.00716 
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also  V-  and  v^,  is  given.  From  these  values,  2v-  and  2  v^  are  computed;  and 
the  c  V  and  c  s  for  these  data  are  readily  compvited.  The  data  are  plotted  on 
"probability  paper",  in  Fig.  19  and  the  theoretical  duration  curve  for  a  c  v  of 
0  2  and  a  c  s  of  0.4  is  obtained  and  plotted,  by  the  method  explained  in  the 
writer's  paper  previously  mentioned. 

The  data  selected  for  this  example  are  not  very  complete,  and  they  also 
were  obtained  for  columns  of  various  lengths  and  different  materials.  Con- 
sequently, the  results  obtained  cannot  be  considered  of  any  importance, 
quantitatively.  Fig.  19  is  given  merely  to  illustrate  the  method  of  studying 
such  data  and  to  show  that  the  observed  values  tend  to  follow  the  unsymmetrical 
law.  The  chief  purpose  of  this  method  is  to  determine  the  value  of  the  column 
strength  which  will  probably  be  exceeded  in  every  case.     A  value  may  be 

selected   which   will   occur   wnth  a  probability  of   only   -— or  -— — — -. 

^  ■^  -^    100  000       10  000  000 

The  latter  would  be  exceeded  during  99  99999%  of  the  time. 

In  the  analysis  of  unsymmetrical  frequency  curves,  the  writer  did  not 
extend  his  calculations  for  the  constants  of  the  curve  beyond  99.9%  of  the 
time.  He  will  arrange  to  compute  an  extension  of  Table  2  of  his  paper 
previously  mentioned,  so  that  values  for  these  very  small  probabilities  may  be 
readily  obtained. 

In  the  example  given,  the  data  are  seen  to  have  a  small  coefficient  of  skew. 
This  would  very  likely  be  true  of  most  test  series,  showing  that  they  do  not 
differ  so  very  much  from  the  normal  law  of  error.  This  slight  skewness,  how- 
ever, is  important  when  very  small  probabilities  are  considered.  Fig.  4  of 
the  writer's  paper  shows  that,  as  the  percentage-of-time  is  increased,  the 
divergence  of  the  skew  cui'ves  from  the  normal  curve  increases.  With  zero 
skewness,  if  the  percentage-of-time  is  increased  sufficiently,  the  value  of  the 
observation  will  become  less  than  zero,  which,  of  course,  is  an  impossible  con- 
dition. The  writer  has  shown  in  his  paper  that  the  coefficient  of  skew  must 
always  be  greater  than  twice  the  coefficient  of  variation.  This  condition  can  ba 
used  as  a  check  on  the  values  for  c  v  and  c  s  computed  from  the  data.  In  Fig. 
19,  a  c  s  of  0.4  was  used  to  obtain  the  theoretical  curve  as  the  c  v  was  0.2, 
although  the  c  s  as  computed  from  the  data  was  only  equal  to  0  33. 

The  writer  believes  that  by  examining  the  data  along  the  lines  sug- 
gested, more  satisfactory  results  for  the  reliability  number  can  be  obtained. 


2  v^ 

and   substitute  in  Mr.  Tucker's  formula  for  reli- 


Merelv   to   compute-  . 

^         Njn  —  1 

ability  does  not  indicate  whether  or  not  the  data  are  reasonable.  A  graphical 
plotting  of  the  duration  curve,  from  the  actual  data,  and  a  comparison  with 
the  theoretical  curve,  shows  quite  definitely  wdiether  the  observations  cor- 
respond to  the  theory.  By  extending  the  theoretical  curve  to  high  percentages 
of  time,  a  definite  value  of  the  reliability  can  be  obtained,  which  agrees  with 
the  theory  and  is  based  on  the  observed  data.  It  is  also  possible  to  select  a 
value  for  the  reliability  for  any  desired  percentage-of-time  or  frequency  of 
occurrence. 
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Having  selected  the  reliability  numbers  for  a  given  grade  of  steel  and  a 
concrete  of  a  certain  aggregate  and  mix,  it  remains  to  determine  the 
reliability  of  the  column  in  which  the  steel  and  concrete  are  used.  Suppose 
that  the  reliability  of  the  steel  is  Ng  and  that  of  the  concrete  is  Nc-  The 
reliability  of  the  column  will  depend  not  only  on  Ng  and  Ng,  but  also  on  the 
extent  to  which  the  strength  of  the  column  is  influenced  by  the  steel  and  the 
concrete.  Assume,  for  example,  that  theoretical  or  practical  considerations 
show  that  the  average  ultimate  strength  of  the  column  is  equal  to 

Jc^S  +  K  C 
in  which, 

S  =  average  ultimate  strength  of  the  steel ;  and 

C  =  average  ultimate  strength  of  the  concrete ; 
and  ^•^  and  h^  are  factors  determined  by  the  j^ercentage  of  steel,  dimensions  of 
the  column,  etc.     Then,  in  the  extreme  case  in  which  the  steel  used  has  a 
strength  of  i\^^  *S^  and  the  concrete  a  strength  of  Nc  C,  the  column  as  a  whole 
will  have  an  ultimate  strength  of 

^-,  SNg  +  it,  C  Nc 
and  the  reliability  of  the  column  is  equal  to  • 

k^S+k^  C 

It  is  impossible,  therefore,  to  determine  the  reliability  of  the  column  from 
Ng  and  Ng  unless  k^  and  k^  and  the  average  strength  of  the  steel  and  concrete 
are  also  known.  Probably  the  most  practical  method  to  obtain  the  reliability  of 
a  compound  material,  like  a  reinforced  concrete  column,  would  be  to  compute 
it  directly  from  tests  of  that  type  of  column,  rather  than  by  trying  to  use  the 
reliability  numbers  of  the  steel  and  concrete  as  determined  separately. 

John  Tucker,  Jr  ,*  Esq.  (by  letter). — It  is  impossible  to  determine  the 
strength  of  structural  elements,  especially  of  reinforced  concrete,  by  a  purely 
abstract  analysis  without  direct  exf)erimental  basis  of  tests  on  similar  ele- 
ments, owing  to  the  influence  of  its  several  physical  constants  and  to  the 
great  variation  of  these  constants  due  to  the  effect  of  the  non-homogeneity  of 
concrete  on  the  strength  of  the  element.  If  any  pretense  at  scientific 
method  is  made,  the  design  of  the  structure  should  be  based  directly  on  these 
tests  and  in  no  uncertain  or  equivocal  manner.f  It  is  difficult  fully  to  impress 
the  research  or  laboratory  worker  with  the  imiwrtance  of  the  knowledge  of  the 
efi"ect  of  the  various  imperfections  occun-ing  in  practice  (some  avoidable, 
many  more  unavoidable)  on  the  strength  of  the  structural  element,  and  the 
impossibility  of  eliminating  many  of  the  imperfections.  Too  great  emphasis 
cannot  be  placed  on  the  im]X)rtance  of  searching  for  and  of  obtaining  this 
knowledge.  It  is  also  difiicult  to  impress  the  field  engineer,  of  necessity  work- 
ing with  the  relatively  crude  field  technique,  of  the  importance  and  possible 
great  value  of  laboratory  tests  and  research. 

*  Pittsburgh,  Pa. 

t  See  Section  IV  of  the  paper,  p,   H26. 
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The  process  of  the  determination  of  the  safe  proportions  and  composition 
for  a  structural  element  is  divided  into  the  two  parts: 

1. — The  determination  of  the  maximum  load  that  a  material  or  structural 

element  will  support. 
2. — The  design  of  the  structure  so  that,  at  a  maximum,  the  stress  or  load 
imposed  on  the  material  or  structural  element  will  not  exceed  the  load 
or  stress  as  determined  by  Part  1. 

The  information  necessai-y  for  the  first  part  is  supplied  by  si>ecimens  pre- 
pared in  tlie  laboratory,  and  built  with  the  care  and  precision  impossible  or 
impractical  to  achieve  in  the  final  structure.  Still  another  factor  is  neces- 
sary if  the  design  is  based  on  carefully  prepared  laboratory  specimens,  that 
is,  that  between  the  strength  of  the  laboratory  prepared  and  the  practically 
prepared  element.  The  only  variable  that  is  different  in  the  practically  pre- 
pared column  is  the  strength  of  the  concrete.  The  strength  of  the  reinforce- 
ment even  for  field  structures  can  be  determined  and  controlled  very  accurately. 
The  ultimate  strength  of  the  various  types  of  reinforced  concrete  columns  is 
a  function  of  only  one  property  of  the  concrete  in  them,  that  is,  the  strength 
of  the  concrete  as  exhibited  in  test  cylinders.  Therefore,  if  the  strength  and 
strength  reliability  of  the  concrete  of  the  column  in  the  finished  structure  are 
known,  the  probable  strength  of  the  column  in  the  finished  structure  and  the 
minimum  strength  which  will,  with  certainty,  be  developed,  can  be  determined 
by  the  equations  evolved  from  the  strengtlis  of  specimens  made  in  the  lab- 
oratory and  fabricated  with  special  care. 

Cylinder  test  specimens  of  the  concrete,  as  used  in  the  finished  structure, 
form  a  sufficient  basis  for  obtaining  satisfactory  knowledge  of  the  strength  of 
the  column  in  that  structure,  and  eliminate  the  effect  of  the  difference  in 
strength  of  a  certain  aggregate  as  made  commercially  and  as  made  in  the 
laboratory.  When  check  test  cylinders  are  not  made,  which  is  a  procedure  not 
recommended  by  the  writer,  but  which  is  frequently  the  only  practical  one, 
then  the  relation  between  the  strength  of  laboratory  prepared  and  commercially 
prepared  concrete  should  be  known.  The  information  on  this  question,  pub- 
lished in  1915,*  and  not  "some  twenty  years  ago",  as  Mr.  Ingberg  stated  in 
his  discussion,  is  not  to  be  considered  as  final.  The  series  is  admittedly 
small,  but  it  is  necessary  to  have  some  indication  of  the  relative  strengths, 
and  this  series  gives  the  best  available  indication.  The  omission  of  check 
test  cylinders  was  recognized  in  the  paper  as  a  "procedure  not  to  be  recom- 
mended".   It  is  important  once  more  to  emphasize  this  statement. 

The  second  essential  in  the  process  of  the  determination  of  the  safe  pro- 
portions and  composition  of  a  structural  element,  that  of  proper  design  so  that 
the  maximum  stresses  or  loads  to  be  impressed  on  the  individual  structural 
element  will  be  equal  to  the  safe  stress  or  load  on  it,  and  the  fundamental 
determination  of  the  actual  stress  produced  in  it  by  all  possible  loading  of  the 
structure,  is  a  consideration  independent  of  the  strength  developed  by  per- 
fect structural  elements  prepared  and  tested  in  the  laboratory.  Pertinent 
tests  can  be  made  in  the  laboratory  to  establish  the  essentials  necessary  for  the 
*  Technologic  Paper  No.  5S,  U.  S.  Bureau  of  Standards,  1915. 
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design,  as,  for  example,  the  necessity  of  ensuring  the  proper  transfer  of  stress 
into  tlie  rods  of  a  rod  reinforced  column,  wliich  is  accomplished  by  prolongation 
of  the  rods  into  the  column  i^edestal,  etc.  This  is  an  important  considera- 
tion in  the  design  of  longitudinally  reinforced  concrete  columns,  which  Mr. 
O'Rourke  emphasized  in  his  discussion.  Investigation  of  one  phase  of  the 
actual  stresses  in  the  structure  produced  by  the  loading  is  being  made  in  a 
thorough  manner  by  the  Special  Committee  to  Rejoort  on  Stresses  in  Railroad 
Track.  The  actual  stresses  have  been,  and  are  being,  measured  under  trains 
in  motion  for  various  conditions  of  road-bed  on  straight  and  curved  track. 
In  its  Second  Progress  Report,  the  Committee  has  discussed  the  "variation 
in  measured  stress  and  the  relation  between  average  and  maximum  stress", 
and,  in  the  formula  for  the  stress  in  the  rail,  a  "variability  factor"  is  included.* 
The  probable  variation  corresponding  to  the  standard  "i^robable  erroi*"  was 
found  to  be  approximately  18  per  cent.  The  value  corresponding  to  an 
infinitely  small  probability-  was  not  attempted.  The  method  for  deteiTnining 
the  reliability  number,  or  minimum  iK)Ssible  strength  of  Section  III  of  the 
paper,  may  be  applied  in  the  determination  of  the  maximum  possible  stress 
correlated  to  an  infinitely  small  possibility,  giving  an  approximate  value  of 
125%  of  the  mean  measured  stress  in  the  rail.  The  curve  (Fig.  141)  rep- 
resentative of  the  iwints  showing  the  variation  of  the  measured  stress,  given 
in  the  reix)rt,  indicates  a  skew  frequency  or  probability  cun-e.  As  the  determi- 
nation of  the  form  of  the  curve  can  be  made  with  considerable  accuracy  because 
of  the  large  number  of  points  wliich  have  been,  and  can  be  obtained,  calcula- 
tions of  the  maximum  stress  to  be  expected  should  preferably  be  made  by  the 
method  indicated  by  Mr.  Foster  in  his  paper,  "Theoretical  Frequency  Curves 
and  Their  Application  to  Engineering  Problems",!  and  by  Mr.  Cox  in  his 
discussion  of  the  writer's  paper. 

The  wT-iter's  paper  deals  only  with  the  first  part  of  the  problem  of  the 
determination  of  the  safe  proportions  and  composition  for  a  structural  ele- 
ment, namely,  the  determination  of  the  maximum  load  that  a  material  or 
structural  element  will  support  safely.  The  second  part  of  the  problem  which 
was  omitted,  requires  far  more  experimental  data  which  are  much  more  diffi- 
cult to  obtain  than  that  required  for  the,  first  part  of  the  problem.  The  lack 
of  definite  knowledge  of  this  second  part  does  not  make  the  determination  of 
the  proper  proportioning  of  the  structure  unsafe.  It  merely  prevents  the 
utilization  of  the  minimum  of  material  for  absolute  safety,  as,  for  example,  the 
design,  so  that  a  predesignated  eccentricity  of  column  loading  could  not  be 
exceeded.  Exi>erimental  observation  would  show  the  maximum  value  of  the 
variable  to  be  expected,  which  would  be  less  than  the  value  which  would  have 
to  be  assumed  in  design  without  that  experimental  data. 

Of  necessity,  the  equations  derived  in  Section  I  of  the  paper  are  not 
rigidly  exact,  as  they  are  based  on  a  limited  number  of  test  columns.  They 
give,  however,  the  best  indication  of  the  strength  of  a  concrete  column,  based 
on  the  strength  of  the  same  concrete  in  test  cylinders,  that  can  be  obtained 

•Transactions,  Am.    Soc.   C.    E.,  Vol.   LXXXII    (1918),   Section   54,   pp.    1378-1382. 
t  Proceedings,  Am.   Soc.   C.   E.,   May,   1923,   Papers  and  Discussions,  p.   825. 
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from  the  available  test  coluiiins,  and  also  the  best  indication  of  the  stren^h 
that  can  be  obtained  from  any  source.  The  equations  developed  in  Section  IV 
of  the  paper  give  the  best  ix)ssible  indication  of  the  safe  load  or  stress  for  the 
various  types  of  reinforced  concrete  columns  based  on  the  strength  of  the' 
concrete  in  tests  cylinders,  that  can  be  obtained  from  the  available  data,  and 
also  the  best  available  indication  that  can  be  obtained  of  the  safe  loading  from 
any  source.  The  loading  or  stresses  indicated  by  the  equations  of  Section  IV 
are  safe,  because  the  applications  of  the  various  factors  entering  into  the 
determination  were  always  niade  on  the  side  of  safety.  For  example,  the 
equation  giving  the  variation  in  strength  was  the  Gaussian,  not  the  skew  form 
of  Karl  Pearson,  the  more  probable  form  to  be  exi^ected  and  so  stated  on  page 
1121  of  the  paper. 

Mr.  Ingberg  contends  that  ''the  method  outlined  can  be  used  as  a  basis 
for  determining  working  stresses  only  when  supported  by  a  sufficient  number 
of  applicable  test  data",  and  Mr.  Godfrey  objects  to  the  value  of  the  safe 
stresses  as  solely  applicable  to  the  predicted  strength  of  laboratory  speci- 
mens. If  the  writer's  equations  do  not  give  the  best  values  as  determined  by 
future  investigation,  they  give  the  best  values  that  can  be  determined  from  the 
information  available.  In  previous  derivations  of  values  for  safe  stresses,  as  set 
forth  in  detail  on  pages  1127  to  1131,  inclusive,  the  same  laboratory  strengths 
of  columns  are  used  as  a  basis,  «and  the  effect  of  all  operating  factors  accepted 
by  them  as  unknowables  are  included  in  a  conglomerate  factor  of  safety.  The 
strength  of  laboratory  test  columns  must  be  the  basis  of  the  design  strength  in 
any  rational  plan.  The  difference  in  the  plan  developed  in  the  paper  and  the 
previous  solutions,  is  the  method  of  treating  the  unknowable  quantities. 
Surely  Mr.  Ingberg  does  not  prefer,  for  the  factor  of  safety,  a  guess  in  pref- 
erence to  that  mathematically  determined  by  experimentnl  data,  however  lim- 
ited that  data  may  be? 

The  group  of  tests*  by  Professor  Berry  of  nine  columns  "made  under 
the  actual  conditions  of  building  construction"  afford  an  excellent  com- 
parison of  the  actual  strength  developed  and  the  strength  indicated  by 
the  equations  of  Section  I  of  the  writer's  paper.  There  were  only  three 
comparison  test  cylinders,  a  very  small  number  on  which  to  base  column 
strength.  By  comparison  with  the  plain  concrete  columns  tested,  it  is  probable 
that  the  average  strength  of  the  cylinders  is  a  trifle  low.  Correcting  the 
average  ultimate  cylinder  strength  to  the  age  of  the  individual  columns,  and 
computing  the  probable  strength  by  means  of  the  equations  in  Section  IV, 
the  results  given  in  Table  34  are  obtained. 

The  strength  of  the  longitudinally  reinforced  column  is  given  by  the 
equation : 

^    ^  ^1.28  -  (».034    I  j  [r,  /',  +  31  000  rj, 
which  is  Equation  (55)  when  tlie  product,  N.^.  L^  =  1. 

*  Engineering  lieoord,  February,  19,,  1910,  p.   206. 
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The  strength  of  the  spiral  and  rod  reinforced  column  is  given  by  the 
equation : 

-^  =  [1.20  -  0.022  ^  j  [(1  -  r,)  (1  +  0.573  rj  f\  +  36  500  r,], 
wliit'h  is  Equation  (59)  when  the  product,  JV^  i^  =  1. 

TABLE  34. 


Type  of  Column.  * 

Ratio  of  Actcai,  to  Calculated  Strength  . 

Individual  column. 

Average  for  like  colum  ns. 

Plain  concrete 

(1.15 
h;0.99 
I1.15 
(1.115 
-^1.000 
/ 1.010 
(1.02 
-^1.00 
1 1.015 

1.10 

Reinforced  with  1.15%  of  longitudinal  rods 

Reinforced  with  1.99%  longitudinal  rods  and 
1.71%  of  spiral,  wound  on  a  12  in.  diameter.. 

1.032    . 
1.012 

*  The  columas  were  14  in.  square  and  12  ft.  long. 


The  Function  of  the  Test  Cylinder.— To  be  of  service  in  design,  the 
equation  expressing  the  ultimate  compressive  strength  must  be  a  function 
of  readily  measured  variables  which  express  the  strength  of  the  column 
components.  The  possible  variables  expressing  the  strength  of  the  concrete 
in  the  column  are: 

1. — Full-size  unreinforced  concrete  of  the  same  fabrication  and  of  the 
same  dimensions  as  the  reinforced  colvmin. 

2. — *The  proportions  of  the  components  of  the  concrete,  and  their  physical 
properties. 

3.— Test  specimens  of  smaller  dimension,  either  from  the  same  pro- 
portions, laboratory  made,  or  preferably  from  the  identical  batches 
from  which  the  finished  structure  is  made:  (a).  Cubes;  and  (&), 
cylinders. 

It  is  manifestly  absurd  to  test  full-size  specimens  for  every  structure. 
The  proportions  of  the  component  materials,  etc.,  give  only  a  crude  indica- 
tion, and  the  concrete  strength  is  dependent  on  so  many  variables,  especially 
the  quantity  of  water  and  the  thoroughness  of  mixing,  that  at  best  it  is  a 
very  crude  method.  The  test  cube  has  only  one  apparent  advantage  in 
that  the  variation  in  strength  is  lower  than  that  in  cylinders,  or  even  in 
full-size  test  columns,  but  this  invariance  in  strength  is  exhibited  when  it  is 
known  that  the  actual  strength  of  the  concrete  diifers,  as  can  be  appreciated 
by  analysis  of  a  large  group  of  tests  by  Professor  Eudeloff.f  Hence,  the 
strength  of  the  cube  is  only  a  poor  indication  of  the  actual  strength  of  the 

*  An    option    in   the    1921    Tentative   Specifications   of   the   Joint   Committee   on   Concrete 
and  Reinforced  Concrete,  Proceedings,  Am.   Soc.  C.  E.,  August,  1921,  p.  59. 
t  Deutscher  Ausschiiss  fiir  Eisenbeton,  Heft  25,  1913. 
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concrete.  As  the  relation  of  the  strength  of  the  cube  to  that  of  the  concrete 
is  not  a  constant,  and  as  the  strength  exhibited  by  the  cube  per  unit  area 
is  much  greater  than  the  actual  strength  capable  of  ])oing  developed  un- 
assisted by  the  concrete  in  the  column  (see  page  1078),  it  is  a  poor  type  of  test 
specimen  for  use  as  a  basis  for  determining  column  strength. 

As  the  equations  developed  in  Section  I  of  the  paper  were  intended  for 
utilization  as  the  basis  of  the  derivation  of  the  safe  stresses  in  Section  IV, 
they  were  based  on,  or  given  in,  terms  of  the  ultimate  strength  of  concrete 
of  the  same  batch  as  the  columns,  in  the  form  of  test  cylinders, .  as  the 
selected  variable.  The  data  on  numerous  test  columns  from  which  other 
information  could  be  obtained  or  by  which  theorems  developed  in  the  paper 
could  be  further  substantiated,  were,  for  brevity,  omitted  from  the  paper  where 
the  tests  included  no  comparison  test  cylinders,  and,  therefore,  could  not  be 
included  in  the  derivation  of  the  strength  equations.  Where  applicable,  a 
number  of  these  tests  will  be  given  in  the  appropriate  part  of  this  discussion. 

Having  developed  the  equations  of  Section  IV  expressing  the  safe  column 
stresses  or  loads  in  terms  of  the  ultimate  strength  of  test  cylinders  made  from 
the  same  batch,  test  cylinders  made  of  the  concrete  actually  used  in  the  struc- 
ture give  an  incontestable  value  showing  the  actual  strength  of  the  concrete  in 
the  structure.  Mr.  Martin  questions  the  value  of  field  cylinder  tests  because 
"it  is  the  usual  practice  to  cast  two  or  three  pairs  of  cylinders  from  a  day's 
run  consisting  of  200  to  400  batches."  For  comparison  he  continues,  "in 
testing  open-hearth  steel  at  the  mill,  the  engineer  requires  tests  to  be  made 
of  each  charge  or  heat,  and  would  not  regard  very  highly  a  report  of  tests 
made  from  one  heat  out  of  a  hundred,  although  that  is  all  a  field  cylinder  test 
of  concrete  is." 

Granting  that  the  facts  as  stated  by  Mr.  Martin  are  correct :  Should  abuses 
be  tolerated  because  they  are  customary?  It  is  true  that  field  cylinder  tests 
may  be  "an  indication  only  of  the  quality  [strength]  of  the  concrete  that 
can  be  made  from  a  particular  combination  of  aggregates  and  cement",  as 
Mr.  Martin  contends,  but  can  they  not  be  used  with  more  purpose  as  the 
exact  indications  of  the  strength  of  the  concrete  that  is  made  from  the 
particular  combination  of  aggregates  and  cement,  and  full  advantage  taken 
of  this  complete  knowledge  of  the  strength?  If  the  field  test  specimens 
are  insufficient  to  demonstrate  exactly  the  strength  of  the  concrete  in  the 
finished  structure,  a  reduction  in  permissible  stress  on  the  concrete  element 
must  be  made. 

No  minimum  number  of  field  test  cylinders  was  suggested  in  the  paper. 
The  number  of  specimens  required  to  determine  definitely  the  strength  of  the 
concrete  in  the  finished  structure,  and  the  variation  in  that  strength,  is 
sufficient.  If  there  is  accurate  control  of  proportioning,  especially  of  the 
water  content,  and  of  the  time  for  mixing,  a  relatively  small  number  of 
test  cylinders  would  be  adequate,  say,  one  specimen  for  every  six  batches, 
to  be  taken  at  a  random  mix  to  insure  that  the  operator,  knowing  that  test 
cylinders  would  be  made  from  a  certain  mix,  would  not  prepare  a  mix  better 
than  the  average  run. 
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Certain  factors  make  tlie  necessary  number  of  test  specimens  of  concrete 
and  of  open-heartli  steel  very  different.  The  pliysieal  proiwrties  of  steel 
other  than  its  strength  arc  usually  of  even  more  importance,  whereas  the 
strenf^tli  of  concrete  is  the  only  important  physical  property.  Steel,  after 
makinpr,  underg-oes  other  fabrication  in  forging,  rolling,  drawing,  and  its 
composition  must  be  closely  limited  in  order  to  permit  perfect  fabrication 
and  to  give  a  finished  product  of  the  desired  quality.  Factors  other  than 
the  desirability  of  the  number  of  test  specimens  are  also  necessary  in  order 
to  determine  with  accuracy  the  strength,  and  variation  in  strength,  of  a 
product.  These  factors  are  custom,  the  relative  ease  of  making  tests,  the 
economic  factor,  governed  chiefly  by  the  relative  cost  of  test  specimens  and 
finished  product,  and  the  relative  economy  in  saving  of  material  effected 
by  the  use  of  test  specimens. 

Vanation  of  the  Strength  of  Concrete  Columns  with  Variation  in  Length. — 
Objection  has  been  made  in  the  discussion  of  the  paper  to  the  equations 
giving  the  reduction  in  strength  of  the  concrete  column  (both  plain  and  rein- 
forced) with  increase  in  strength.  The  true  relation  between  length  and 
strength  of  the  concrete  column  is  obscured  by  the  large  natural  variation  in 
the  strength  of  the  concrete.  Similarly,  as  an  individual  concrete  column, 
reinforced  with  rods  or  spiral,  may  show  less  strength  than  an  individual 
unreinforced  concrete  column  made  from  the  same  batch  of  concrete,  so  an 
individual  long  column  may  show  less  strength  than  an  individual  short  col- 
umn. The  steel  column  (Fig.  4),  and  the  column  of  the  von  Emperger  type 
(Fig.  6),  show  clearly  a  decrease  in  strength  with  length,  the  decrease  being 
apparent  even  for  the  shortest  lengths.  Is  it  not  logical  to  assume  that  the 
same  phenomenon,  although  not  necessarily  to  the  same  degree,  manifests 
itself  in  the  concrete  column? 

■jr^  f  J 

Euler's  column  formula,  P  =  — z^ — ,  derived  for  a  "thin  rod,  i.  e.,  a  mathe- 
matical line  endowed  with  flexural  rigidity",*  is  hardly  applicable  to  concrete 
columns.  Euler's  formula,  if  accepted  as  correct,  has  application  for  a 
minimum  length  of  20  diameters  for  a  steel  column,t  a  length  greater  than 
which  concrete  columns  are  seldom  built.  Professor  Deimel:}:  has  shown  the 
Euler  formula  to  be  seriously  in  error  for  long  columns  of  practical  dimen- 
sions, and  has  given  an  excellent  derivation  of  the  correct  long-column 
formula,  which  has  application  for  a  minimum  length  much  longer  than  that 
indicated  by  the  Euler  formula.  The  Euler  and  Deimel  formulas  indicate 
that,  for  columns  shorter  than  the  minimum  length  for  which  the  formula  is 
applicable,  the  column  strength  is  constant,  and  equal  to  the  yield-point  stress 
of  the  material  per  unit  column  area.     The  minimum  length  of  the  wrought- 

iron  column  by  the  Deimel  formula  is  170  — ,  a  comparatively  long  column. 

r 

*  "The  Theory  of  Columns,"  by  R.  F.  Deimel,  Stevens  Indicator,  January,  1912,  Vol. 
XXIX,   No.   1. 

t  "Theory  of  Structures",  by  A.   Morley,   1912  Edition,  p.   279. 
%  Stevens  Indicatm;  January,  1912,  Vol.   XXIX,   No.   1. 
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Rankine's  semi-empirical  formula,*  a  combination  based  on  tbe  Euler 
formula  for  the  limiting-  condition  of  the  very  long  column,  and  a  streng-th 
equal  to  the  product  of  the  column  area  and  the  ultimate  stress  of  the  material 
as  the  limiting  condition  for  the  vei*y  short  column,  can  have  no  more  applica- 
tion to  the  concrete  column  of  the  usiial  dimensions  than  the  Euler  formula. 

Of  the  gi'oup  of  specifications  for  the  decrease  in  allowable  colunm  load 
with  increase  in  length,  collected  by  Professor  Giesecke,t  and  presented 
by  Mr.  Feld,  on  page  1159,  the  German  fornmla,  as  might  be  exi)ected, 
is  the  Euler  formula  with  the  introduction  of  the  factor  of  safety,  s  —  10.  The 
French  and  Swiss  formulas  are  adaptations  of  the  Rankine  formula,  thus 
eliminating  all  throe  of  these  formulas  as  a  basis  of  comparison  with  those 
for  concrete  columns.  For  comparison  with  the  formula  of  the  1921  Tentative 
Specification  of  the  Joint  Committee  on  Concrete  and  Reinforced  Concrete, 

P  =P'  A. 33  —  0.033  — 
V  i> 

of  the  equations  developed  by  the  writer,  in  place  of  those  given  by  Mr.  Feld, 

the  three  following  should  be  selected : 


For  plain  concrete: 

P  =  P'  A. 17  —  0.020 

For  rod-reinforced  concrete : 

P  =  P'  A  .28  — 0.034 

For  spiral  and  rod-reinforced  concrete: 

P  =  P'  1 1.20  —  0.022 


L 
1) 

L 
~D 

L 

Id 

Moreover,  the  equations  previously  mentioned  as  given  by  Mr.  Feld,  except 
the  last  three,  are  intended  solely  for  safe  load  determination,  may  not  be 
intended  to  represent  the  true  reduction  in  column  strength  with  length,  and 
cannot  be  used  for  comparison  with  other  than  the  same  tyjje  of  column  for 
which  the  equation  had,  if  any,  empirical  basis. 

Mr.  Feld  cites  the  1897  tests  made  at  the  Watertown  Arsenal,  presenting 
the  data  (Table  14)  and  a  note  from  the  description  of  the  tests,  in  order  to 
indicate  that  there  is  probably  no  difference  in  strength  with  length.  The 
tests  were  made  in  such  a  manner,  however,  as  to  obscure,  if  not  entirely  to 
invalidate,  them  as  a  means  of  determining  the  true  reduction  in  strength  with 
increase  in  length.  The  columns,  which  were  from  2  to  14  ft.  long  and  12  in. 
square,  were  tested  horizontally.  The  specimens,  6  to  14  ft.  in  length,  were 
counterweighted  with  460  to  760  lb.  from  a  wire  rope  around  the  middle  of 
the  column.  The  results,  therefore,  do  not  give  the  time  strength-length  rela- 
tion.    Nevertheless,   correcting   the  column   strengths  to   the  same   age,   the 

*  For  derivation,    see   Morley's   "Theory  of   Structures",   1912   Edition,   p.   279. 
■\  Engineering  News-Record,  Vol.  89    (1922),  pp.   274-276. 
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I)omts  representing  the  average  strengths  of  the  columns  of  the  same  length 
give  the  representative  line : 

P  =  P'  A. 00  —  0.0091  —  y 

which  shows,  even  with  the  columns  laterally  restrained  as  stated,  more  than 
60%  of  the  reduction  in  strength  given  by  the  writer's  Equation  (4), 

P  =  P'  A. 000  —  0.0171  — y 

If  the  diflference  in  age  is  not  corrected,  the  equation  representing  the  group 
of  test  colunms  is : 

P  =  P'  A.OOO  —  0.0152  — y 

The  other  group  of  tests  cited  by  Mr.  Feld,  and  made  by  Professor  Giesecke 
at  the  University  of  Texas,*  can  have  but  little  weight.  Quoting  Professor 
Giesecke : 

"*  *  *  they  also  show  that  the  results  of  the  tests  are  not  as  uniform 
as  they  should  be  in  a  carefully  conducted  investigation.  The  writer  believes 
that  the  irregularity  of  the  results  are  due  to  a  difference  in  the  water  content 
of  the  concrete  due  to  the  particular  location  of  the  column  in  the  mould,  and 
to  the  location  of  the  mould." 

The  columns  are  small,  especially  in  the  short  (3-in.)  dimension,  relative 
to  the  size  of  the  large  aggregate,  that  is,  a  3  by  6-in.  cross-section  for  a  |-in. 
aggregate.  Being  moulded  horizontally  with  the  3-in.  side  on  top — another 
detrimental  factor — resulted  in  the  failure  of  the  column  about  the  3-in, 
instead  of,  as  was  to  be  expected,  the  6-in.  axis.  Concrete  colimins  of  unsym- 
metrical  cross-section  are  the  exception,  and  it  is  reasonable  to  expect  that  the 
reduction  in  strength  with  length  for  a  section  of  the  proportions  of  1:2, 
differs  from  that  of  a  section  having  a  1 : 1  proportion.  An  unfavorable  factor 
of  the  tests,  which  resulted  from  the  method  of  moulding  horizontally,  is  the 
method  of  failure  of  the  columns,  which  was  aroiind  the  3-in.  axis,  instead  of 
around  the  6-in.  axis.  After  testing  a  few  columns,  the  loading  was  applied 
I  in.  off  center  to  overcome  this  defect.  Considering  the  method  of  failure, 
it  is  indeed  questionable  whether  the  length-diameter  ratio  can  be  computed 
as  based  on  the  long  (6-in.)  axis. 

By  averaging  the  strength  of  columns  of  the  same  length,  on  the  basis  of 

L 

— -  of  the  6-in.  axis,  the  points  give  the  two  representative  lines  for  the  two 

groups  of  columns  in  the  University  of  Texas  tests : 

L 


P  =  P'  /l.OOO  —  0.0055  —\ 
P  =.  P'  /l.OOO  —  0.0070  —) 


The  group  of  columns  tested  by  Professor  Giesecke  have  great  value  in 
indicating  the  influence  of  a  wet  concrete  on  the  strength  of  beams.     For 
*  Engineering  News-Record,  Vol.  89.  1922,  pp.  274-276. 
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economy,  the  outer  "top"  fiber  of  the  beam  should  contain  the  strongest  con- 
crete, yet  these  tests  show  that  the  weakest  concrete  is  at  this  point. 

Mr.  Feld  states: 

''Certainly  there  is  no  reason  for  allowing  a  less  reduction  for  plain  con- 
crete columns  than  for  the  reinforced  columns,  as  such  reduction  is  meant  to 
allow  for  the  tension  at  the  outermost  fiber  caused  by  flexure." 

The  reduction  of  strength  given  in  the  paper  is  the  actual  reduction  deter- 
mined from  the  group  of  test  columns  analyzed,  and  for  no  other  reason. 
"Moreover,  columns  within  the  category  of  used  and  usable  concrete  columns, 
plain  and  reinforced,  do  not  fail  by  buckling  to  cause  "tension  in  the  extreme 
fiber".  Failure  by  buckling  can  only  occur  beyond  the  minimum  length  for 
which  Professor  Deimel's  column  formula  is  applicable.  It  is  well  to  emphasize 
here  the  correct  interpretation  of  the  buckling  of  test  concrete  columns.  The 
buckling  is  a  ]X)st  ultimate  phase  of  the  test,  and  occurs  after  the  column  has 
sustained  its  maximum  load.  In  the  tests  of  three  spirally  reinforced  columns 
in  a  group.  Professor  Berry  x)oints  out*  that  one  column,  after  receiving  the 
maximum  load,  buckled  6  in.  in  a  total  column  length  of  12  ft.,  yet  sustained 
more  than  50%  of  the  maximum  load  (2  500  lb.  per  sq.  in.  on  core  area). 

Mr.  Reeves  contends  that  "the  ratio  of  length  to  diameter  has  no  place  in 
any  concrete  column  formula".  He  quotes  Professor  Talbot  and  Mr.  Lord  as 
follows:  "*  *  *  the  stress  taken  by  the  concrete  may  be  considered  to 
be  nearly  independent  of  the  slenderness  ratio  of  the  column,  within  the  lengths 
tested  *  *  *".  This  is  not  a  general  statement  about  concrete  columns,  but 
refers  specifically  to  the  structural  steel  column  cast  in  spirally  reinforced 
concrete.  The  constance  of  the  strength  added  to  the  steel  column  by  the  sur- 
rounding concrete  was  recognized  and  expressed  in  the  paper  by  the  statement : 

"*  *  *  Professor  Talbot  draws  the  conclusion  that  the  strength  of  the 
column  is  equal  to  that  of  the  structural  steel  element  plus  the  strength  i)er 
unit  area  of  concrete  equal  to  the  ultimate  strength  of  the  concrete  as  tested 
in  8  by  16  in.  test  cylinders." 

The  strength  of  the  column  as  a  whole,  however,  decreases,  because  the 
strength  of  the  structural  steel  column  decreases.  The  quotation  as  given  by 
Mr.  Reeves  is,  therefore,  misleading. 

In  order  to  sustain  his  contention,  Mr.  Reeves  also  quotes  Messrs.  McKibben 
and  Merrill,  as  follows : 

"The  average  compressive  strengths  of  8  in.  by  16-in.  cylinders  and  5-ft. 
columns,  14  in.  in  diameter,  are  very  nearly  equal,  while  the  strength  of  10-ft. 
and  20-ft.  columns  are  approximately  equal,  amounting  to  81%  of  the  strength 
of  cylinders." 

Por  clarity,  this  statement  may  be  summarized  thus : 

Length  of  columo,  Column  strength,  in  percentage 

in  feet.  of  cylinder  strength. 

5i  .f Uil .'J 100  (very  nearly) 

10. 81  (approximately) 

20 81 

*  Engineering  Recordj  February  19,   1910,  pp.   206-208. 
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Althouf^h  this  tabulation  docs  not  clearly  indicate  the  actual  reduction  in 
strength  with  length  for  the  unreinforced  concrete  column,  yet  it  cannot,  by 
any  perversion,  be  construed  as  i)roof  that  the  strength  is  independent  of  length. 

For  further  affirmation  of  his  statement  that  the  ratio  of  column  length 
to  diameter  has  no  place  in  any  concrete  column  formula,  Mr.  Reeves,  on  page 
1171,  quotes  Professor  Talbot,  as  follows: 

"It  seems  hardly  necessary  to  advance  the  idea  here  that  for  concrete 
columns  used  in  ordinary  building  construction  little  attention  need  be  given 
to  the  relation  between  length  and  lateral  dimensions  after  a  length  of  a  few 
diameters  has  been  reached.  *  *  *  Even  for  15  diameters  we  may  readily 
conclude  from  the  calculated  results  of  long  column  formulas  and  also  from  the 
small  lateral  deformation  found  in  the  columns  tested  that  the  difFerence  in 
strength  between  a  column  15  diameters  long  and  one  5  diameters  long  is 
less  than  the  variation  among  several  columns  of  the  same  length.  *  *  * 
For  columns  eccentrically  loaded,  the  efFect  of  any  eccentricity  is  generally 
large  in  comparison  with  the  lateral  deflection  used  in  the  Euler  analysis,  and 
it  may  be  said  to  be  generally  independent  of  the  length  of  the  column.  Clearly, 
for  conditions  of  ordinary  design,  a  formula  for  plain  columns  or  for  columns 
reinforced  with  longitudinal  rods  need  not  include  the  ratio  of  length  to 
lateral  dimensions." 

Professor  Talbot  does  not  state  that  the  strength  of  concrete  columns  is 
constant  within  certain  length  limits,  but  that  the  difference  is  less  than  the 
possible  difference  in  strength  of  colunxns  of  the  same  diameter  due  to  the 
natural  variation  in  strength  of  concrete,  and  that,  therefore,  "for  conditions 
of  ordinary  design,  a  formula  for  plain  columns  or  for  columns  reinforced  with 
longitudinal  rods  need  not  include  the  ratio  of  length  to  lateral  dimensions". 
This  is  solely  a  pronouncement  of  a  policy  of  simplification  and  is  independent 
of  the  actual  variation  in  strength  of  the  column  wnth  length.  A  preferable 
policy  would  include  the  effect  of  the  length-diameter  ratio  in  the  formula 
for  the  safe  strength  of  the  column,  delegating  whatever  simplification  with 
concomitant  loss  in  available  strength  for  the  shorter  size  column,  to  the 
designer,  who,  in  the  special  case,  may  take  advantage  of  any  small  addi- 
tional strength,  or  disregard  it  for  expediency. 

The  Euler  formula  has  been  shown  to  be  in  serious  error  even  for  "long" 
columns.  Moreover,  a  "long"  column  formula  (Professor  Deimel's  formula) 
does  not  apply  to  concrete  columns  of  the  dimensions  ordinarily  used,  nor  has 
there  been  any  relationship  established  between  the  lateral  deformation  for  a 
concrete  column  and  its  length  and  strength.  The  conclusions  which  Professor 
Talbot  draws  from  inapplicable  and  erroneous  formulas  concerning  the  mag- 
nitude of  the  reduction  in  column  strength,  therefore,  are  clearly  unwar- 
ranted, and  can  have  no  weight. 

Unreinforced  Concrete  CoJumns. — The  analysis  devoted  to  unreinforced 
conci'ete  columns  in  the  paper,  although  short,  was  sufficient  to  develop  fully 
the  available  data  so  that  the  safe  working  stresses  for  this  tyi^e  of  column 
could  be  computed  by  the  methods  of  Sections  III  and  IV.  It  was  thought 
that  there  would  not  be  sufficient  interest  in  the  subject  to  justify  a  more 
extended  treatment,  and  the  curtailment  should  in  no  way  be  construed  as 
an  inference  that  the  unreinforced  concrete  column  is  of  no  value  or  of  small 
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value  as  a  structural  element.  Because  of  the  interest  which  has  since  been 
shown,  the  safe  stresses  for  the  unreinforced  concrete  column  have  been  deter- 
mined by  means  of  the  appropriate  equations  of  the  paper. 

Substituting  Equation  (5),  as  the  value  of  F  {V.M  fc)  in  Equation  (54), 
we  obtain : 


Til 

A 


=  1.17  N^  L.  /'    ( 1.00  —  0.0171 


4) 


(89) 


For  unreinforced  concrete  columns: 

Nr       = 


0.55* 
0.50t 


Therefore, 


=  0.32  f'      1.00 


1.0171  I 


(90) 


Equation  (90)  expresses,  for  values  of  —  not  greater  than   16.6,  the  safe 

stress  for  unreinforced  concrete  columns  in  terms  of  length,  diameter,  and 
ultimate  strength  of  the  concrete  from  the  same  batch  as  that  in  the  column, 
as  determined  in  the  test  cylinder.  The  empirical  Equation  (5)  cannot  be  used 
for  values  of  the  variables  beyond  the  range  of  the  experimental  variable,:}: 
hence  the  derived  Equation  (90)  must  have  the  same  restriction  with  the  upper 
limit,  16.6,  for  the  length-diameter  ratio. 

If  no  check  test  cylinders  are  made,  or  if  the  test  cylinders  are  carefully 
fabricated,  laboratory  specimens  made  from  the  same  proportions  of  aggre- 
gate as  the  concrete  in  the  column,  as  the  commercially  fabricated  concrete 
in  the  column  cannot  be  expected  to  be  greater  than  0.6  //,  the  safe  working 
stress  is  given  by  the  equation: 

^  =  0.193  A  (l.OO 

Table  35  gives  safe  stresses  calculated  by  Equations  (90)  and  (91). 


0.0171  ^) 


(91) 


TABLE  35. — Safe  AVorking  Stresses  for  Unreinforced  Concrete  Columns, 
Expressed  in  Percentage  of  Test  Cylinder  Strength. 


By  Equation  (90). 

By  Equation  (91). 

6 

28.9 

17.3 

8 

27.8 

16.7 

10 

26.7 

16.0 

12 

25.5 

15.3 

14 

24.8 

14.9 

le 

23.3 

14.0 

Note.— The  1917  Tentative  Specifications  of  the  Joint  Committee  on  Concrete  and  Reinforced 
Concrete  give  22^410  for  "piers",—  a  maximum  of  6;  and  the  1921  Tentative  Specifications  give  25% 

for  a  "pedestal",  —  a  maximum  of  3. 

*  See  Table  10. 

t  See   foot   note,   p.    1132. 

t  See   foot   note,    p.    1075. 
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The  columns  to  be  analyzed  for  the  det-ermination  of  the  effect  of  varia- 
tion of  strength  on  length  must  have  some  means  of  comparison.  The  strength 
of  a  column  in  a  structure  must  have  some  definite  and  readily  measured 
quantity  as  an  index.  The  mix  is  only  a  crude  indication  of  the  strength,  and 
tests  of  full-size  columns  for  every  structure  would  be  absurd.  The  test 
cylinder  is  a  means  of  comparison  that  can  also  be  used  as  the  index  of  the 
strength  of  the  concrete  in  the  column,  and,  therefore,  was  chosen  as  the  basis 
for  co-ordinating  for  analysis  the  available  test  columns. 

Only  those  columns  for  which  test  cylinders  were  made  from  the  same 
batch  of  concrete  could  be  included  in  the  analysis;  it  is  manifestly  impossible 
to  include  the  others.  For  example,  the  twenty-seven  unreinforced  concrete 
columns  tested  at  the  Watertown  Arsenal,  from  1902  to  1908,  inclusive,  sug- 
gested by  Mr.  Buel,  on  page  1164,  are  all  of  the  same  length  and  diameter,  have 
no  test  cylinders  for  comparison,  and  are  made  of  various  mixes  and  aggre- 
gates. They  sen^e,  therefore,  solely  to  establish  a  rough  relationship  between 
strength  and  proportion  of  mix. 

Of  the  group  of  unreinforced  concrete  columns  given  in  Bulletin  No.  20, 
University  of  Illinois,  only  nine  columns  have  duplicate  test  cylinders. 
Although  the  columns  were  tested  at  the  age  of  61  to  72  days,  with  one  excep- 
tion at  201  days,  the  cylinders  were  tested  at  the  age  of  185  to  338  days. 
Owing  to  the  difference  in  age  and  consequent  discrepancy  in  strength,  the 
cylinder  strengths  must  be  corrected  to  the  same  age  as  the  duplicate  column. 
Although  the  results  thus  obtained  have  value,  it  is  of  a  secondary  or  sub- 
stantiating nature.  It  seems  unwise  to  include  this  gi'oup  of  columns  when 
establishing  a  variation  so  intangible  as  that  of  column  strength  with  length, 
which  is  already  obscured  by  the  natural  large  variation  in  streng"th  of  the 
concrete  itself.  Those  columns  having  duplicate  test  cubes  were  also  omitted, 
as  they  add  another  variable,  the  ratio  of  cylinder  to  cube  strength. 

The  nine  columns  of  Bulletin  20,  University  of  Illinois,  with  cylinder 
strength  graphically  coiTeeted*  to  the  age  of  the  columns  when  tested,  and  the 

L 

three  columns  tested  by  Professor  Berry. f  all  of  approximately  —   equal   to 

10.2  for  the  Illinois  group,  and  10.3  for  the  three  Berry  columns,  give  an 
average  value  for  the  ratio  of  column  strength  to  cylinder  strength,  of  0.948, 
which  agrees  closely  with  the  value  0.96.5  given  by  Equation  (5)  (graphically 
by  Fig.  2). 

Messrs.  Buel  and  Beeves  object  to  the  statement  that  unreinforced  con- 
crete columns  are  not  used  in  practice,  yet  they  fail  to  substantiate  their 
contention  by  citing  a  single  instance  of  their  use. 

Concrete  Columns  Reinforced  with  Longitudinal  Rods. — As  additional 
proof  that  the  longitudinal  rods  of  a  reinforced  concrete  column  increase  the 
strength  of  the  column  by  approximately  the  ^^eld-point  stress  per  unit  area  of 
rod  cross-section  (as  demonstrated  on  pages  1089-1092,  inclusive,  from  a  group 
of  12  selected  columns),  24  columns  of  concrete  of  various  strengths,  with 

*  Taylor  and  Thompson,  "Concrete,  Plain  and  Reinforced",  1919  Edition,  p.  320.  The 
graph  was  the  average  of  19  series  of  tests. 

t  Engineering  Record,  February  19,  1910,  p.  209. 
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from  0.99  to  2  9%  of  longitudinal  reinforcement,  described  in  ''Tests  of  Metals 
and  Other  Materials"  at  Watertown  Arsenal,  1904  to  1907,  inclusive,  have 
been  analyzed.  This  group  is  not  of  the  same  usefulness  nor  weight  as  that 
of  the  12  columns  analyzed  in  the  paper,  as  there  are  no  duplicate  test  cylinders, 
and  the  strength  of  the  concrete  was  determined  by  only  13  unreinforced  col- 
umns of  the  same  dimensions  as  the  reinforced  columns,  a  number  of  the 
unreinforced  columns  being  tested  at  different  ages  from  the  comparative 
reinforced  columns. 

Applying  these  test  results  in  Equation  (IS),  using  the  ultimate  strength 
of  the  comparative  unreinforced  concrete  column  corrected  to  the  same  age* 
as  that  of  the  reinforced  column  at  test,  the  average  stress  in  the  rods  at  ulti- 
mate column  stress  is  determined  as  44  500  lb.  per  sq.  in.,  a  figure  even  more 
forcefully  convincing  than  the  value  of  31  000  lb.  per  sq.  in.  given  in  the  pscper. 

In  order  to  discredit  the  theorem^  that  longitudinal  reinforcing  rods 
increase  the  strength  of  a  column  by  approximately  the  yield-point  stress  per 
unit  area  of  rod,  Mr.  Godfrey  states:  "Of  the  rodded  piers,t  the  group  with  2% 
longitudinal  steel  is  weaker  than  that  with  1  i>er  cent." 

Mr.  Godfrey  evades  the  logical  continuation  and  does  not  include  the 
several  columns  unreinforced,  and  longitudinally  reinforced  with  4.075%  of 
rods,  because  to  do  this  would  show  that  the  average  strength  of  the  columns 
reinforced  with  any  percentage  of  rods  was  increased  at  least  by  the  approxi- 
mate yield-point  stress  per  unit  area  of  longitudinal  reinforcement.  Thus, 
summarizing,  we  obtain : 

Percentage  of  Average  column 

longitudinal  strength,  in  pounds 

reinforcement.  per  square  inch. 

0 2745 

1  : 3750 

2  3690 

4  4535 

From  this  tabulation,  or  more  vividly  from  the  graph  as  given  in  Fig.  11+ 
of  the  original  report,  it  may  be  seen  that,  instead  of  the  columns  with  2%  of 
rods  being  weaker  than  normal,  the  columns  with  1%  of  rods  were  stronger 
than  normal. 

Strain-gauge  measurements  on  the  longitudinal  rods,  to  determine  the 
strength  added  by  the  longitudinal  reinforcement,  as  suggested  by  Mr.  Buel 
and  by  Mr.  Ingberg,  in  showing  a  strain  indicating  a  rod  stress  very  near  the 
yield-point  stress  just  under  the  ultimate  column  load,  have  merit,  but  these 
measurements  do  not  in  themselves  necessarily  prove  that  the  rods  add  strength 
to  the  column  at  the  ultimate  column  strength,  as  the  action  of  the  rods  would 
possibly,  in  some  such  unusual  manner  as  that  described  by  Mr.  Godfrey  on 
page  1152,  in  buckling  out  at  a  column  stress  of  150  lb.  per  sq.  in.  and  breaking 
off  the  outer  concrete,  be  the  cause  of  the  concrete  failing  at  less  than  its 
uninfluenced  ultimate  strength.     The  strain  measurements  thus  made  on  the 

*  Taylor  and  Thompson,   "Concrete,  Plain  and  Reinforced",  1919  Edition,  p.  320. 
t  Jourtial,  Am.   Concrete  Inst.,   February,   1915,  p.    69. 
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longitudinal  reinforcing  rods  are  of  very  small  magnitude,  and  are  not  an 
irrefutable  proof  that  the  stress  corresponding  to  the  strain  in  steel  exists  in 
the  rods,  because,  for  example,  any  slight  distortion  of  the  rods  and  the  column 
proper  from  a  straight  line,  or  distortion  of  the  rods  within  the  column,  would 
produce  the  same  measured  effect  as  the  true  strain;  nor  are  longitudinal 
deformation  measurements,  unless  made  directly  on  the  steel,  positive  proof 
of  the  measured  strain,  as  concrete  could  possibly  flow  in  such  a  manner  that 
the  strain  in  the  rods  would  differ  greatly  from  that  measured  longitudinally 
on  the  concrete  of  the  column  proper.  The  always  at  least  partly  unknown 
shrinkage  effect  also  obscures  the  strain  measurements,  although  any  shrink- 
age would  increase  the  stress  in  the  rod  reinforcement  beyond  that  indicated 
by  the  strain  measurements  by  putting  the  rods  under  initial  compression. 
The  accepted  influence  of  the  shrinkage  of  concrete  on  longitudinal  reinforcing 
rods  is  without  sound  foundation.  There  is  no  reason  to  believe  that,  if  the 
concrete  shrinks,  suffering  a  strain,  e,  and  if  Ec  is  the  modulus  of  elasticity 
for  that  concrete,  the  stress  necessary  to  restore  that  concrete  to  its  original 
unshrunken  length  will  be  p  =  eEf, ;  nor,  conversely,  is  it  absolutely  necessary 
that,  if  the  unreinforced  concrete  would  unrestrainedly  shrink,  suffering  a 
strain,  e,  the  concrete  would  produce .  a  strain  in.  embedded  rods,  the  result 
of  the  action  of  the  summation  of  the  forces,  p  =  eEg. 

The  effect  of  the  shrinkage  of  concrete  on  the  strength  of  a  longitudinally 
reinforced  concrete  column  may  be  neglected,  because  this  identical  shrinkage 
occurred  in  the  test  columns,  from  which  it  was  demonstrated  that  the  strength 
of  the  column  was  equal  to  the  maximum  strength  to  be  expected  from  the 
combination  of  steel  and  concrete.  If  shrinkage  takes  place  and  causes  some 
compression  in  the  longitudinal  reinforcing  rods,  which  is  the  probable  action, 
then  it  follows  that  there  is  tension  in  the  concrete.  To  obtain  the  concrete 
in  the  unstressed  state,  it  would  be  necessary,  therefore,  to  apply  the  load  equal 
and  opiKJsite  to  the  force  (total  rod  area  X  stress)  in  the  reinforcing  rods. 
In  order  to  cause  the  concrete  to  fail  in  compression,  the  load  subjecting  the 
concrete  to  its  normal  ultimate  stress  must  be  applied,  in  addition  to  the  load 
necessary  to  overcome  the  initial  tension  stress  in  the  concrete. 

On  page  1136,  the  writer  states : 

"The  contention  is  untrue  that,  in  the  process  of  destruction  of  the  [rodded] 
column,  the  rods  buckle  and  cause  the  surrounding  outer  layer  of  concrete  to 
scale,  thus  starting  and  aiding  the  failure  of  the  column.  The  phenomenon 
is  a  phase  in  the  failure  of  the  testing  of  this  type  of  column,  and  represents 
the  buckling  of  the  rods  after  the  maximum  strength  of  the  column  and  the 
concrete  has  been  passed  and  the  concrete  has  broken,  allowing  the  rods  to 
buckle  outward." 

Mr.  Godfrey,  on  page  1150,  erroneously  attributes  this  as  the  writer's  deduc- 
tion from  the  rapidity  of  failure  in  the  longitudinally  reinforced  column. 
The  statement  is  based  on  the  study  of  tests  on  longitudinally  reinforced  con- 
crete columns,  and  the  impossibility,  by  reason  of  several  obvious  causes,  of 
the  rods  causing  column  failure.  Mr.  Godfrey  states  that  "*  *  *  in  many 
tests  the  rods  buckle  and  push  out  the  concrete.  Simultaneously  with  this 
action,  in  a  heavily  loaded  column,  the  center  of  the  column  would  have  to 
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crush."  A  ''heavily  loaded  column"  is  evidently  one  loaded  to  the  proximity 
of  its  ultimate  strength,  and  "a  heavily  loaded  column"  in  which  the  "rods 
buckle  and  push  out  the  concrete"  and  "simultaneously  with  this  action,  the 
center  of  the  column  would  have  to  crush",  has  reached  the  ultimate  strength 
or  load.  Mr.  Godfrey,  therefore,  admits  that  the  ultimate  column  strength  is 
reached  "simultaneously"  with  the  buckling  of  the  rods,  and,  therefore,  that 
the  rods  were  not  the  cause  of  the  failure  of  the  column. 

That  the  rods  were  not  the  cause  of  the  failure  of  the  column  was  presumed 
to  be  obvious.    As  contention  has  arisen,  the  reasons  are  herewith  given : 

1. — As  shown  by  the  36  columns  analyzed,  the  stress  in  the  concrete  of  the 
longitudinally  reinforced  column  at  ultimate  column  load  is  equal  to  the  ulti- 
mate stress  of  the  concrete  in  the  form  of  small  test  cylinders  or  unreinforced 
columns,  and  the  stress  in  the  reinforcing  rods  at  ultimate  column  strength  is 
approximately  the  yield-point  stress  for  the  steel  of  the  rods.  If  the  rods 
caused  the  failure  of  the  column  before  the  concrete  had  reached  its  ultimate 
strength,  this  could  not  be  the  case. 

2. — The  rods  are  stiffened  and  prevented  from  buckling  by  the  surrounding 
concrete  until  the  concrete  shears  at  ultimate  strain.  The  failure  in  concrete  is 
in  a  shear  plane  inclined  approximately  35°  to  the  column  axis.  A  rod  passing 
through  such  a  shear  plane  would  still  be  stiffened  by  the  remaining  uninjured 
concrete,  but  the  shear,  moving  the  rod  from  a  straight  line,  would  put 
sufficient  force  on  the  restraining  concrete  to  cause  it  to  break  off  and  permit 
the  rod  to  buckle. 

3. — By  Professor  Beimel's  formula,  it  can  be  shown  that  if  the  length- 
diameter  ratio  of  a  steel  rod  is  less  than  40,  it  will  not  buckle  before  the 
yield-point  stress  is  reached.  The  longitudinal  distance  between  lateral 
restraint  by  ties  is  always  less  than  this  length-diameter  ratio,  hence  the  rod 
cannot  buckle  before  the  yield-point  stress  is  reached.  Moreover,  the  rod, 
surrounded  by  concrete,  has  no  unrestrained,  length,  and  is  held  rigidly 
straight. 

4. — For  such  small  deflections  from  a  straight  line  as  exist  in  the  rein- 
forcing rods,  it  requires  an  enormous  longitudinal  force  to  cause  them  to 
buckle.  For  a  longitudinal  force  producing  the  yield-point  stress  in  the  rods, 
the  lateral  force  necessary  to  restrain  the  rod  from  buckling  is  very  small 
by  reason  of  the  small  lateral  deflection  of  the  reinforcing  rod  in  the  column, 
and  the  combined  tension  strength,  bond  strength,  and  shear  strength  of  the 
concrete  surrounding  the  rod,  is  overwhelmingly  capable  of  supplying  this 
small  lateral  restraining  force,  as  can  be  shown  by  computation  of  these  values. 

Citing  the  condition  of  the  Edison  Building  after  the  fire  of  1915,  Mr.  God- 
frey states  that  "many  rods  buckled  out  and  pushed  off  the  concrete,  and 
the  columns  were  still  standing  and.  carrying  their  loads.  *  *  *  This  hap- 
pened even  in  rooms  where  the  heat  was  not  sufficient  to  melt  insulation  on 
electric  wires."  He  reasons  that  the  "heat"  was  insufficient  to  cause  the 
breaking  off  of  the  concrete,  which  must  have  been  caused  by  the  buckling 
of  the  rods,  and  that  the  load  was  not  "heavy",  because  the  uninjured  concrete 
of  the  center  of  the  column  was  sufficient  to  carry  it.     The  evidence  of  the 
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unmelted  insulation  is  of  little  valne,  as  the  kind  of  insulation  is  not  known 
(vulcanized  i-ubber,  the  jwssible  comixinent  least  resistant  to  the  etfect  of  heat, 
melts  at  1G5°  cent.),  the  ix)ssible  difference  in  temperature  between  the  wire 
insulation  and  the  concrete  of  the  columns  having  the  outer  concrete  cracked 
off,  due  to  the  large  size  of  the  rooms  of  the  Edison  Building,  and  the  fact 
that  not  a  very  high  temi^erature,  but,  for  concrete,  a  rapid  change  of  tempera- 
ture, is  the  far  more  actively  destructive  agent.  Moreover,  the  heat  causing 
such  destruction,  as  described  by  Mr.  Godfrey,  could  be  supplied  from  another 
floor  or  room.  In  the  report  of  the  Committee  on  the  Edison  Fire,*  there 
is  the  following  statement : 

'"After  the  heat  reached  the  reinforcement,!  it  was  absorbed  faster  than 
the  surrounding  concrete,  and  the  swelling  of  this  metal,  while  not  a  primary- 
cause  of  the  damage  to  the  concrete  at  the  corners  of  the  columns,  did  result 
in  serious  stripping  of  the  concrete  from  the  columns  in  many  places." 

It  should  also  be  noted  that  the  longitudinal  swelling  of  such  heated  rods 
would  create  considerable  damage.  That  the  particular  columns  were  "still 
carrying  their  loads"  can  be  seriously  questioned.  There  is  frequently  small 
or  no  visible  signs  of  failure  in  concrete  strained  just  beyond  its  ultimate 
strain  (approximately  0.0015),  and  the  destruction  of  the  outer  surface  of  the 
columns  is  certain  evidence  of  the  indetei*minate  condition  of  the  interior. 
Superficial  observation  is  insufficient  to  determine  that  the  column  was  still 
bearing  load,  as  in  the  photograpli,  Fig.  13,  as  published  in  the  report  of  the 
Committee  on  the  Edison  Fire,:}:  it  can  be  seen  that  at  least  four  adjacent  wall 
columns  have  completely  failed,  yet  the  building  as  a  whole  is  self-supporting. 

Fig.  56§  of  the  report  shows  a  column  such  as  that  described  by  Mr.  God- 
frey, of  which  the  center  is  apparently  sound,  whereas  the  outer  layer  is 
destroyed  and  the  rods  severely  twisted  and  distorted  in  places,  to  a  distance 
of  a  foot  or  more  from  the  column.  The  title  given  to  Fig.  56  is,  as  follows : 
"View  of  Interior  Columns,  First  Floor,  Building  No.  11,  Showing  Exposed 
Reinforcement  Due  to  Stripping  of  Concrete  from  the  Comers  of  the  Column 
Resulting  from  High  and  Rapid  Changes  in  Temperature."  It  requires  a 
vivid  imagination  to  conceive  a  small  strain,  necessarily  less  than  0.0015, 
producing  the  buckling,  twisting,  and  distortion  to  a  distance  of  several  feet 
from  the  column,  which  the  rods  are  shown  to  have  undergone.  Of  further 
interest  and  proof  that  the  breaking  off  of  the  outer  layer  of  concrete  of  the 
rod-reinforced  columns  was  not  due  to  load  stress  in  the  column,  but  to 
temperature,  the  following  may  be  quoted  from  the  same  report : 

"*     *     *     it  should  be  noted  that  the  piers  supporting  the  carpenter  shop, 
which  were  not  reinforced,  were  similarly  spalled  at  the  corners."     (Page  612.) 
****** 

"There  seems  to  be  a  general  feeling  that  the  damage  to  wall  columns  was 
the  result  of  the  application  of  water  to  the  heated  concrete."     (Page  616.) 

*  Journal,  Am.  Concrete  Inst.,  February,  1915,  p.  116. 

t  The  beat  reached  the  reinforcement  directly  in  many  cases  by  means  of  expansion 
bolts  in  columns  "for  attaching  piping,  shafting,  etc..  to  the  ■  structure",  forming  a  direct 
heat  contact  to  the  reinforcement. 

t  Jaurtialj   Am.    Concrete    Inst.,    August,    1915,    p.    599 

§  Loc.  at.,  p.  629. 
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"It  was  noted  that  in  the  beams  and  girders  and  frequently  in  the  columns, 
expansion  bolts  or  other  metallic  connections  for  attaching-  piping,  shafting, 
etc.,  to  the  structure  had  been  embedded  in  the  concrete  in  such  a  manner  as 
to  form  a  direct  heat  contact  to  the  reinforcement."     (Page  G23.) 

It  is  not  in  itself  convincing  to  offer  authority  in  this  form,  but  it  is  of 
at  least  as  much  weight  as  a  statement  made  eight  years  after  observations 
have  been  published. 

Mr.  Godfrey  states  that  "by  thus  allocating  any  desired  value  to  the 
strength  of  the  concrete,  of  course,  a  reinforcing  value  of  very  definite  amount 
can  be  found  for  upright  rods,  no  matter  what  the  strength  of  the  column 
may  show  in  the  test."  The  value  "allocated"  to  the  strength  of  the  concrete 
in  the  rod-reinforced  concrete  columns,  in  the  analysis  given  in  Section  I 
of  the  paper,  was  not  arbitrarily  selected,  but,  for  very  good  reasons, 
chosen  as  the  strength  of  the  concrete  as  exhibited  in  test  cylinders.  In  the 
columns  analyzed  in  this  section  of  the  discussion,  the  strength  of  the 
unreinforced  concrete  columns  made  of  the  same  concrete  as  that  in  the  rod- 
reinforced  columns,  was  "allocated"  as  the  value  for  the  strength  of  the 
concrete  in  those  rod-reinforced  columns,  both  methods  giving  a  logical  value 
for  the  stress  in  the  rods  at  ultimate  column  strength. 

In  his  discussion,  Mr.  Godfrey  repeatedly  states  that  the  rod-reinforced  col- 
umn is  brittle,  a  quality  which  has  "caused  the  failure  of  a  large  number 
of  structures".  He  also  states  that  "adding  more  brittle  concrete  to  improp- 
erly designed  [that  is,  rod-reinforced]  columns,  would  have  little  if  any 
benefit",  not  clearly  indicating  whether  all  concrete  is  brittle,  or  whether  the 
simple  addition  of  the  concrete  to  a  rod-reinforced  column  makes  that  con- 
crete brittle.  The  Standard  Dictionary  defines  brittle  as:  "Liable  to  break; 
frag-ile;  frangible;  frag-ile  is  synonymous  with  'having  little  strength  or 
endurance,  frail,  easily  broken'." 

There  can  be  no  question  that  in  the  general  sense  concrete  is  not  brittle. 
The  use  of  "brittle",  and  its  antonym  "tough",  as  given  by  Mr.  Godfrey,  terms 
for  which  there  are  no  means  of  measurement,  can  lead  nowhere.  A  scientific 
measure  of  the  general  vague  properties  of  which  brittle  and  tough  are  the 
extremes,  is  available  in  the  ratios  of  the  ultimate  resilience  per  unit  volume 
to  the  ultimate  stress.  The  general  ratio  of  resilience  per  unit  volume  to 
stress  is  of  value,  measuring  the  relative  energy  absorbed  by  different  materials 
in  producing  equal  stresses  in  them.  For  stress  values  up  to  the  ultimate 
strain  of  unreinforced  concrete,  the  ratio  of  resilience  per  unit  volume 
to  stress  is  practically  equal  for  plain  concrete,  concrete  reinforced  with 
longitudinal  rods  only,  and  for  spirally  reinforced  concrete. 

Equal  shock  or  impact  energy  is  absorbed  in  producing  equal  stresses  in 
the  three  types  of  structure.  The  energy  necessary  ,to  produce  ultimate  stress 
and  strain,  however,  is  more  than  twice  as  great  for  the  spiral  column  as  for 
the  rod-reinforced  column.  The  difference,  however,  is  not  very  great,  and 
a  long  rod-reinforced  column  will  absorb  greater  energy  than  a  spirally  rein- 
forced column  one-third  as  long,  if  both  are  of  equal  strength. 

Concrete  Columns  Reinforced  with  Spiral. — The  variations  in  the  physical 
constants  of  concrete  laterally  restrained  or  unrestrained,  even  if  the  influence 
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and  range  of  its  non-homogeneity  on  these  constants  is  large,  have  certain 
definite  limits,  and  by  the  discovery  of  those  limits,  and  the  application  of  the 
maximum  and  minimum  values  possible  to  exist  in  rational  theoretical  form- 
ulas derived  for  a  homogeneous,  isotropic  material,  give  as  definite  informa- 
tion as  if  applied  to  a  perfect  homogeneous  and  isotropic  material.  Substantia- 
tion of  experimental  observation  by  the  results  obtained  by  the  application  of 
theoretical  equations,  even  when  applied  to  non-isotropic  concrete,  gives  added 
assurance. 

The  constancy  of  the  modulus  of  elasticity  (Young's  modulus)  within  the 
range  of  application  is  not,  as  Mr.  Ingberg  states  under  the  heading  "The- 
oretical Consideration",  necessary  or  essential  for  the  validity  of  Equations 
(34)  to  (41)  which  express  the  internal  equilibrium  relations  of  the  laterally 
restrained  (spirally  reinforced)  concrete  column.  These  equations  connect 
the  simultaneous  values  of  a  group  of  variables  so  that  an  identity  results. 
It  is  admitted  that  the  assumptions  imply  "values  of  modulus  of  elasticity 
*  *  *  equal  in  all  directions",  as  Mr.  Ingberg  states,  an  assumption  not 
strictly  correct,  because  the  modulus  of  elasticity,  like  all  the  other  physical 
properties  of  concrete,  varies  throughout  the  mass  of  the  concrete.  (See 
"Constants  for  Concrete",  page  1079.) 

The  variations,  however,  between  values  for  a  point  in  the  concrete  along 
axes  perpendicular  to  each  other,  will  be  within  limits  that  are  not  very  great, 
limits  of  variation  to  be  expected  closer  than  those  of  the  strength  of  concrete. 

The  lateral  value  of  E^  and  also  —  ,  effective  in  the  equations,  are  average  values 

VI 

for  the  whole  horizontal  section  of  the  column  at  the  point  under  consideration, 
and  only  a  small  variation  in  these  total  effective  values  is  to  be  expected. 

It  is  not  true,  as  Mr.  Ingberg  states,  that  "the  assumptions  imply  *  *  * 
a  material  able  to  resist  up  to  the  maximum  all  direct  and  induced  compres- 
sion, tension,  and  shear".  The  equations  give  absolutely  no  indication  of 
compression,  tension,  or  shear  strength.  They,  of  course,  become  inoperative 
and  invalid  when  the  concrete  fails  in  any  manner,  specifically  as  failure 
actually  occurs  in  the  shear  failure  of  the  concrete  of  the  core  within  the 
spiral,  and  throws  a  local  stress  on  the  spiral  sufficient  to  cause  tension  failure. 

The  most  important  purpose  of  the  equations  of  Section  II  of  the 
paper  is  to  prove  that  the  failure  of  the  concrete  of  the  core  is  the  cause  of 
the  failure  of  the  spiral  reinforced  concrete  column,  one  reason  for  this  being 
the  values  of  maximum  strain  in  the  spiral  reinforcement  at  ultimate  (maxi- 
mum) column  strength,  as  measured  directly  in  the  spiral,  and  as  derived 
from  longitudinal  strain  measurements  in  conjunction  with  theoretical  con- 
siderations, and  the  application  of  the  equations  of  Section  II,  are  insufficient 
to  cause  failure  of  the  spiral  reinforcement  by  tension.  The  "contraction  of 
volume  [of  the  concrete]  on  drying  out",  which  Mr.  Feld  states  "directly 
concerns  the  failure  of  spirally  reinforced  columns",  has  "not  been  considered 
by  the  author."  If  lateral  shrinkage  occurs,  it  reduces  the  tensile  strain  and 
concomitant  stress  of  the  spiral  at  maximum  column  load,  and,  therefore, 
reduces  the  spiral  stress  values  as  determined  in  the  paper,  thus  making  it  still 
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less  possible  that  the  spirals  would  be  stressed  to  or  beyond  the  ultimate  strain 
and  stress  at  ultimate  column  strength,  the  important  finding  of  Section  II. 
The  effect  of  lateral  shrinkage,  however,  cannot  be  considered,  as  knowledge  of 
the  magnitude  of  lateral  shrinkage  of  concrete  is  completely  lacking.  The 
occurrence  of  longitudinal  shrinkage  has  been  firmly  established  by  dependable 
tests,  but  the  underlying  laws  of  shrinkage  are  apparently  yet  unknown.  A.  T. 
Goldbeck,  Assoc.  M.  Am.  Soc.  C.  E.,  as  quoted  by  Mr.  Feld,  on  page  1161^ 
obtained  values  of  0.0005  in.  per  in.  for  the  longitudinal  shrinkage  on  a  50-in. 
gauge  length,  but  Professor  Berry  includes  in  his  discussion  of  Mr.  Goldbeck's 
paper,  values  of  one-half  this  magnitude  determined  for  the  same  length  of 
time  for  a  20-in.  gauge  length.  The  size  of  the  Goldbeck  test  specimen  was  8 
by  8  in.  by  5  ft.  The  size  of  the  Beri-y  test  specimen  was  9  by  9  in.,  length 
not  stated,  but  presumably  approximately  one-half  the  length  of  the  Goldbeck 
test  specimen.  This  suggests  the  very  reasonable  possibility  of  the  shrinkage 
being  a  function  of  the  length-diameter  ratio,  and  that  the  phenomenon  is  an 
attempt  of  the  concrete  to  assume  a  form  of  minimum  superficial  area,  that  is, 
every  form  of  concrete  would  tend  to  assume  the  spherical  form.  There  is  no 
experimental  evidence  that  the  lateral  shrinkage  equals  the  longitudinal,  or  that 
lateral  shrinkage  occurs.  It  is  possible  that  the  lateral  change  in  dimension 
would  be  an  expansion. 

Mr.  Feld  falls  into  several  grave  errors  in  attempting  the  computation  of 
the  stresses  resulting  from  the  contraction  in  "drying  out".  The  contraction 
of  0.0005  in.  per  in.  measured  by  Mr.  Goldbeck,  is  linear,  and  if  there  is  lateral 
contraction  of  equal  magnitude,  then  the  change  of  volume,  or  negative 
"dilatation"  is  3  X  0.0005,  or  0.0015  cu.  in.  per  cu.  in.,  with  resulting  values 
of  normal  stress  of  approximately  2  000  lb.  per  sq.  in.,  and  not  0.00017  cu.  in. 
per  in.  and  computed  values  of  450  to  650  lb.  per  sq.  in.  for  the  normal  stress, 
as  stated  by  Mr.  Feld.  The  normal  stress,  discussed  by  Mr.  Feld,  is  the  stress 
over  the  total  superficial  area,  necessary  to  produce  the  negative  "dilatation", 
(T.  It  is  totally  unrelated,  however,  to  the  stresses  produced  in  either 
the  concrete  or  the  spiral  reinforcement,  because  if  a  prism,  column,  or  other 
form  of  unreinforced  concrete,  shrinks  unrestrainedly,  no  stress  is  produced 
in  that  concrete.  If  steel  reinforcement  was  embedded  in  concrete  that  has 
shrunl^en,  the  stress  produced  in  that  steel  would  be  measured  neither  by  the 
negative  dilatation  of  the  unreinforced  concrete  nor  the  normal  stress  necessary 
to  produce  compression  in  the  concrete  equal  to  the  shrinkage  that  has  taken 
place,  but  would  be  a  function  of  the  linear  contraction*  or  strain  as  determined 
by  Messrs.  Goldbeck  and  Berry,  and  also  dependent  on  the  relative  ratio  of 
steel  and  concrete.  The  stress  produced  in  the  steel  by  shrinkage,  provided, 
as  stated  under  "Eod  Eeinforced  Columns",  that  the  concrete  after  shrinking 
follows  the  equation,  p  =  eE^,  can  be  readily  shown  to  be  given  by  the  equation : 

P^         ^-^         (D) 

r 
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in  which, 

p     =    the  stress  produced  in  the  reinforcing^  steel  by  the  shrinkage,  S; 

n     =    the  ratio  of  the  modulus  of  elasticity  of  the  steel  and  the  concrete ; 

r     =    the  ratio  of  reinforcement';  and, 

E,  =    the  modulus  of  elasticity  for  steel  =  30  000  000. 
A  shrinkage  of  0.0005  will  produce  a  stress  of  12  500  lb.  per  sq.  in.  in  2% 
reinforcement. 

Method  of  Failure  of  Spiralli/  Reinforced  Concrete  Column. — That  the 
failure  of  the  core  concrete  is  the  method  of  failure  of  the  spirally  rein- 
forced concrete  column,  at  the  same  instant  maximum  column  load  is  sus- 
tained, and  that  the  actual  failure  of  the  spirals  in  tension  is  a  subsequent 
phenomena  without  importance,  seems  to  be  established.  In  a  few  instances 
it  appears  that  the  failure  of  the  core  concrete  occurred  in  such  a  manner 
that  the  spirals  were  capable  of  restraining  the  broken  core,  resulting  in  com- 
paratively large  longitudinal  ultimate  strain,  with  a  slowly  increasing  stress, 
with  increase  in  strain  after  the  core  had  failed.  This  method,  however,  is 
unusual,  and  the  small  increase  in  stress  is  of  no  value;  a  small  number  of 
repeated  stresses  of  the  magnitude  causing  the  core  failure  would  cause  column 
failure. 

As  Mr.  Ingberg  states,  the  stress-strain  graph  for  undrawn  steel  given  in 
Fig.  10  is  very  different  from  that  for  drawn  steel.  However,  as  steels  of 
both  kinds  were  used  in  the  spiral  reinforcement  of  the  test  coliinans,  with 
elongations  of  1.5%  in  8  in.  for  one  specimen,*  and  upward,  the  independence 
of  the  strength  added  to  the  concrete  by  the  spiral  reinforcement  and  the 
strength  of  the  reinforcement  and  also  the  manner  of  fabricating  the  steel 
is  established.  In  drawn  steel  there  is  no  yield  point,  the  yield  point  having 
been  raised  to  coincide  with  the  ultimate  stress.  Small  as  the  minimum  ulti- 
mate elongation  of  0.015  is,  it  is  greater  than  the  maximum  possible  lateral 
strain  exhibited  by  spirally  reinforced  columns.  As  0.5  is  the  greatest  possible 
value  of  Poisson's  ratio,  a  lateral  strain  of  0.015  requires  a  longitudinal  strain 
of  at  least  0.03.  This  is  true  for  an  unbroken  "core  concrete.  If  the  core 
failed  in  shear,  it  is  possible,  but  not  probable,  that  sufficient  local  stress  would 
be  induced,  in  the  spiral  at  the  shear  plane,  to  cause  spiral  tension  failure 
through  a  longitudinal  strain  of  less  than  0.03  in.  per  in.  Even  for  a  collection 
of  separate  (but  not  separated)  masses,  the  state  of  the  core  concrete  of  the 
spirally  reinforced  column,  after  a  strain  of  0.0015  is  reached,  as  suggested 
by  Mr.  Feld,  on  page  1163,  or,  of  a  very  large  number  of  separate  particles, 
such  as  laterally  restrained  sand,  the  measurements  corresponding  to  Poisson's 
ratio,  if  of  sixfficient  number  to  give  a  true  mean  value,  would  have  the  same 
theoretical  upper  limit  of  0.5  and  could  not  have  a  larger  value,  because  of  the 
direct  application  of  the  principle  of  the  conservation  of  energy. 

Mr.  Feld's  theory  of  the  method  of  failure  of  spirally  reinforced  concrete 
columns  can  be  experimentally  demonstrated  to  be  incorrect.  He  contends 
that  "at  an  axial  strain  of  0.0015,  the  concrete  has  developed  its  maximum 
stress  and  fails;  that  is,  the  adhesion  is  broken",  and  gives  further  statements 

*  See  Column  Nos.   30,  32,   33,  Table  6. 
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of  "separated  surfaces"  and  "the  incipient  separation  of  the  concrete  at  a 
strain  of  0.0015."  (Mr.  Feld  also  jrives  a  maximum  ultimate  strain  of  0.00142, 
as  determined  by  Walker,*  for  a  corresponding'  stress  of  5  000  lb.  per  sq.  in. 
This  figrure  is,  of  course,  in  error;  the  two  stress-strain  diagrams  included  in 
the  American  Concrete  Institute  tests  of  1915,f  show  strains  under  the 
ultimate  of  0.0017  +  and  0.0015  +  for  stresses  of  2  750  and  2  950  lb.  per  sq.  in.) 

That  this  concept  of  a  broken  mass  of  concrete  is  incorrect,  can  be  dis- 
proved as  follows : 

1. — Mr.  Feld's  hypothesis  can  be  interpreted  only  by  the  complete  separa- 
tion of  the  concrete  at  the  planes  of  shear,  simple  at  first,  but  with  continued 
compression,  extending  throughout  the  mass,  as  inferred  by  him.  If  the  con- 
crete removed  from  a  column  that  has  been  strained  well  beyond  0.0015  in.  per 
in.  shows  no  indication,  by  test,  of  being  broken  into  separate  masses  by  that 
strain,  the  hypothesis  must  be  either  false  or  meaningless.  Mr.  P.  H.  Bates 
who  was  in  charge  of  the  Pittsburgh  Branch  of  the  U.  S.  Bureau  of  Standards 
during  the  two  important  series  of  tests  for  the  American  Concrete  Institute 
in  1915,  and  for  L.  J.  Mensch,  M.  Am.  Soc.  C.  E.,  in  1916,  is  very  well  informed 
on  both  series  of  tests.  After  the  von  Emperger  columns  were  tested,  the  cast- 
iron  reinforcement  Avas  dug  out  of  the  columns.  As  Mr.  Mensch  states,  the 
final  strain  put  on  the  columns  was  very  large,  at  least  0.006  in.  per  in.,  or  four 
times  the  ultimate  strain  of  unreinforced-  concrete.  The  whole  column  was 
then  strained  well  beyond  the  value  of  0.0015,  and  if  Mr.  Feld's  hypothesis  is 
true,  the  concrete  within  the  spirals  should  be  a  broken  mass  of  concrete. 
However,  for  points  other  than  within  a  foot  or  so  of  the  actual  failure,  this 
was  not  the  case;  severe  blows  with  a  heavy  maul  were  required  to  break  the 
concrete.     In  a  letter  on  this  subject  to  the  writer,  Mr.  Bates  states 

"*  *  *  to  all  intents  and  purposes  *  *  *  the  concrete  away  from  the 
failing  portions  is  uninjured.  *  *  *  if  the  spiral  were  removed,  the  concrete 
would  not  fall  apart,  in  fact,  it  would  require  considerable  eifort  to  break  it 
apart  *  *  *  this  concrete,  however,  if  tested  in  the  form  of  small  specimens 
as  an  8  by  16  in.  cylinder,  would  probably  show  that  it  had  been  rather  much 
overloaded." 

Mr.  Bates  is  reasonably  correct  in  that  the  apparently  uninjured  concrete 
of  the  failed  column,  if  tested  unrestrainedly  in  test  cylinders,  would  show 
reduced  strength,  a  result  in  accord  with  general  knowledge  already  gained 
of  the  result  of  fatigue. 

2. — The  result  of  a  test  made  under  the  direction  of  M.  Considere,:}:  is  also 
of  substantial  evidence,  although  it  was  unfortunately  conducted  (as  is  too 
often  the  case  with  concrete  investigation)  with  only  one  specimen.  Briefly 
described,  a  spirally  reinforced  test  column  of  concrete  strength,  as  indicated 
by  an  unrestrained  concrete  column  stress  of  80.3  kg.  per  sq.  cm.,  was  stressed 
to  666.7  kg.  per  sq.  cm.  The  spiral  was  then  stripped  in  the  middle  of  the 
column  for  a  length  of  3  diameters,  and  the  load  was  again  applied,  necessi- 
tating 61.2  kg.  per  sq.  cm.  for  failure.    This  is  proof  sufficient  that  the  concrete 

*  Bulletin  5,  Structural  Materials  Laboratory,   1920.  .•?;,.(  7,  > 

■i-  Journal.  Am.  Concrete  Inst.,  February,   1915,  p.   65. 

t  "Rapports   Relatives   a   I'Emploi    du    Beton    Arme",   1907,   pp.    323-324.' 
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was  not  badly  cracked  before  tbe  second  loading,  and  that  beyond  the  ultimate 
strain  of  unreinforced  concrete,  the  core  concrete  is  still  whole  and  uninjured 
until  the  ultimate,  or  maximum,  column  stress  is  attained. 

3. — The  reinforcing  spiral  is  strained  to  approximately  10  000  lb.  per  sq.  in. 
when  the  column  load  stresses  the  concrete  to  its  unreinforced  ultimate 
strength,  varying  with  the  ultimate  strength  of  the  concrete,  but  in  all  cases 
to  a  point  well  below  the  yield-point  stress  of  the  steel.  If  shear  failure  in 
the  core  concrete  begins  at  the  strain  of  0.0015  in.  per  in.,  and  increases  with 
increasing  strain,  the  increase  in  stress  and  strain,  of  concrete  spirally  rein- 
forced, is  due  solely  to  the  restraining  action  of  the  spiral  on  the  broken  con- 
crete within  the  spiral,  and  must  be  entirely  independent  of  the  original 
strength  of  the  unrestrained  concrete.  There  is,  however,  experimental  con- 
tradictory evidence  in  the  two  columns  tested  by  Professor  Withey*  and 
described  in  Table  6.  These  spirally  reinforced  columns,  of  concrete  of  the 
high  strength  of  approximately  4  900  lb.  per  sq.  in.,  undergoes  but  little 
increase  in  strength  due  to  the  spiral  reinforcement,  and  that  increase  is  due 
to  the  restraining  action  of  the  spiral  at  the  ultimate  stress  and  strain  of  the 
unreinforced  concrete.  The  stress-strain  diagrams  for  these  columns  show 
maximum  or  ultimate  column  load  to  be  carried  at  approximately  the  strain  of 
the  unreinforced  concrete,  and,  from  observation,  Professor  Withey  stated,  as 
quoted  on  page  1115,  that  the  failure  of  these  columns  was  due  to  the  failure 
of  the  concrete.  After  the  failure  of  the  concrete,  with  stresses  in  the  spiral 
approximately  the  same  as  those  for  lower  strength  concrete  at  the  same 
column  strain,  the  spiral  is  unable  to  restrain  the  concrete  and  produce  any 
increase  in  load.  The  large  column  stress  (4  900  lb.  per  sq.  in.)  cannot  be 
the  reason  for  this  inability  of  the  spiral  to  increase  the  load,  as  spiral  rein- 
forcement in  columns  of  lower  strength  concrete  is  capable  of  producing  loads 
greater  than  this  in  lower  strength  concrete. 

The  Increase  in  Concrete  Strength  Due  to  Spiral. — The  ultimate  strength 
of  spirally  reinforced  concrete  was  expressed  by  Equation  (21)  : 

in  which, 

f^g  =  the  ultimate  reinforced  column  stress ; 

Tg  =  the  ratio  of  spiral  reinforcement ;  and 
fg  =  the  ultimate  strength  of  identical  concrete  as  exhibited  in  test 
cylinders. 
Jc  connects  the  three  other  variables. 

From  the  group  of  39  columns  analyzed  in  the  paper,  it  was  apparent  that, 
for  a  range  in  concrete  strength  between  1 150  and  4  000  lb.  per  sq.  in.,  Tc  was 
a  constant  having  the  value  of  0.573.  The  value  of  k  was  apparently  also 
independent  of  the  yield  point  (when  present),  strength,  and  ultimate  strength 
of  the  spiral  reinforcement. 

In  Table  29,  Mr.  Mensch  gives  data  from  European  sources,  which,  if  oper- 
ative for  materials  used  in  the  United  States,  tend  to  modify  these  conclusions. 


*  Bulletin  Jt66j  Eng.  Series,  Univ.  of  Wisconsin. 
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Mr.  Mensch  is  unfortunate  in  selecting  the  10  columns  tested  by  Professor  Bach 
(Nos.  17  to  26  of  Table  29)  as  proof  of  the  very  large  value  of  k  for  low 
strength  concrete.  These  tests,  for  several  reasons,  give  very  little  informa- 
tion of  value.  The  length-core-diameter  ratio  of  the  test  specimens  is  1.9 — 
certainly  very  much  too'  short  for  a  column.  The  columns  are  of  two  groups : 
One  group  of  a  1:2:3  concrete  giving  a  28-day  ultimate  stress  of  1850  lb. 
per  sq.  in. ;  the  other  not  a  concrete,  but  a  1:5:0  mortar,  giving  a  28-day  ulti- 
mate stress  of  875  lb.  per  sq.  in.  Mortar  is  impractical  as  a  column  constituent 
because  of  the  difficulty  of  mixing.  It  is  also  uneconomical,  as  for  the  Bach 
tests,  the  same  percentage  of  cement  in  mortar  gives  only  46%  of  the  strength 
it  develops  in  the  concrete,  and  even  with  the  much  greater  percentage  increase 
in  strength  of  the  mortar,  due  to  spiral  reinforcement,  still  develops  less  total 
^strength  than  the  concrete  when  both  are  equally  reinforced. 

There  are,  however,  other  experimental  evidences  of  the  proportionately 
much  greater  strength  added  to  "lean"  concrete,*  which  indicate  very  large 
increase  in  strength  due  to  spiral  reinforcement  of  approximately  1  200  lb. 
per  sq.  in.  concrete. 

The  group  of  seven  columns  tested  by  Professor  Rudelofff  and  presented 
by  Mr.  Mensch  are  by  no  means  conclusive  proof  of  the  variation  of  the 
increase  in  strength  of  spirally  reinforced  concrete  with  variation  in  elastic 
limit  values  of  the  spiral  reinforcement.  Their  length-core-diameter  ratio 
of  4.6  is  very  short.  The  three  groups  of  plain  concrete  columns  tested  during 
"the  series,  of  which  the  tests  in  question  were  one  group,  and  which  should, 
because  of  conditions  as  constant  in  fabrication  and  proportioning  as  those 
which  exist  in  the  group  of  columns  tested  to  determine  the  influence  of  the 
Tariation  of  spiral  strength,  show  no  more  variation  in  strength  than  this 
group  of  columns,  give  average  strengths  of  174  000,  176  000  and  156  000,  the 
three  columns  prepared  by  Professor  Rudeloff  for  comparison  with  the  group 
discussed  having  strengths  of  155  400,  167  400  and  145  800  kg.  The  strength  of 
the  concrete  in  the  reinforced  columns  is,  therefore,  not  as  constant,  nor  as 
leliable  as  the  strengths  of  the  complementary  test  cubes  indicate.  Two  groups 
■of  test  columns  having  the  same  reinforcement  and  same  strength  of  concrete, 
described  in  the  paper  by  Professor  Rudeloff,  mentioned  previously,  which  can 
loe  compared,  therefore,  with  the  seven  columns  tested  expressly  to  determine 
the  effect  of  variation  of  the  strength  of  the  steel  on  the  strength  of  the 
reinforced  concrete,  show  a  decrease  in  strength  with  increase  in  the  spiral 
strength.  Indicating  these  two  new  groups  with  a  star(*),  we  obtain  the  results 
given  in  the  following  tabulation : 

Yiell  point,  in  kilogrammes  Total  column  load, 

per  squar>^  centimeter.  in  kilogrammes. 

2870* 209  330* 

3220 205  300 

3930* 198  400* 

5920 267  500 

6710 296  700 

*  "Rapports  Relatives  k  I'Emploi  du  Beton  Arme",   1907. 
t  Deutscher  Ausschuss  fiir  Eisen'beton,  Heft  25,  1913. 
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The  group  of  columns*  tested  by  Professor  Talbot  give  results  directly 
contradicting  the  conclusions  of  the  very  large  increase  of  strength  of  lean 
concrete  due  to  spiral  reinforcement  and  of  the  variation  in  the  strength  of 
spirally  reinforced  concrete  with  spiral  strength.  These  columns,  which  are 
given  in  Table  6,  are  numbered  6,  7,  8,  9,  10,  29,  30,  31,  32,  and  33. 

The  information  of  present  interest  is  summarized  in  Table  36. 

TABLE  36. 


Spiral. 

Strength  of 

concrete,  in 

pounds  per  square 

inch. 

Ratio  of  column 

strength  to 
cylinder  strength. 

Column 
No. 

Yield  point  stress, 
in  pounds  per 
square  inch. 

Ultimate  stress, 
in  pounds  per 
square  inch. 

Value 
of  fc.* 

10  i 

29 

30 

31 

32 

38 

60  000 

38  000 

54  000 
115  000 

54  000 
115  000 
115  000 

90  000 

53  000 

73  000 
152  000 

73  000 
152  000 
152  000 

1  650 

1  433 

1  150 
1  9<)0 
1  900 
1  800 
1  400 

,  1.56 

1  1.47 

(1.54 

•<1.47 

(l-53 

1.81 

2.00 

1.99 

1.89 

1.94 

fi6 
55 
63 
.55 
62 
50 
60 
60 
52 
54 

*  In  Equation    (21). 

In  Table  6,  Columns  6  and  7,  having  reinforcement  with  a  yield  point  of 
60  000  lb.  per  sq.  in.,  show  no  greater  increase  in  strength  than  Columns  8,  9, 
and  10,  having  reinforcement  with  a  yield  point  of  38  000  lb.  per  sq.  in.  Col- 
umns 30  and  31  of  concrete  of  the  same  strength  have  the  same  increase  in 
strength  from  spirals  with  yield  points  of  54  000  and  115  000  lb.  per  sq.  in., 
respectively.  Columns  29  and  31,  which  have  spiral  with  a  yield  point  of 
54  000  lb.  per  sq.  in.,  have  exactly  the  same  value  for  h  (that  is,  i)ercentage 
increase  in  concrete  strength  due  to  spiral  reinforcement  as  Columns  30,  32, 
and  33,  which  have  spiral  with  the  yield  ix)int  of  115  000  lb.  per  sq.  in.  Col- 
umn 31,  with  1  900  lb.  i>er  scj.  in.  concrete,  has  a  greater  value  for  k  than  Col- 
umn 29,  with  1 150  lb.  per  sq.  in.  concrete.  The  value  of  A-  for  Column  29  of 
very  low  strength  concrete  is  slightly  below  the  average  value,  instead  of  three 
times  the  value  for  medium  strength  concrete,  as  indicated  by  the  European 
tests. 

The  results  of  the  Eurcipean  tests  may  be  due  to  some  peculiar  property  of 
the  cement,  sand,  or  other  variable,  or  it  may  be  that  the  true  action  of  lean 
concrete  and  of  variation  in  column  strength  due  to  variation  in  strength  of 
spiral  reinforcement  in  the  American  tests  has  been  hidden  by  a  combination 
of  unfortunate  circumstances.  If  the  results  as  obtained  for  the  increase  in 
strength  of  lean  concrete  reinforced  with  spiral  are  general  in  application,  then 
/,•  will  be  constant  and  equal  to  0.573  for  values  of  concrete  strengths  between 
1  700  and  4  000  lb.  per  sq.  in.,  approximately,  which  is  the  range  limit  for  the 
strength  of  concrete  for  which  spiral  reinforcement  is  used.  The  formulas 
given  in  the  paper  for  the  ultimate  strength  and  for  the  safe  working  strength 
of  spirally  reinforced  concrete  columns  are,  therefore,  valid  for  the  streng-th 
*  Described    in   Bi<Uetm-No.    20,   Eng.    Series,   Univ.    of    Illinois. 
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range  of  concrete  used  in  practice,  and  on  the  side  of  safety  for  very  lean  con- 
crete, provided  the  large  increase  in  strength  due  to  spiral  as  obtained  by 
M.  Considere  and  Professor  Kudeloff  can  be  duplicated  in  materials  used  in  the 
United  States. 

The  strength  of  the  spirally  reinforced  concrete  column,  as  Mr.  Godfrey 
states,  is  a  function  of  the  pitch  (spacing)  of  the  spiral  reinforcement,  the 
percentage  of  reinforcement  remaining  constant.  The  pitch  of  the  spirals  in 
the  columns  analyzed  in  Section  I  is  "about  1  in.",  to  quote  Mr.  Godfrey,  and 
the  column  spirals,  representative  of  the  usual  practice,  have  a  pitch  of  about 
one-tenth  the  core  diameter.  Within  the  limits  of  pitch  to  column  diameter 
found  in  practice,  and  typified  by  the  group  of  test  columns,  the  variation  in 
column  strength  due  to  variation  in  the  ratio  of  spiral  pitch  to  core  diameter 
is  negligibly  small. 

Mr.  Godfrey  analyzes  the  internal  reactions  of  the  spirally  reinforced  col- 

unni,  as  follows : 

"In  a  hooped  column,  the  succeeding  hoops  make  of  the  column  a  system 
of  superimposed  flat  disks.  It  is  well  known  that  a  flat  disk  of  any  material, 
such  as  concrete,  is  of  very  much  greater  strength  than  a  cube  or  a  cylinder 
tv.o  diameters  in  height.  A  cube  of  lime  mortar  will  stand  very  little  compres- 
sion, but  a  thin  joint  of  the  same  mortar  will  stand  a  heavy  pressure,  and  the 
thinner  the  joint  the  greater  its  carrying  capacity.  This  effect  is  indeijendent 
of  the  lateral  confinement,  except  the  confinement  that  is  afi'orded  by  the  fric- 
tion of  the  end  planes.  In  the  hooped  column,  the  hoops  offer  a  corresponding 
confinement.  In  the  spiral  reinforced  column,  a  somewhat  similar  action  takes 
place,  and  the  pitch  of  the  spiral  is  of  great  importance." 

The  analysis  given  by  Mr.  Godfrey  is  completely  in  error.  The  core  con- 
crete is  not  divided  into  flat  disks  by  the  spiral,  disks  which  have  the  same 
strength  in  the  "hooped"  column  as  they  would  have  if  tested  individually  in 
the  testing  machine.  The  determining  factor  for  the  strength  of  flat  disks  in 
the  testing  machine  is,  as  with  the  cube,  "the  result  of  the  method  of  com- 
pression failure  of  the  concrete  *  *  *  the  cube  form  forcing  the  failure 
to  occur",  instead  of  in  the  unrestrained  plane  inclined  at  about  35°  to  the 
axis,  "in  a  plane  inclined  at  an  angle  of  45°  or  more."  This  preventative  action 
of  the  plattens  of  the  testing  machine  increases  the  force  necessary  to  cause 
failure.  The  failure  of  the  core  concrete  is  a  shear  failure*:  The  hoops  do  not 
divide  the  core  into  horizontal  sections  through  which  the  shear  failure  cannot 
pass.  The  shear  plane,  being  free  to  select  its  own  angle  of  inclination  with 
the  axis  of  the  column,  extends  a  longitudinal  distance  greater  than  the  core 
diameter,  and,  consequently,  through  a  number  of  the  "flat  disks."  As  stated 
by  the  writer,  the  "method  of  failure  must  be  understood  for  the  further 
analysis  of  reinforced  concrete  elements." 

Mr.  Reeves  quotes  the  results  of  the  series  of  nine  columns  tested  by  Pro- 
fessor Berry,f  as  evidence  that  spiral  reinforcement  does  not  appreciably 
increase  the  strength  of  the  column,  and,  quoting  Mr.  Godfrey,  "the  results 
of  tests  on     *     *     *     plain  and  reinforced  concrete  columns"     *     *     *     shows 

*  See  pp.  1113-1117,   inclusive. 

t  Engineering  Record,  February   19,   1910.  p.   206. 
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remarkable  agreement  in  one  thing ;  they  begin  to  fail  at  nearly  the  same  unit 
load,  no  matter  what  the  reinforcement  or  lack  of  it."  The  reason  for  the  small 
increase  in  strength  of  the  spirally  reinforced  columns  tested  by  Professor 
Berry  (through  no  fault  of  Professor  Berry)  was  the  poor  combination  of 
spiral  in  a  square  column.  The  minimum  of  concrete  protecting  the  spiral  was 
1  in.  If  the  same  concrete  area  (of  the  14  by  14-in.  square  column)  was  in  the 
form  of  a  round  column,  and  spiral,  2  in.  less  in  diameter,  of  the  same  per- 
centage was  used  as  reinforcement,  the  total  column  load  would  have  been  32% 
greater,  or  48%  greater  than  the  strength  of  the  plain  concrete  columns. 

Mr.  Godfrey  states  that  column  failure  ''begins  at  practically  the  same  unit 
load,  no  matter  what  the  reinforcement."  Is  a  hardly  noticeable  cracking  of 
the  protective  shell  occurring  at  much  less  than  ultimate  column  strength  as 
important  as  the  cracking  of  the  concrete  columns  without  spiral  reinforce- 
ment, which  is  the  almost  instantaneous  indication  of  ultimate  column  strength 
and  simultaneous  column  failure? 

The  group  of  six  columns  (M-1,  M-2,  M-3,  and  M-14,  M-15,  and  M-16, 
Table  6),  are  dangerous  by  reason  of  the  large  addition  to  strength  which 
they  indicate  for  0.5%  of  reinforcement.  The  statement  in  the  paper  cannot 
be  controverted: 

"Even  if  these  two  groups  of  columns  of  high  strength  can  be  shown,  in  the 
future,  to  have  possessed  this  high  strength  due  to  some  property  of  the  con- 
crete, the  spirals,  or  the  method  of  treatment  of  the  concrete,  etc.,  until  this 
strength  can  be  shown  capable  of  reproduction  at  will,  the  reason  for  the  high 
strength  must  be  considered  as  accidental  and  to  have  no  bearing  in  the  deriva- 
tion of  allowable  working  stresses." 

The  group,  M-14,  M-15,  and  IHL-W,  is  of  such  short  length-diameter  ratio 
(4.3)  as  to  give  little  foundation  for  the  action  of  a  column  of  usably  large 
length-diameter  ratio  and  can  be  omitted  on  that  ground  alone.  The  group, 
M-1,  M-2,  M-3,  in  showing  such  a  much  greater  relative  increase  in  strength 
than  the  M-17,  M-18,  M-19  group,  is  sufficient  to  make  the  M-1,  M-2,  M-3 
results  questionable. 

The  designation  of  different  weights  to  the  results  obtained  from  various 
investigations  is  a  firmly  established  custom  in  analysis  of  scientific  material. 
The  weight  to  be  assigned  to  the  results  of  the  McKibben-Merrill  tests*  from 
inspection  of  the  variation  in  strength  of  the  concrete  both  in  test  cylinders 
and  in  plain  columns,  in  comparison  with  the  evenness  of  strengths  obtained 
by  Professors  Talbot  and  Withey,  and  in  the  American  Concrete  Institute 
tests,  can  be  seen  to  be  much  less  than  that  to  be  assigned  to  these  latter  three. 
It  seems  probable  that  the  strength  of  the  concrete  of  the  different  batches  of 
the  McKibben-Merrill  tests  varied  considerably;  the  strength  of  the  plain 
concrete  columns  cannot  then  be  used  as  an  indication  of  the  strength  of  the 
concrete  in  the  reinforced  columns.  The  variation  in  the  test  cylinder  strength, 
the  only  other  means  of  determining  the  strength  of  the  concrete  in  the  rein- 
forced columns,  is  so  large  as  to  make  results  derived  on  this  basis  very  inse- 
cure. 

•  Proceedings,  Am.  Concrete  Inst..   February,  1915. 
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The  two  groups  of  columns  testing  high  cannot  be  used  in  safe  stress 
determination.  They  serve  no  other  purpose  than  the  possible  indication  of  a 
very  high  strength  due  to  unknown  causes.  As  these  causes  are  unknown, 
they  cannot  be  applied  to  obtain  these  high  strengths  in  actual  practice.  Had 
the  group  of  columns  tested  low  the  same  amount  as  they  tested  high,  then, 
certainly,  they  would  have  to  be  included  in  determining  their  variation  and 
resultant  reliability  number,  Nr. 

The  von  Emperger  Type  Column. — With  Mr.  Mensch,  the  writer  feels 
that  the  safe  stresses  indicated  in  Section  lY,  Sub-Section  D,  of  the  paper 
are  lower  than  the  true  safe  stress,  but  consistency  with  the  disparagement  of 
sentiment  in  the  derivation  of  safe  stresses  and  elsewhere  in  the  paper,  demands 
that  this  intuition,  as  a  reason  for  increasing  the  suggested  safe  stress  values 
for  the  von  Emi>erger  type  column,  be  ignored.  Theoretical  consideration 
apparently  indicates  that  the  spirally  reinforced  concrete  surrounding  any 
defective  and  low-strength  part  of  the  cast-iron  core  would  not  prevent  those 
parts  failing  at  the  stress  at  which  they  would  fail  if  unembedded.  It  is  true 
that,  as  Mr.  Mensch  states,  "the  probability  that  the  weakest  part  of  the  hooped 
concrete  surrounds  the  weakest  part  of  the  cast  iron  is  extremely  small";  but 
this  is  not  the  pertinent  question.  Failures  of  all  the  columns  of  this  type  were 
failures  first  in  the  concrete.  If  the  individual  cast-iron  reinforcement  was 
defective  so  that,  unsurrounded  by  spirally  reinforced  concrete,  it  would  fail 
at  a  stress  less  than  that  imposed  in  it  at  a  strain  equal  to  the  ultimate  strain 
of  the  reinforced  concrete  surrounding  it,  would  that  surrounding  concrete 
prevent  the  cast-iron  failure?  There  is  no  experimental  data  to  prove  that  it 
would,  and,  consequently,  no  increase  in  working  stress  should  be  given  the 
cast  iron  above  that  permitted  for  the  unembedded  cast-iron  reinforcing 
element.  As  the  type  of  column  indicates  the  possibility  of  very  high  working 
stresses,  it  is  to  be  hoped  that  this  experimental  support  will  be  forthcoming; 
the  method  of  obtaining  it  would  require  very  careful  consideration. 

Mr.  Mensch,  surprised  at  the  ultimate  strain  value  of  0.0034  found  in  the 
paper,  gives  as  ultimate  strain  values  for  the  von  Emperger  type  "0.006,  the 
average  of  all  columns  measured  was  0.0082,  and  the  ultimate  strain  *  *  * 
probably  exceeded  0.01  in.  per  in."  How  these  can  be  the  correct  values  is  to 
be  questioned,  for,  using  the  average  stress  strain  curves  for  the  three  cast-iron 
test  si)ecimens  in  the  group,  the  average  strain  of  0.0082  in.  per  in.  given  by 
Mr.  Mensch  would  indicate  a  corresponding  cast-iron  stress  of  53  000  lb.  per 
sq.  in.  The  average  load  of  the  nine  similar  von  Emperger  columns,  less  the 
total  load  in  the  cast-iron  reinforcement  at  a  stress  of  53  000  lb.  per  sq.  in., 
shows  a  stress  in  the  spirally  reinforced  concrete  at  maximum  column  load  of 
only  3  400  lb.  per  sq.  in.,  contrasting  with  the  average  ultimate  stress  in  the 
test  cylinders  of  4  120  lb.  per  sq.  in.,  and  stresses  of  4  580  and  4  970  lb.  per 
sq.  in.,  respectively,  in  the  columns  reinforced  only  with  spiral  and  rods. 

The  best  method  of  determining  the  ultimate  strength  of  the  concrete  in 
the  group  of  von  Emperger  columns,  and  on  which  the  determination  of  the 
stress  in  the  cast-iron  reinforcement  at  maximum  column  strength  depends, 
is  open  to  question.     Mr.  Mensch  prefers  the  unit  strength  of  the  columns 
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reinforced  with  rods  and  spiral  only,  to  the  strength  based  on  the  test  cylinder. 
He  oifers  as  the  explanation  of  poorly  made  cylinders,  "that  the  workmen  were 
accustomed  to  tamping  columns,  but  not  to  making  test  cylinders";  but  the 
strength  of  the  cylinders  relative  to  the  columns  was  greater  than  normal. 
The  writer  prefers  the  evidence  of  the  twelve  cylinders  to  that  of  the  two 
columns  reinforced  only  with  rods  and  spiral. 

The  Endurance  Limit  of  Concrete. — The  endurance  repetition  load  limit 
of  concrete,  as  determined  by  Professor  Van  Ornum,*  and  discussed  by  the 
writer  in  Section  TV  of  the  paper,  coincides  of  necessity,  because  the  strain 
also  approaches  an  asymptotic  value,  with  the  time  endurance  load,  a  point 
of  importance  omitted  in  the  paper. 

Mr.  Ingberg,  on  the  basis  of  endurance  experiments  conducted  by  W.  K. 
IIatt,t  M.  Am.  Soc.  C.  E.,  and  Professor  Berry,:}:  questions  the  reduction 
(50%)  due  to  repetitive  stress,  as  determined  by  Professor  Van  Ornum,  as 
too  large. 

The  tests  by  Professor  Hatt  on  beams,  with  1776  and  1248  repetitions, 
and,  for  the  remainder,  710  or  less,  are  a  very  small  number  indeed,  and 
measure  the  endurance  of  the  steel  reinforcement,  rather  than  that  of  the 
concrete. 

Even  if  the  stress  in  the  beams  tested  by  Professor  Hatt  is  a  larger  propor- 
tion of  the  tdtimate  strength  of  the  concrete  than  that  obtained  by  Professor 
Van  Ornum,  such  stress,  on  account  of  the  "continually  increasing  deflection 
and  set  under  this  process  of  repeated  loading,"  cannot  be  used  as  a  safe 
working  stress,  even  if  the  "maximum  load  which  the  beams  carried"  was 
"not  diminished  by  the  repetitions  of  load,"  because  the  increasing  deflection 
and  set  would  cause  failure. 

The  tests§  by  Professor  Berry  do  not  contradict,  but  tend  to  support 
and  extend  Professor  Van  Ornum's  test  results.  Professor  Berry  tested  the 
beams  with  from  920  000  to  1  890  000  repetitions  of  a  stress  not  greater  than 
40%  of  the  ultimate  and  probably  considerably  less  than  that  for  most  of  the 
test  specimens.  Professor  Berry  finds  that  the  "repetition  does  not  materially 
affect  the  ultimate  strength,  the  position  of  the  neutral  axis,  the  maximum 
deflection,  nor  the  ultimate  deformation  in  the  concrete,"  conclusions  all  of 
which  are  in  agreement  with  extension  of  those  of  Professor  Van  Ornum 
from  his  test  results,  that  is,  for  repeated  stresses  with  values  below  the 
endurance  limit  of  concrete,  the  ultimate  strength  and  strain  of  the  concrete 
are  not  changed.  The  endurance  test  results  of  one  cylinder,  as  given  by 
Professor  Berry  in  1910,  can  have  only  very  small  value,  as  the  one  time 
loading  strength  of  the  cylinder  was  unknown. 

Eeliabiliti/  Determinations. — -Mr.  Cox,  in  his  excellent  discussion,  has 
supplied  the  frequency  curves  of  actual  tests,  as  suggested  by  Mr.  Mensch. 
The  exact  form  of  the  curve  cannot  be  determined  graphically  because  of  the 
small  number  of  concrete  test  columns  available,  and  "the  necessity  for  an 


•  Transactiwis,  Am.   Soc.  C.  E.,  Vol.  bl    (1903),  p.  443,   and  Vol.  LVIII    (1907),  p.  294 

"}  Proceedings,  Am.   Soc.  for  Testing  Materials,  Vol.  7    (1907),  p.  421. 

t  Loc.  cit..  Vol.  8   (1908)  ;  Vol.  9   (1909). .p.  493;  and  Vol.  10   (1910),  p.  581. 

§  Described  in  Proceedings,  Am.   Soc.   for  Testing  Materials,   1903   and   1909. 
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enormous  number  of  observations  in  order  closely  to  approximate  the  theo- 
retical curve."  Even  with  a  much  larger  number  of  test  specimens  (Nos. 
76  and  183,  respectively),  as  available  for  the  curves  given  in  Figs.  14  and 
15  by  Mr.  Cox,  the  exact  form  of  the  curve  indicated  by  the  test  points  (or 
areas)  is  very  questionable.  The  form  of  the  "normal"  frequency  curve  can 
be  determined  with  far  more  accuracy  from  Equation  (47). 

The  method  of  determining  the  equation  for  the  skew  as  well  as  the  form 
of  normal  curve,  by  means  of  the  duration  curve,  given  in  the  pertinent  and 
useful  discussion  by  Mr.  Foster,  and  in  his  paper  on  "Theoretical  Frequency 
Curves",  previously  mentioned,  gives  apparently  the  best  means  of  deter- 
mining the  skew  of  the  curve  as  well  as  the  form.  The  number  of  test  results 
is  so  meager,  however,  that  the  amount  of  skew  for  the  probability  curves  for 
the  various  types  of  columns  could  not  be  determined. 

Safe  Worlcing  Stresses. — Both  Mr.  Foster  and  Mr.  Cox,  in  their  discus- 
sions, present  interesting  and  important  ideas  on  safe  stresses.  The  economic 
factor  presented  by  Mr.  Cox  is  worthy  of  further  study  and  promises  to  be  of 
service.  There  can  be,  however,  but  one  true  safe  stress  for  a  material  or  struc- 
tural element,  which  can  be  determined  by  methods  indicated  in  the  pai)er, 
a  value  not  to  be  exceeded  when  human  safety  depends  on  the  structure.  For 
special  cases,  other  values  for  the  variables,  Xr  and  Lf,  of  Equation  (54), 
than  those  given  in  the  paper,  can  be  determined.  A  temporary  structure  does 
not  require  a  value  of  Lg  as  low  as  0.50,  and  for  the  structure  the  failure  of 
which  does  not  endanger  human  life,  the  value  of  Nr  may  be  appropriately 
chosen  by  the  proper  balance  of  the  saving  in  cost  of  material,  possibility  of 
failure,  and  loss  in  case  of  failure.  Such  processes  of  determination  are 
impractical;  the  solution  appears  to  be  in  the  determination  of  the  true  safe 
stress  and  the  introduction  of  additional  "economic"  multiplying  factors  for 
various  conditions  of  service  and  types  of  structures. 

Mr.  Godfrey,  on  page  1152,  questions  what  is  to  be  done  if  a  bat^ih  of  bad  con- 
crete is  placed  in  a  rodded  column,  or  some  concrete  is  affected  by  frost  ( ?).  and 
solves  the  problem  by  "exert  [ing]  himself  to  make  his  structures  'fool-proof, 
not  only  by  using  a  factor  of  safety  to  cover  contingencies"  (contingencies,  by 
the  way,  causing  stresses  of  entirely  unknown  magnitude)  'T>ut  also  by  using  a 
design  that  will  produce  tough  columns."  Mr.  Godfrey,  of  course,  meta- 
physically transmutes  the  batch  of  bad  concrete  placed  in  a  spirally  reinforced 
column.  Such  transmutation,  however,  does  not  affect  concrete,  and  "bad" 
concrete  is  incorrigible,  regardless  of  where  it  is  placed.  The  writer  recog- 
nizes "the  impossibility  of  assuring  a  safe  value,"  a  safe  value  being  some- 
thing that  "no  mathematical  equation  can  assure,"  as  Mr.  Godfrey  evidently  is 
unaware  when  he  questions  the  procedure  when  "concrete  is  affected  by  frost." 
The  writer's  suggestion  of  assuring  a  minimum  strength  concrete  "by  taking 
check  test  specimens  from  every  batch  of  concrete"  is  a  certain  solution  of  the 
problem,  whereas  the  proper  factor  of  safety  to  cover  the  loss  of  concrete 
strength  due  to  freezing  is  difficult  to  determine.  The  possibility  of  loss  of 
concrete  strength  by  freezing  is  slight,  as  has  been  determined  by  pyrometer 
temperature  readings  in  the  surface  of  newly  poured  concrete. 
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By  applying  Mr.  Godfrey's  definition  of  "toughness"  as  "the  quality  of 
standing  overload  without  distress,"  one  can  make  plain  concrete  or  any 
material  as  "tough"  as  desired  by  assuming  a  working  stress  as  small  as 
necessary.  The  basis  from  which  "overload"  is  measured  must  be  the  permis- 
sible working  stress,  itself  heretofore  a  point  having  a  vague  relation  to  ulti- 
mate stress.  The  ratio  of  percentage  overload  to  cause  failure  is  nearly  equal 
in  the  rod  and  spirally  reinforced  columns,  hence,  according  to  Mr.  Godfrey, 
they  would  be  equally  tough.  If  he  considers  the  cracking  of  the  protective 
shell  of  spirally  reinforced  concrete,  however,  as  signs  of  distress,  then  the 
rod-reinforced  column  is  tougher  than  the  spirally  reinforced  column. 

Mr.  Godfrey  admits  "uncertainties  in  execution  and  unknowables  in 
design,"  and  talks  of  a  "margin"  to  cover  these  uncertainties  and  unknow- 
ables. Mr.  Godfrey's  method  of  determination  of  the  magnitude  of  the 
"margin",  a  perfectly  definite  value,  to  cover  what  is,  to  Mr.  Godfrey,  uncer- 
tain and  unknowable,  would  be  of  interest.  In  his  paper,  the  writer  presented 
and  applied  to  some  extent  methods  of  determining  maximum  values  and 
eliminating  "unknowables"  and  "uncertainties."  The  actual  stress  in  a  struc- 
ture is  unimportant,  but  the  maximum  possible  value  is  all  important. 

The  statement  that  "a  unit  volume  of  concrete  has  the  same  ultimate 
strength  no  matter  where  placed"  is  admittedly  ambiguous.  The  writer 
wishes  to  call  Mr.  Godfrey's  attention  to  the  fact  that  "a  unit  volvime  of 
concrete"  surrounded  by  spiral  is  a  "unit  volume  of  spirally  reinforced  con- 
crete." The  intention  was  to  call  attention  to  the  fact  that,  for  example,  in 
a  reinforced  beam,  because  the  concrete  in  the  middle  of  the  top  fiber  fails 
first,  it  is  not  the  weakest,  but  the  stress  at  that  point  is  greatest. 

The  several  apparently  contradictory  parts  of  the  paper,  to  -^hich  Mr.  God- 
frey calls  attention,  will  be  clear  if  the  paper  as  a  whole  is  carefully  read. 

Appreciation. — The  writer  desires  to  express  his  appreciation  of  the  dis- 
cussions of  the  paper,  especially  those  parts  in  which  an  endeavor  was  made 
to  extend  the  principles  developed  in  it.  He  desires  to  thank  the  Society  for 
the  privilege  of  presenting  the  paper  and  publishing  it,  and  especially  to  thank 
the  Secretary  and  his  staff  for  their  courtesy  and  patience  and  sustained 
interest  in  producing  the  paper. 

The  writer  wishes  also  to  acknowledge  his  debt  to  Mr.  P.  H.  Bates,  of  the 
U.  S.  Bureau  of  Standards,  by  whom  he  was  first  inspired  with  an  apprecia- 
tion of  experimental  engineering  research,  and  who  introduced  to  him  the 
problem  treated  in  the  paper. 
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THE  ^'EW  PROJECT  FOR  THE  SOCIETY 
FOR  THE  PROMOTION  OF  ENGINEERING  EDUCATION^ 

Bv  Charles  F.  ScoTT,t  Esq. 


At  the  Annual  Convention  of  the  Society  for  the  Promotion  of  Engineering 
Education,  in  June,  1922,  the  Council  appointed  a  Development  Committee  to 
formulate,  an  ansvper  to  the  question,  "What  can  the  Society  do  in  a  com- 
prehensive way  to  develop,  broaden,  and  enrich  engineering  education  ?" 

The  follovping  is  quoted  from  the  report  of  the  Committee: 

"The  engineer  of  to-morrow  will  be  called  upon  to  take  even  a  more  im- 
portant part  than  the  engineer  of  to-day  in  great  enterprises,  both  private 
and  public.  He  will  be  called  upon  for  general  service  in  organization  and 
leadership  as  well  as  for  technical  sei^vice  in  the  solution  of  new  problems 
(industrial,  economic,  governmental  and  social)  which  the  engineering  appli- 
cations of  science  have  produced.  This  means  imagination,  vision,  the  power 
to  conceive,  and  the  ability  to  carry  out  great  projects. 

"The  problem  of  engineering  education  is  to  determine  and  to  meet  the 
progressive  demands  of  a  rapidly  changing  civilization.  What  constitutes 
these  demands  is  a  question  being  considered  by  educators,  by  engineering 
societies,  by  organizations  of  industries  and  public  utilities  and  by  others. 
Unfortunately,  there  has  been  almost  no  co-ordination  of  effort,  and  there  is 
lack  of  agreement  on  even  fundamental  objectives.  The  first  necessity  then 
would  seem  to  be  an  investigation  to  determine  just  what  the  facts  are." 
******* 

"The  question  involves  two  fundamental  inquiries : 
"A. — What  the  engineer  graduate  should  be. 

"B. — What  the  training  of  the  engineering  student  should  be  and  the 
influence  surrounding  him. 

"Your  Committee  would  therefore  recommend : 

"I.  That  there  be  created  within  the  Society,  a  Board  of  Investigation  and 
Co-ordination,  consisting  of  five  (5)  members,  under  whose  general  direction 
there  should  be  organized  and  conducted  (a)  an  active  campaign  for  the 
]:)romotion  of  engineering  education  in  the  light  of  the  needs  of  the  future,  as 
those  needs  may  be  developed;  (h)  there  shall  be  co-ordinated  as  far  as  pos- 
sible the  activities  of  the  various  agencies  interested  in  promoting  engineering 
education ;  and  (c)  there  shall  be  conducted  research  in  engineering  education." 
******* 

"III.  That  there  be  authorized  a  director,  with  an  adequate  staff. 

"IV.  That  progress  reports  to  the  Society  be  published  periodically."        , 
******* 

"YI.  That  the  objects  (among  others)  for  which  the  Board  is  created  shall 
be  considered  to  be : 

"1.  To  ascertain  the  facts  in  engineering  education,  such  as  concerns  (a) 
teachers,  their  origin,  training,  experience,  and  effectiveness;  (6)  teaching 
facilities;  (c)  curriculums;  (d)  students  and  graduates,  their  origin,  training, 
experience  and  effectiveness. 

"2.  To  ascertain  present  and  future  requirements  in  the  fields  served  by 
engineer  graduates.  

*  Presented  at  a  Joint  Session  -with  the  Society  for  the  Promotion  of  Engineering  Educa- 
tion  at  the  Annual  Meeting,  January  17,  1923. 

t  Pres.,  Soc.  for  the  Promotion  of  Eng.  Education  ;  Prof,  of  Elec.  Eng.,  Sheffield  Scien- 
tific School.  Yale  Univ.,  New  Haven,  Conn. 
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"3.  To  present  the  facts  and  requirements  for  their  bearing  on  the  training 
of  the  engineer  to  the  end  that  he  may  (a)  develop  himself  and  his  profession ; 
(6)  realize  and  fulfill  his  obligation  to  society. 

"4.  To  maintain  close  contact  with  engineering  schools  enabling  them  to 
participate  in  the  investigations,  and  reporting  to  them  from  time  to  time,  to 
the  end  that  the  developments  may  be  continuous  from  the  initial  contact 
between  the  colleges  and  the  agencies  of  the  Board. 

"5.  To  secure  the  necessary  funds  for  these  purposes." 

The  report  has  been  approved  and  the  members  of  the  Committee  have  been 
appointed  as  members  of  the  Board.  They  are  as  follows:  M.  E.  Cooley, 
M.  Am.  Soc.  C.  E.,  Dean,  Colleges  of  Engineering  and  Architecture,  University 
of  Michigan;  John  H.  Dunlap,  M.  Am.  Soc.  C.  E.,  formerly  Professor  of 
Hydraulics  and  Sanitary  Engineering,  State  University  of  Iowa,  now  Sec- 
retary of  the  American  Society  of  Civil  Engineers;  Dugald  C.  Jackson,  M. 
Am.  Soc.  C.  E.,  Professor  of  Electrical  Engineering,  Massachusetts  Institute 
of  Techiiology;  F.  W.  McNair,  President,  Michigan  School  of  Mines;  and 
the  speaker.  F.  L.  Bishop,  Secretary  of  the  Society  for  the  Promotion  of  Engi- 
neering Education,  is  Secretary  of  the  Board. 

On  behalf  of  the  Board,  a  letter  was  sent  to  presidents  and  deans  of  engi- 
neering colleges  asking  suggestions  and  co-operation  by  the  schools.  The 
responses  were  encouraging  and  constructive. 

The  full  functioning  of  the  Board  must  await  the  securing  of  funds  and 
the  selection  and  appointment  of  a  Director  and  staff. 

The  increasing  general  interest  in  engineering  education  is  significant. 
The  National  Industrial  Conference  Board  and  the  Society  for  the  Promotion 
of  Engineering  Education  have  recently  formed  an  Advisory  Conference  Com- 
mittee on  Engineering  Education.  The  members  representing  industry  are: 
S.  P.  Bush,  President,  Buckeye  Steel  Castings  Company,  Columbus,  Ohio; 
H.  E.  Coffin,  Vice-President,  Hudson  Motor  Car  Company,  Detroit,  Mich.; 
Col.  T.  C.  Dickson,  U.  S.  A.,  Commanding  Officer,  U.  S.  Arsenal,  Watertown, 
Mass.;  Howard  Elliott,  Affiliate,  Am.  Soc.  C.  E.,  Chairman,  Northern  Pacific 
Railroad,  New  York  City;  E.  M.  Herr,  President,  Westinghouse  Electric  and 
Manufacturing  Company,  East  Pittsburgh,  Pa.;  William  H.  Nichols,  Chair- 
man, Allied  Chemical  and  Dye  Corporation,  New  York  City;  A.  H.  Eogers, 
President,  Mining  and  Metallurgical  Society  of  America,  New  York  City ;  and, 
Henry  D.  Sharpe,  Treasurer,  Brown  and  Sharpe  Manufacturing  Company, 
Providence,  E.  I. 

The  members  representing  the  educational  society  are  as  follows:  K.  H. 
Fernald,  Professor  of  Mechanical  Engineering,  UniA'ersity  of  Pennsylvania, 
Philadelphia,  Pa.;  H.  J.  Hughes,  M.  Am.  Soc.  C.  E.,  Dean,  Harvard  Engineer- 
ing School,  Cambridge,  Mass. ;  D.  C.  Jackson,  Professor  of  Electrical  Engineer- 
ing, Massachusetts  Institute  of  Technology,  Cambridge,  Mass. ;  F.  W.  McNair, 
President,  Michigan  School  of  Mines,  Houghton,  Mich.;  J.  W.  Roe,  Professor 
of  Administrative  Engineering,  New  York  University,  New  York  City;  H. 
Schneider,  Assoc.  M.  Am.  Soc.  C.  E.,  Dean,  College  of  Engineering  and  Com- 
merce, University  of  Cincinnati,  Cincinnati,  Ohio;  and  the  speaker. 

It  was  a  surprise  to  the  Committee  to  find  practical  unanimity  in  the  view 
that   engineering  education  for  the  industries  should  be  along  broad  lines, 
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with  thorough  training  in  the  fundamentals  of  science  and  engineering, 
leaving  much  of  the  training  in  the  special  processes  to  experience  to  be 
gained  from  the  industry  after  graduation.  It  was  the  general  view  that 
the  narrowly  or  specially  trained  man  was  not  fitted  for  development  into 
the  positions  of  larger  responsibility  and  leadership  which  industry  needs; 
that  the  industries  at  present  are  not  appreciative  to  what  a  degree  their 
development  and  expansion  is  dependent  on  securing  men  of  engineering 
training  and  giving  them  opportunities  for  development.  It  is  anticipated  that 
the  Industrial  Conference  Board  not  only  will  awaken  industry  to  a  new 
attitude  toward  science  and  engineering,  but  that  it  will  be  most  helpful  to 
the  engineering  schools  by  giving  a  clearer  specification  as  to  the  type  and 
number  of  men  which  industry  needs,  and  will  assist  by  co-operating  with  the 
schools  in  making  their  training  most  effective. 

The  Highway  Education  Board  is  significant  as  a  forward  rnovement. 
Leaders  in  highway  transport  are  making  education  a  prime  factor  in  the 
program  for  the  development  of  highway  transport.  One  is  tempted  to  ask 
whether  the  railroads  would  be  in  their  present  position,  if  they  had  cul- 
tivated education  in  past  years  and  had  grafted  into  their  organizations 
generous  numbers  of  men  of  scientific  and  engineering  training.  Certainly, 
conditions  would  not  be  as  they  are  at  present,  in  which  there  is  little  demand 
or  opportunity  for  college  graduates  in  railway  service,  and  research  in  the 
railway  field  is  practically  at  a  standstill. 

Engineering  and  scientific  societies  have  been  taking  a  new  interest  in 
engineering  education.  The  American  Institute  of  Mining  and  Metallurgical 
Engineers  and  the  American  Chemical  Society  have  already  issued  reports  on 
education.  Dean  Cooley  who  recently  visited  engineering  societies  and  engi- 
neering schools  in  a  third  of  the  States  in  his  travels  as  President  of  The 
Federated  American  Engineering  Societies,  and  Secretary  Dunlap  who  made 
many  visits  in  his  journey  to  and  from  the  Fall  Meeting  of  the  American 
Society  of  Civil  Engineers,  in  San  Francisco,  Calif.,  both  report  a  general 
and  animated  interest  in  engineering  education. 

The  Presidential  Address  to  the  American  Society  of  Mechanical  Engi- 
neers by  Dean  Kimball  in  December,  1922,  was  entitled  "^Rational  Leadership". 
In  this  address,  Dean  Kimball  showed  that  our  civilization  differs  from  those 
that  have  gone  before  in  our  power  to  produce  the  necessities  of  life,  to  feed, 
clothe,  and  house  the  multitude.  He  traced  the  changes  wrought  by  modern 
methods  on  industrial  life  and  the  resulting  complexity  of  human  relations. 
Modern  civilization  is  largely  what  the  engineer  has  made  it,  and  the  civiliza- 
tion of  the  future  will  be  largely  what  he  wishes  it  to  be.  Modern  civilization, 
however,  is  not  what  it  should  be — production  has  increased,  but  adequate 
social  benefit  has  not  resulted.  The  engineer  for  the  first  time  is  face  to  face 
with  the  great  problems  of  human  relations  in  industry  and  the  distribution  of 
w^ealth.  A  new  form  of  industrial  leadership  is  needed,  but  the  source  of  this 
leadership  does  not  seem  to  be  clear.  In  history,  National  leadership  was  first 
a  military  rule,  succeeded  by  legal  government.  Industry  has  had  these  types, 
and  two  other  types  are  available  for  industrial  leadership,  namely,  the  busi- 
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ness  and  financial  type  and  the  scientific  type.  Dean  Kimball  showed  why 
and  how  the  engineering  type  of  mind  is  adapted  to  make  a  great  contribution 
to  the  solution  of  industrial  and  National  problems. 

Most  engineers  will  agree  with  Dean  Kimball  that, the  extending  field  of  the 
engineer  must  logically  include,  not  only  the  technical  and  the  strictly  profes- 
sional, but  also  participation  in  leadership  in  industry  and  in  public  affairs. 

Industrial,  social,  economic,  political.  National,  and  international  problems 
are  largely  those  which  are  incident  to  the  new  world  brought  about  by  science 
and  engineering.  The  opportunities,  the  responsibilities,  and  the  obligations 
of  the  engineer  to-day  differ  from  those  of  fifty  years  ago  in  proportion  as  the 
field  and  influence  of  engineering  itself  has  grown;  and  the  opportunity  and 
responsibility  of  the  engineer  in  the  next  generation  can  be  predicted  only  as 
we  project  into  the  future  the  curves  of  engineering  and  related  activities  and 
attempt  to  formulate  the  various  problems  which  the  next  generation  will  bring 
forth. 

Engineers  themselves  have  realized  a  field  of  service  beyond  that  of  their 
old-time  technical  societies  and  have  formed  The  Federated  American  Engi- 
neering Societies  which  is  making  available  the  service  of  the  engineer  in  a 
new  way. 

Anticipating  that  the  engineer  of  the  future  must  be  bigger  and  broader 
than  the  engineer  of  to-day,  it  becomes  necessary  to  provide  the  new  engineer. 
This  is  the  function  of  the  engineering  school,  but  not  of  the  school  alone. 
Engineers  and  engineering  societies,  industry,  and  others  as  well,  should  con- 
sider what  the  engineer  of  the  future  should  be,  what  type  of  boys  should  be 
chosen,  and  what  education  and  training  they  should  receive  in  school  and 
after  graduation,  in  order  that  the  engineer  of  the  future  may  be  adequate  for 
his  new  responsibilities. 

The  Engineering  Profession  has  been  unique  in  having  a  National  organi- 
zation for  the  promotion  of  engineering  education.  The  Society  was  formed 
at  the  Columbian  Exposition  in  1893.  Through  conventions,  by  papers  and 
discussions,  by  reports  of  standing  committees  of  which  there  are  a  score, 
and  by  its  publications,  it  has  promoted  the  ideals  and  the  practice  in  the 
training  of  engineers.  Through  its  initiative,  the  report  of  Dr.  Mann  of  the 
Carnegie  Foundation  for  the  Advancement  of  Teaching  was  produced,  which 
has  awakened  thought  and  discussion.  The  new  project  of  the  Society  has  been 
undertaken  in  recognition  of  the  new  demands  on  engineering  schools.  It  is 
not  a  plan  by  which  some  super-committee  shall  evolve  a  formula  for  engineer- 
ing education.  It  rather  contemplates  active  interest  and  participation  by  the 
schools  in  formulating  and  solving  the  problems  which  are  primarily  their 
problems. 

The  schools  are  alert  to  new  methods.  Co-operation  with  industry,  adminis- 
trative engineering  courses,  discussions  regarding  the  lengthening  of  the 
course  from  four  to  five  or  six  years,  and  the  constant  agitation  for  change  in 
curricula  indicate  the  desire  for  something  different.  The  new  fact-finding  and 
co-ordinating  Board  established  by  the  Society  aims  to  aid  and  direct  progress 
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by  co-ordinating  the  ideas  of  the  various  schools  with  those  of  industry  and  of 
the  Engineering  Profession. 

It  is  not  anticipated  that  a  single  general  type  of  engineering  school  will  be 
found  adequate  or  desirable.  Presumably,  objectives  and  ideals  will  be  more 
clearly  defined,  and  each  school  will  find,  by  self-determination,  its  own  par- 
ticular field.  Its  industrial  environment,  its  type  of  students,  its  educational 
relations — whether  part  of  a  university  or  an  independent  school — its  financial 
resources,  its  physical  facilities,  and  its  teaching  equipment  are  all  factors 
determining  the  service  it  can  best  render. 

There  are  certain  broad  underlying  questions  in  regard  to  which  the 
investigations  should  furnish  data,  among  which  are  the  following: 

What  class  of  subjects  will  best  supply  the  cultural  broadening  outlook 
which  technical  courses  lack  ? 

Is  the  broader  attitude  of  the  student  to  be  acquired  through  the  non- 
technical so-called  cultural  subjects  or  through  engineering  teachers  who  have 
a  larger  conception  of  the  relations  of  the  engineer  to  society? 

What  differentiation  should  be  made  in  the  training  of  different  types  of 
men  and  in  training  for  different  fields  of  service? 

Are  the  present  faculties  composed  of  men  who  have  the  technical  knowl- 
edge and  practical  experience  and  teaching  ability  and  the  attitude  toward  life 
which  adequately  fit  them  for  training  the  engineers  of  the  future? 

If  not,  what  constitutes  the  ideal  teacher  and  what  measures  should  be 
taken  to  secure  or  to  train  engineering  teachers? 

Engineering  societies  can  aid  in  specifying  the  ideal  teacher,  and  can  assist 
in  finding  him  and  inducing  him  to  be  a  teacher.  The  engineering  society 
may  have  more  weight  than  the  engineering  faculty  in  giving  boards  of  trus- 
tees a  true  vision  of  the  relation  of  the  engineer  to  society,  which  may  result 
in  wise  selection  and  compensation  of  engineering  teachers. 

The  rising  cost  of  education  in  common  schools,  high  schools,  and  colleges 
is  discussed  in  the  last  report  of  the  President  of  the  Carnegie  Foundation  for 
Teaching.  A  large  part  of  the  great  increase  is  attributed  to  new  ideals 
regarding  education,  for  example,  that  the  school  and  college  form  a  ready 
path  to  ease  and  prosperity  with  minimum  effort,  that  every  field  of  human 
knowledge  must  be  included  in  the  curriculum,  and  that  vocational  training, 
even  if  it  is  superficial,  must  be  given  by  the  school.  The  engineering  school 
is  subject  to  the  same  tendencies,  and  a  keen  study  of  its  objectives  and  pur- 
I)oses  is  a  first  essential  in  determining  what  it  should  do  and  the  most  efficient 
way  of  doing  it. 

The  whole  field  is  so  large  that  the  new  Board  must  content  itself  with  the 
initial  selection  of  a  few  definite  topics.  The  curriculum  has  been  suggested  as 
such  a  topic,  not  as  a  mere  list  of  topics  to  embellish  a  page  of  the  catalogue, 
but  rather  as  the  subjects  which  give  character  and  content  to  engineering 
education.  The  first  essential  is  a  definite  determination  of  the  product  the 
curriculum  aims  to  produce.  Furthermore,  how  is  the  curriculum  to  be 
administered?  What  type  of  teacher  and  what  facilities  are  requisite? 
Broadly  considered,  a  curriculum  study  may  involve  directly  or  indirectly  many 
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of  the  apparently  diversified  questions  of  engineering  education.  An  out- 
standing feature  of  the  speaker's  recent  contacts  with  teachers,  engineers, 
industrialists,  and  fathers  of  boys  is  the  serious  importance  with  which  engi- 
neering education  is  discussed.  It  is  not  mere  academic  discussion.  In  a 
recent  conversation  regarding  the  new  project  of  the  Society  for  the  Promotion 
of  Engineering  Education,  the  speaker  stated  that  detailed  plans  had  not  been 
made,  as  a  large  part  of  the  task  is  to  formulate  the  problem,  but  what  gives 
him  inspiration  and  confidence  is  the  large  vision,  the  serious  purpose,  and  the 
enthusiasm  of  the  men  of  varied  experience  who  constitute  the  new  Board. 

The  Board  is  appreciative  of  this  opportunity  for  a  joint  session  of  its 
Society  with  the  American  Society  of  Civil  Engineers.  It  is  most  gratifying 
that  the  oldest  of  the  National  engineering  societies  is  taking  a  part  in  engi- 
neering education.  The  weight  of  its  counsel  and  advice  will  be  welcomed  by 
the  Society  for  the  Promotion  of  Engineering  Education  at  large  and  by  the 
engineering  schools  individually.  The  American  Society  of  Civil  Engineers 
has  had  a  leading  and  conspicuous  part  in  the  engineering  achievements  of  the 
past  and  present  and  now  has  opportunity  to  be  an  important  factor  in  shaping 
and  developing  the  engineers  of  the  next  generation.  What  is  the  vision  of  the 
Civil  Engineer  and  the  American  Society  of  Civil  Engineers  as  to  the  duties 
the  engineer  should  assume  in  the  next  generation?  This  is  a  question  of 
profound  consequence  to  civil  engineers,  to  all  engineers,  and  to  society  at 
large. 
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THE  OUTLOOK  FOR  THE  ENGINEERING  SCHOOLS 
OF  THE  MIDDLE  WEST* 

By  William  G.  Eaymond,!  M.  Am.  Soc.  C  E. 


The  speaker  recently  addressed  a  questionnaire  to  the  deans  of  the  engineer- 
ing schools  of  the  Middle  West,  including  two  foundation  schools,  the  North- 
western and  Washington  Universities,  and  sixteen  publicly  supported  schools. 
The  questions  were  as  follows: 

1. — What  has  been  your  growth  in  total  attendance  in  professional  engi- 
neering courses  for  the  first  semester  of  the  school  years  1920-21,  1921-22, 
1922-23? 

2. — What  has  been  the  growth  of  the  freshman  class  for  the  same  period? 

3. — Are  the  space,  equipment,  and  teaching  staff  maintained  in  entirely 
satisfactory  ratio  to  the  attendance,  or  is  either  one  of  these  items  failing  to 
grow  sufficiently  to  give  wholly  satisfactory  results? 

4. — Is  the  preparation  of  entering  students  as  a  rule  wholly  satisfactory, 
or  is  there  a  noticeable  deficiency  in  one  or  more  lines,  and,  if  so,  in  what  line? 

5. — Has  the  dropping  of  solid  geometry  and  third  semester  algebra  from 
general  college  entrance  requirements  produced  any  difficulty  in  handling 
first -year  students  presenting  themselves  for  admission?  If  so,  can  you 
suggest  a  remedy? 

Replies  were  received  from  the  two  foundation  schools  and  twelve  public 
schools. 

Questions  1  and  2  were  designed  to  secure  replies  that  would  indicate  the 
outlook  for  attendance.  Unfortunately,  many  people  measure  the  worth  of 
a  school  by  the  number  of  its  students. 

The  Middle  West  is  an  agricultural  district,  and  the  farmer  has  been  hard 
hit  in  this  post-war  period.  His  products  were  the  first  to  drop  in  price  to  a 
pre-war  level,  and  the  prices  of  what  he  consumes  have  remained  at  a  high 
level.  As  a  result,  the  prediction  was  made  in  1920  that  college  attendance  in 
the  Middle  West  would  show  a  marked  decrease,  and  that,  perhaps,  this  would 
be  particularly  true  of  the  attendance  at  engineering  schools.  The  prediction 
has  proved  to  be  unwarranted.  Most  of  the  colleges  are  crowded  beyond 
capacity  with  respect  to  space,  equipment,  and  teaching  staff. 

The  increase  began  prior  to  1920,  and  the  engineering  schools  and  depart- 
ments generally  were  crowded  like  the  other  branches.  This  was  thought  to  be 
due  to  the  advertising  of  the  profession  by  its  wonderful  war  service ;  but  what- 
ever the  reason,  the  attendance  at  the  engineering  schools  of  the  Middle  West 
is  greater  than  ever  before,  except  during  the  first  part  of  1918-19,  although 
it  was  a  little  less  in  1922-23  than  in  1921-22.  The  total  attendance  in  the 
14  schools  answering  the  questionnaire  for  the  beginning  of  the  years  given, 
was  as  follows : 

1920-21  1921-23  1922-23 

11  285  12  274  11  872 

*  Presented  at  a  Joint  Session  with  the  Society  for  the  Promotion  of  Engineering  Educa- 
tion at  the  Annual  Meeting,  January  17,  1923. 

t  Prof,  of  Eng.  ;  Dean,  Coll.  of  Applied  Science,  State  Univ.  of  Iowa,  Iowa  City,  Iowa. 
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The  attendance  in  one  of  the  largest  schools  is  not  included.  The  total 
attendance  at  the  18  schools  is  estimated  to  be  about  15  000. 

Perhaps  of  more  significance  is  the  registration  of  freshmen,  as  this  is  a 
better  index  of  what  the  attendance  of  the  next  few  years  will  be.  The  regis- 
tration of  freshmen  in  the  14  schools  making  returns  has  been: 

1920-21  1921-22  1922-2.3 

4  609  4  505  4  057 

Therefore,  although  there  was  a  larger  total  enrollment  in  1921-22  than  in 
1920-21,  and  also  a  larger  total  enrollment  in  1922-23  than  in  1920-21,  there 
was  a  decrease  in  freshman  enrollment  in  both  years,  the  enrollment  in  1922- 
23  being  nearly  12%  less  than  that  of  1920-21. 

The  peak  permanent  freshman  class  was  that  of  1919-20,  when  many  high 
school  students  of  1917  and  1918,  who  had  been  in  the  Service,  increased  the 
regular  class  of  1919.  This  class  will  disappear  in  June,  1923,  and,  thereafter, 
a  marked  decrease  in  total  attendance  may  be  expected  as  a  result  of  this  dis- 
appearance and  the  presumable  continued  decrease  in  the  entering  class. 
Not  all  schools  show  a  decrease  in  the  entering  class.  In  Iowa,  both  the 
schools  have  had  a  larger  freshman  class  in  1922-23  than  in  1921-22. 

It  may  be  said  with  some  certainty  that  the  immediate  outlook  for  the 
engineering  schools  of  the  West,  is  for  a  smaller  attendance.  This  outlook 
will  not  be  displeasing  to  the  directing  officers  of  the  schools,  as  in  the  majority 
of  schools  there  will  be  relief  from  overcrowded  conditions.  Only  four  schools, 
two  of  which  are  foundation  schools,  reported  adequate  teaching  staffs,  space, 
and  equipment. 

The  immediate  outlook  for  maintenance  of  staff,  space,  and  equipment  in 
these  agricultural  States,  the  chief  industry  of  which  has  been  in  great  distress, 
is  not  good.  It  will  be  some  time,  apparently,  before  the  schools  reach  an 
efficient  basis,  unless  the  combined  effect  of  some  additions  to  staff,  space,  and 
equipment,  and  a  considerable  reduction  in  attendance  brings  about  that  con- 
dition of  balance  toward  which  they  are  all  striving. 

The  outlook  with  respect  to  character  of  work  done  in  these  Western  schools 
is  very  good.  Administration  officers  and  faculties  are  studying  contents  of 
curricula  and  methods  of  teaching,  and  are  inquiring  into  the  needs  of 
the  profession  with  respect  to  two  matters :  First,  the  demand  the  employer 
with  reason  expects  to  make  on  the  new  graduate;  and,  second,  the  demand 
the  public  is  making  and  is  going  to  make  in  the  future  on  the  trained  engi- 
neer of  experience. 

Perhaps  it  is  beside  the  purpose  of  this  paper  to  indicate  what  those  who 
have  made  such  inquiries  have  discovered  or  think  they  have  discovered,  but 
the  risk  will  be  taken  and  the  statement  made.  It  is  believed  to  have  been 
demonstrated  by  the  replies  to  questionnaires  sent  to  employers,  by  conver- 
sations with  employers,  and  by  printed  statements  that  have  appeared  occa- 
sionally that  the  demand  of  the  employer  is  for  men  thoroughly  educated  in  the 
fundamental  principles  of  engineering,  and  trained  to  reason  correctly  when 
using  these  principles.  Employers  seem  to  be  aware  that  engineering  schools 
are  not  trade  schools,  nor  schools  for  the  teaching  of  the  details  of  the  art  of 
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engineering,  such  as  schools  of  dentistry  and  medicine,  which  teach  the  details 
of  the  art  of  the  practice  as  well  as  the  science.  The  art  of  engineering  is  so 
extensive  and  varied  and  is  changing  so  constantly  in  many  branches  that  any 
person,  whether  he  is  a  teacher  or  an  employer,  who  is  familiar  with  the  work 
of  the  engineer  must  realize  that,  in  four  years  of  college  work,  it  is  impossible 
to  teach  both  the  fundamental  theory  on  which  the  practicing  engineer  must 
rely  for  the  development  of  his  art,  and  also  the  details  of  that  art,  which  to  a 
considerable  degree  vary  with  each  particular  commission  in  which  such  art 
must  be  applied,  if  indeed  it  can  be  taught  at  all  in  college.  Colleges  of 
dentistry  and  medicine  have  their  clinics  and  hospital  practice,  law  schools 
their  practice  Courts,  but  engineering  schools  cannot  build  bridges,  loco- 
motives, railroad  track,  generators,  telephone  lines,  etc.,  for  the  purpose  of 
student  practice. 

The  inquiring  faculties  think  they  have  discovered,  also,  that  the  engineer 
is  rapidly  coming  into  what  may  be  called  "his  own";  that  the  public  is 
recognizing  more  and  more  the  value  of  his  advice  on  public  enterprises — 
often  not  purely  engineering  enterprises.  It  is  recognized  that  his  training 
— narrow  as  it  has  been — and  his  professional  experience,  when  it  has  been 
somewhat  broader  than  his  training,  has  fitted  him  peculiarly  to  reason  cor- 
rectly on  economic  questions  as  well  as  on  questions  of  the  technical  applica- 
tion of  the  laws  of  physics,  mathematics,  and  chemistry;  and  it  seems  to  be 
more  and  more  desirable  that  in  college  the  young  engineer  should  be  trained 
somewhat  in  the  fundamental  principles  of  economics  and  accounting,  and 
should  have  brought  to  his  attention  somewhat  of  the  results  of  historic  events. 

The  discovery  or  development  of  these  things  and  one  other  circumstance 
have  brought  about  the  movement  among  the  mid- Western  schools  for  a  more 
extended  college  training,  "for  those  engineering  students  whose  aim  is  to 
become  qualified  to  take  positions  among  the  creative  leaders  in  the  profession." 

The  other  circumstance  is  the  poor  preparation  of  the  graduates  of  sec- 
ondary schools  in  the  Middle  West.  Possibly,  this  poor  preparation  is  not 
peculiar  to  that  territory,  but  certainly  it  is  in  evidence  there  whether  or  not 
it  is  in  other  parts  of  the  United  States.  Almost  all  the  engineering  schools 
of  the  mid-Western  States  are  supported  by  public  funds,  either  State  or 
Federal,  or  both,  and  the  State  University  or  the  State  College  of  Agriculture 
and  Mechanic  Arts  is  looked  on  as  the  head  of  the  educational  system  of  the 
State.  It  is  expected,  therefore,  that  these  institutions  will  receive  into  their 
freshmen  classes  the  graduates  of  any  approved,  four-year,  high  school,  just 
as  the  high  schools  receive  those  who  have  finished  the  grammar  schools,  and 
the  grammar  schools  receive  those  who  have  finished  the  elementary  grades. 
Approval  of  a  high  school  seems  often  to  depend  not  so  much  on  the  character 
of  the  work  done  in  it,  as  on  the  number  of  rooms,  the  number  of  teachers  in 
proportion  to  students,  and  other  considerations  of  this  kind.  Moreover,  fol- 
lowing the  example  of  the  colleges,  there  has  been  a  distinct  tendency  in  the 
high  schools  away  from  education  and  toward  instruction,  the  difference  be- 
tween which  terms  has  been  defined  recently. 

In  the  mid- Western  States  there  is  an  organization  known  as  the  North 
Central  Association  of  Colleges  and  Secondary  Schools,  which  defines  subjects 
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acceptable  for  college  entrance.  The  list  has  become  so  long  that  it  is  ea^-y 
to  find  the  necessary  fifteen  units  without  using  either  quadratic  equations  in 
algebra,  solid  geometry,  or  language  other  than  English.  There  is  in  the 
State  of  Iowa,  and  perhaps  in  other  States,  an  organization  known  as  the 
Board  on  Secondary  School  Kelations.  This  Board  has  abandoned  what  is 
commonly  known  as  the  third  half  year  of  algebra,  which  included  quadratic 
equations,  solid  geometry,  and  languages  other  than  English,  as  essential 
college  entrance  requirements.  In  this  decision,  the  Board  may  have  been 
acting  under  a  real  or  imaginary  compulsion,  as  have  some  of  the  colleges  in 
dropping  these  subjects.  There  is  a  tendency  to  try  to  make  the  secondary 
schools  practical  schools,  supposedly  training  the  greater  number  of  their 
students  for  business  life,  because  only  the  smaller  proportion  of  their  students 
expect  to  go  to  college.  As  the  more  advanced  algebra  and  solid  geometry 
have  been  abandoned  as  essential  college  entrance  requirements,  many  of  the 
high  schools  do  not  offer  these  subjects,  and  students  who  expect  to  go  to 
engineering  schools,  all  of  which  require  these  subjects  as  essentials  to  entrance 
to  the  first  year,  are  not  informed  that  they  must  cover  these  subjects,  nor  are 
they  given  opportunity  to  do  so.  They  present  themselves  for  admission  to 
the  engineering  schools  and  are  turned  away  or  entered  at  a  disadvantage, 
various  unsatisfactory  arrangements  being  made  for  their  progress.  Few  of 
them  complete  their  work  in  four  years. 

There  seems  to  be  a  distinct  tendency  away  from  subjects  that  seem  to  be 
difficult,  and  from  examinations  to  test  the  student's  knowledge.  It  is  some- 
what difficult  to  locate  the  responsibility  for  these  tendencies,  and  the  speaker 
will  not  attempt  to  do  so  lest,  in  his  ignorance  and  poor  judgment,  he  should 
receive  the  condemnation  of  teachers'  associations,  and  colleges  and  depart- 
ments of  education,  which,  it  seems  to  him,  have  been  yielding  to  a  popular 
demand  growing  out  of  hastily  formed  erroneous  ideas  of  the  function  of  the 
school.  Whatever  the  cause  may  be,  however,  it  is  certain  that  graduates  of 
the  average  four-year  high  school  of  the  mid-West  are  not  prepared  as  they 
should  be  to  enter  a  college  of  engineering  that  is  attempting  to  give  its 
students  a  proper  training  for  their  profession  in  four  years. 

The  speaker  does  not  know  why  the  four-year  college  course  was  adopted 
rather  than  a  three-year  or  a  five-year  course;  but,  at  one  time,  when  fewer 
principles  of  engineering  practice  were  known,  and  when  graduates  of 
reputable  high  schools  were  better  prepared  in  the  fundamentals  of  mathe- 
matics, English,  and  other  languages,  than  they  seem  to  be  at  present,  possibly 
due  to  the  fact  that  there  were  fewer  graduates  from  these  schools,  and  only 
those  who  were  especially  adapted  to  scholastic  work,  four  years  of  college 
training  in  engineering  may  have  been  sufficient.  In  those  days,  a  course 
included  more  of  general  educational  subjects  such  as  history,  foreign  language, 
literature,  and  economics,  than  it  does  at  present  in  the  Middle  West. 

The  members  of  the  Society  for  the  Promotion  of  Engineering  Education 
know,  and,  perhaps,  most  of  those  who  may  read  this  paper  know,  that,  having 
in  mind  all  the  points  that  have  been  mentioned,  the  deans  of  fourteen  of 
the  engineering  schools  of  the  Middle  West  assembled  in  Chicago,  111.,  in  May, 
1922,  to  consider  what  should  be  done,  particularly  with  respect  to  the  length 
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of  the  college  course  in  engineering.  After  discussing  the  matter  for  a  day, 
they  adopted  a  set  of  resolutions  which,  amended  at  a  subsequent  meeting  in 
Urbana,  111.,  are,  as  follows: 

"The  undersigned  engineering  deans,  directors  and"  representatives,  in  con- 
ference assembled,  hereby  resolve  that, 

"In  order  to  meet  the  constantly  enlarging  responsibilities  of  the  engineer- 
ing profession,  we  favor  an  advance  in  engineering  education  at  this  time  that 
shall  provide  five  years  of  collegiate  training  for  those  engineering  students 
whose  aim  is  to  become  qualified  to  take  positions  among  the  creative  leaders 
in  the  profession,  and  that  such  advance  shall  be  made  in  substantial  accord- 
ance with  the  following  plan : 

"1.  Include  in  the  four-year  engineering  curricula  a  substantial  proportion 
of  fundamental  and  humanistic  subjects,  omitting,  if  necessary,  a  sufficient 
amount  of  the  more  advanced  technical  work.  It  is  desirable  that,  so  far  as 
possible,  the  curricula  in  the  different  branches  of  engineering  shall  be  suffi- 
ciently uniform  to  permit  students  to  defer  their  final  choice  of  a  specialty  at 
least  to  the  end  of  the  second  year. 

"2.  Add  a  fifth  year  of  advanced  work,  mostly  or  wholly  technical,  and 
specialized  to  such  an  extent  as  desired. 

"3.  The  first  four  years  of  work  shall  lead  to  a  bachelor's  degree  and  the 
fifth  year  to  an  advance  degree  in  engineering." 

Re-assembling  in  June,  1922,  at  the  time  of  the  meeting  of  the  Society  for 
the  Promotion  of  Engineering  Education  in  Urbana,  and  after  having  been 
considered  by  the  several  faculties  concerned  in  their  respective  schools,  the 
resolutions,  with  a  flight  and  unimportant  amendment,  were  re-adopted  as 
given  and  stand  as  the  combined  judgment  of  the  immediate  administrative 
officers  of  all  these  schools. 

To  resolve  is  one  thing;  to  do  is  another;  and  in  each  school  there  are 
distinct  difficulties  in  proceeding  in  accordance  with  the  resolutions.  There 
would  be  no  difficulty  except  a  financial  one  if  all  the  schools  would  unite  on 
an  essentially  common  program,  but  each  school  is  more  or  less  afraid  of  the 
effect  on  its  attendance  of  the  adoption,  by  it  alone,  of  a  college  course  of  five 
years.  Unfortunate  experience  has  been  had  by  three  of  the  mid- Western  col- 
leges in  this  respect.  One  of  these  is  a  foundation  school  and  the  other  two 
are  State  supported  schools. 

It  is  believed,  however,  that  the  deans  of  these  mid-Western  schools  are 
correct  when  they  conclude  that  the  broad,  professional  engineer,  competent 
to  design  and  to  direct  engineering  enterprises  of  magnitude  and  to  take  his 
proper  place  in  public  affairs,  cannot  acquire  the  training  in  fundamental 
technical  principles  and  an  adequate  knowledge  of  what  may  be  called  social 
science,  even  for  a  beginning  in  his  life  work,  in  four  years  of  college  train- 
ing, after  graduation  from  the  average  mid- Western  secondary  school. 

There  is  some  question  as  to  how  the  five  years  or  more  shall  be  divided, 
whether  two  years  shall  be  devoted  to  ordinary  arts  training,  followed  by  three 
years  or  more  of  technical  training  in  the  engineering  school,  or  whether  the 
entire  five  years  or  more  shall  be  within  the  engineering  school,  social  and 
technical  engineering  subjects  being  carried  side  by  side  throughout  the 
course  with,  perhaps,  the  final  year  devoted  more  particularly  to  the  technical 
work  of  the  engineer. 
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It  is  believed  that  the  prevailing  idea  has  been  expressed  by  F.  E.  Turn- 
eaure,  M.  Am.  Soc.  C.  E.,  in  a  letter*  which  states  exactly  the  plan  that  is 
being  considered  most  favorably  by  the  faculty  of  the  school  with  which  the 
speaker  is  connected,  and  is  thought  to  be  that  in  the  minds  of  most  of  the 
administrative  officers  who  joined  in  the  discussion  at  the  meeting  held  in 
Chicago,  in  May,  1922. 

Dean  Turneaure's  statement  of  the  plan  and  the  advantages  that  he  sees 
for  it  are,  as  follows: 

"In  brief,  this  would  consider  a  four-year  engineering  course  (or  pre- 
engineering  course)  which  would  be  very  general  in  its  character.  It  would 
contain  a  large  amount  of  work  of  general  educational  value,  such  as  history, 
economics,  language,  science,  chemistry,  physics,  mathematics,  and  mechanics, 
also  the  elements  of  applied  work  in  the  usual  branches  of  engineering.  Such 
a  course  I  would  consider  the  minimum  requirement  for  any  young  man  who 
desires  to  enter  the  industries  or  any  field  of  engineering  whatever;  and  for 
many  lines  of  work  it  would  be  a  satisfactory  preparation.  It  would  also 
furnish  a  sufficient  foundation  in  mathematics  and  science  to  enable  a  man 
of  real  ability  to  advance  himself  in  alitaost  any  line  of  engineering  activity, 
even  where  a  longer  course  of  training  would  be  preferable.  By  the  elimina- 
tion or  postponement  of  a  very  considerable  amount  of  technical  studies  now 
included  in  the  regular  four-year  course,  such  a  course  as  that  indicated 
could  be  made  quite  satisfactory  from  the  standpoint  of  general  education, 
and,  on  the  whole,  much  more  satisfactory  than  a  four-year  course  in  a  college 
of  liberal  arts,  such  as  would  be  elected  by  students  planning  on  an  engineer- 
ing course  later.  At  least,  it  wo\ild  meet  the  needs  of  a  great  many  more 
students,  and  I  am  inclined  to  think  that  it  would  be  the  best  course  for  prac- 
tically all. 

"The  four-year  course  as  indicated  should  lead  to  a  degree  (such  as  the 
B.  S.  degree),  without  special  designation.  Then  those  students  who  desire 
a  more  thorough  engineering  education  should  secure  it  by  further  study, 
either  in  the  form  of  graduate  work  or  fifth  and  sixth-year  courses  leading 
to  an  appropriate  second  degree.  These  advanced  courses  would  be  well  organ- 
ized, and  would  be  taken  by  a  very  considerable  number  of  students,  as  they 
would  contain  a  good  share  of  the  material  now  included  in  our  senior  year. 
They  would  naturally  be  taken  by  all  students  desiring  to  enter  the  research 
field  and  those  aiming  to  become  fairly  well  posted  in  any  special  line.  I 
should  suppose  that  from  25  to  40%  of  those  finishing  the  four-year  course 
would  continue  for  a  fifth  or  sixth  year,  the  percentage  depending,  of  course, 
quite  largely  upon  the  curriculum  adopted. 

"Among  the  advantages  of  such  a  scheme  as  above  suggested  are  possibly 
the  following: 

"1.  It  requires  all  engineering  students  to  secure  a  much  broader  general 
education  than  is  now  the  case,  while  at  the  same  time  it  includes  a  suffi- 
cient amount  of  fundamental  technical  work  to  satisfy  the  requirements  in 
many  cases. 

"2.  It  furnishes  the  well-organized  technical  work  for  special  and  advanced 
students  which  will  encourage  students  of  ability  to  thoroughly  prepare  them- 
selves for  research  and  special  work  of  various  kinds.  Graduate  courses  in 
engineering  will  be  much  better  organized  than  is  now  the  case. 

"3.  It  is  a  better  arrangement  than  that  frequently  proposed  of  requiring 
a  two-  or  three-  or  four-year  college  course  before  admission  to  the  engineering 
school.  In  any  pre-engineering  course,  a  considerable  amount  of  mathematics 
and  science  must  be  required  in  order  to  save  time,  and  pre-engineering  courses 

*  Engineering  Education,  December,  1922. 
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under  the  control  and  advice  of  the  engineering?  faculty  can  be  better  adjusted 
to  the  students'  need  than  when  otherwise  administered. 

"4.  It  would,  I  believe,  solve  the  problem  of  the  four-year  course,  against 
which  so  much  criticism  is  directed. 

"5.  It  would  tend  to  eliminate  from  the  more  advanced  and  technical  work 
students  who  are  unfitted  for  such  work  while  at  the  same  time  capable  of 
becoming  successful  engineers  in  certain  lines  of  employment.  With  the  very 
great  numbers  now  attending  engineering  schools,  a  relief  of  work  in  the 
senior  and  junior  laboratories  would  be  very  acceptable  in  most  cases." 

It  is  believed  that  the  attitude  of  the  schools  of  the  mid-West  is  shown  in 
the  preceding  discussion  and  indicates  an  extremely  good  outlook  for  the 
character  of  the  work  to  be  done,  in  reading  the  signs  of  the  times  aright,  and 
in  adapting  the  work  to  changing  standards  and  requirements  for  the  trained 
engineer. 

Engineering  research  is  being  developed  with  considerable  rapidity  in  a 
great  many  schools.  There  are  those  who  say  that  the  primary  function  of 
a  university  is  research,  that  its  teaching  work  is  incidental.  It  is  believed 
that,  except  with  respect  to  those  institutions  created  primarily  for  research, 
such  a  statement  is  wide  of  the  fact,  and,  with  respect  to  the  State  universities 
of  the  Western  and  Southern  States,  it  is  certainly  not  in  accordance  with  the 
ideas  in  the  minds  of  those  who  created  those  institutions. 

Standing  as  the  capstones  of  the  educational  systems  of  the  States,  the 
State  universities  were  created  primarily  to  give  what  was  commonly  known 
as  a  collie  education  to  the  youth  of  those  States.  Research  was  hardly 
thought  of  by  any  one  connected  with  the  institutions  when  they  were  created. 
In  connection  with  these  institutions,  this  idea  is  of  modern  growth. 

Research  is  an  important  function  of  a  university,  and  it  may  be,  but  is 
not  necessarily,  an  important  function  of  an  engineering  school.  It  is  believed 
to  be  fair  to  state,  however,  that  those  schools  in  which  engineering  research 
of  importance  is  being  developed,  are  schools  in  which  the  students  even 
though  they  do  not  participate  in  research  work,  are  brought  into  an  atmos- 
phere that  is  wholly  beneficial ;  and  it  is  also  fair  to  state  that,  in  the  engineer- 
ing schools  in  the  West,  research  is  being  developed  with  some  rapidity. 

It  has  been  impossible  for  the  speaker  to  learn  and  record,  with  any  accurate 
detail,  the  research  activities  of  the  several  schools;  but  many  are  probably 
familiar  with  certain  outstanding  work  accomplished  at  some  of  the  schools, 
such  as  the  work  of  the  great  Forest  Products  Laboratory  at  one  school;  the 
experiments  in  sanitation  and  the  investigation  of  numerous  railroad,  me- 
chanical, and  fuel  questions  in  another  institution;  investigation  of  the 
strength  of  drainage  tile  and  pressure  of  earth  in  trenches  on  such  tile,  and 
certain  questions  of  interest  to  highway  engineers,  in  another  institution ;  and 
elaborate,  large  scale  experiments  to  determine  the  extent  to  which  the 
hydraulic  jump  may  be  utilized,  at  still  another  institution,  favored  with  a 
river  of  considerable  size  flowing  through  its  campus,  are  all  reasonably  well 
known  to  the  Engineering  Profession.  These  activities  in  engineering  re- 
search are  positive  indications  of  the  advancement  of  the  engineering  school 
faculties  of  the  West.    As  a  result  of  the  development  of  research  work,  there 
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is  a  considerable  registration  of  j;;ra(luate  students  engaged  in  advance  work 
related  to  this  research. 

The  proposal  that  has  been  made  that  these  institutions  correlate  their 
work  so  that  each  will  engage  in  those  lines  of  research  for  which  it  may  be 
peculiarly  adapted,  or  prepared  already,  and  duplication  of  effort  avoided, 
would  seem  to  be  another  indication  of  advancement. 

On  the  whole,  therefore,  a  consideration  of  what  has  been  said  would  seem 
to  warrant  the  conclusion  that  the  outlook  for  the  engineering  schools  of  the 
Middle  West  is  au  extremely  favorable  one;  that  the  ratio  of  equipment  and 
teaching  staff  to  attendance — although  at  present  unfavorable — is  tending  to 
become  more  and  more  favorable  by  the  reduced  attendance  and  increased 
facilities;  that  the  character  of  the  work  done  in  the  schools,  always  good,  is 
constantly  improving;  that  they  are  adapting  themselves  to  changing  stand- 
ards and  requirements  for  the  trained  engineer;  and  that  they  are  developing 
with  some  rapidity  that  important  function  of  research,  which  is  enabling 
them  to  add  in  no  small  degree  to  the  already  accumulated  store  of  profes- 
sional knowledge. 
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CO-OPERATION  OF  NATIONAL  ENGINEEKING  SOCIETIES 
IN  ENGINEERING  EDUCATION* 

Bv  John  L.  Harringtox,!  M.  Am.  Soc.  C.  E. 


Engineering  education  and  the  possibilities  of  eo-operation  by  the  engineer- 
ing societies  in  the  solution  of.  its  problems  is  too  broad  a  subject  for  rounded 
discussion  in  a  brief  time.  Therefore,  consideration  will  be  limited  to  one 
phase  only,  namely,  the  direct  relation  of  the  National  Engineering  Societies 
to  the  students  as  it  finds  expression  in  the  establishment  and  conduct  of 
Student  Branches. 

The  practicing  engineer  has  always  considered  it  to  be  his  function  to 
point  out  the  shortcomings  of  the  engineering  schools  and  to  criticise  the 
curriculum,  the  work  of  the  faculty,  and  the  delinquencies  of  the  students. 
As  an  employer  of  the  product  of  the  schools,  his  assumption  of  this  function 
is  not  without  warrant,  and  in  so  far  as  his  criticism  has  been  constructive,  it 
has  been  helpful ;  but  too  commonly  the  practitioner  has  looked  on  the  student, 
not  as  his  successor,  but  as  his  tool,  and  has  decried  his  imperfections  and 
scolded  the  faculty  for  permitting  them.  He  has  demanded  a  finished  product, 
men  thoroughly  trained  and  ready  to  do  work  of  high  commercial  value,  men 
of  direct  and  immediate  service  to  him. 

The  engineering  student  has  commonly  held  somewhat  the  same  view.  He 
has  demanded  strictly  technical,  directly  useful  knowledge  and  has  been  im- 
patient with  the  collateral  subjects  essential  to  the  broad  foundation  required 
for  ultimate  achievement  of  a  high  character.  As  new  engineering  schools  were 
established  and  competition  for  students  was  increased,  it  is  small  wonder  that 
the  faculty  bowed  to  the  demand  of  the  student  and  the  practitioner  alike  and 
filled  the  curriculum  with  technical  studies  to  the  exclusion  of  all  but  the 
most  essential  preparatory  subjects. 

The  result  has  been  that  the  schools  have  turned  out  men  of  increasingly 
narrow  training  as  specialized  knowledge  accumulated.  Forty  or  fifty  years 
ago,  civil  engineering  included  all  but  military  engineering,  and  technical 
subjects  were  so  few  and  so  little  developed  that  many  academic  subjects  were 
necessarily  included  to  fill  out  the  year's  course  generally  considered  essential 
for  sufficient  mental  training.  For  many  years,  however,  the  number  of 
technical  subjects  and  the  demand  for  them  have  been  so  great  that  the 
curriculum  has  been  divided  into  civil,  mechanical,  electrical,  and  chemical 
engineering,  and  even  these  branches  have  many  sub-divisions,  so  that  a 
graduate  has  not  only  little  cultural  education,  but  is  without  satisfactory 
knowledge  of  the  fundamental  sciences  which  support  the  technical  work. 

In  like  manner,  engineers  engaged  in  certain  branches  of  technical  work 
became  impatient  with  the  necessity  for  considering  the  problems  of  those 
engaged  in  other  lines,  developed  a  high  degree  of  pride  in  their  specialty,  and 
organized  separate  societies  of  increasingly  narrow  purposes.  Often  the 
objects  of  the  society  were  so  restricted  that  the  number  of  its  members  was 

•  Presented  at  a  Joint  Session  with  the  Society  for  tlie  Promotion  of  Engineering  Educa- 
tion at  the  Annual  Meeting,  January  17,  1923. 
t  Cons.  Engr.,  Kansas  City,  Mo. 
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insufficient  for  efiFective  operation ;  and  as  it  is  exceedingly  difficult  to  make 
distinct  divisions,  the  activities  of  many  organizations  overlap.  Tliis  has  com- 
pelled the  individual  to  maintain  membership  in  several  societies  in  order  to 
sustain  close  contact  with  all  his  interests. 

In  recent  years,  as  the  professional  engineer  has  become  dissatisfied  with 
his  place  in  the  world  and  has  come  to  resent  the  fame  and  fortune  accruing 
to  the  lawyer,  the  promoter,  or  the  business  man  who  made  use  of  his  technical 
knowledge  while  he  remained  in  the  background,  he  has  slackened  his  demand 
for  strictly  technical  training  and  is  now  urging  more  education  in  those 
branches  which  will  enable  him  to  make  complete  use  of  his  technical  knowl- 
edge, to  build  on  it  administrative  and  executive  functions  which  formerly 
were  considered  beyond  his  province.  This  breadth  of  view,  however,  is  so 
recently  established  that  his  earlier  habit  of  segregation  and  specialization 
still  dominates  his  mind  to  such  an  extent  that  he  fosters  the  interests  of  his 
special  group  to  the  hurt  of  his  profession. 

Increasing  professional  consciousness  has  steadily  increased  interest  in  the 
training  for  the  profession,  and  the  engineering  societies,  stimulated  by  their 
members  in  the  universities,  have  not  only  concerned  themselves  with  the 
character  of  the  curricula  of  the  engineering  schools,  but  have  sought  by 
establishing  student  branches  to  help  the  student  directly  to  an  understanding 
of  the  work,  the  ethics,  and  the  ideals  of  the  engineer,  and  to  further  his 
development  after  graduation  by  leading  him  to  join  the  society  devoted  to 
his  specialty.  These  purposes,  both  worthy,  are  not  entirely  altruistic,  for  the 
societies  profit  by  the  readier  transition  on  graduation  from  membership  in  the 
student  branch  to  membership  in  the  society ;  but  to  the  credit  of  the  societies 
it  must  be  admitted  that  this  purpose  is  secondary. 

The  best  of  purposes  are,  however,  sometimes  mistaken.  In  considering  the 
benefits,  the  evils  escape  attention.  The  operation  is  successful,  but  the  patient 
remains  an  invalid  or  even  dies.    So  it  is  in  this  instance. 

A  thorough  survey  of  the  condition  of  the  student  branches  made  in  1922 
by  Dr.  William  H.  Kennerson,  Dean  of  the  School  of  Engineering  of  Brown 
University,  in  the  course  of  which  he  visited  branches  in  all  parts  of  the  United 
States,  compelled  him  to  conclude  that  most  student  branches  were  sustained 
by  artificial  respiration  administered  by  interested  members  of  the  faculty. 
His  report  discourages  the  thought  that  the  -student  branch  is  accomplishing 
the  purposes  for  which  it  was  formed,  and  an  analysis  of  the  matter  will  clearly 
disclose  the  reasons. 

In  all  co-operative  effort  the  benefits  received  are  substantially  propor- 
tional to  the  efforts  put  forth,  and  as  the  student  branches  are  organized  by  the 
society  and  kept  alive  by  the  faculty,  the  student's  activities  are  limited  and  his 
benefits  are  proportionately  small.  In  some  cases,  competent  student  leaders 
secure  worthy  results,  but,  generally,  the  student  is  already  surfeited  with  the 
leadership  and  direction  of  others  and  his  interest  is  small  where  the  initiative 
and  control  are  not  his  own. 

Not  only  are  the  student  branches  failing  measurably  to  serve  the  purpose 
for  which  they  were  organized,  but  they  are  doing  their  members  a  great 
injury.    It  is  generally  agreed  that  the  training  of  the  engineer  is  much  too 
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narrow,  that  in  addition  to  a  certain  amount  of  tcclniical  knowledge,  sup- 
ported only  by  the  absolutely  essential  mathematics  and  the  barest  elements  of 
the  directly  related  sciences  which  now  constitute  his  training,  it  should 
include  a  superior  command  of  English  and  of  at  least  one  other  language, 
sounder  training  in  chemistry,  metallurgy,  and  physics,  and  a  substantial 
knowledge  of  history,  literature,  logic,  psychology,  economics,  accounting, 
geology,  mineralogy,  and  other  subjects  essential  to  the  support  of  the  tech- 
nical work  and  to  the  broad  training  of  a  truly  professional  man.  It  is  well 
understood  that  the  engineer  especially  needs  training  in  the  science  of 
politics,  in  understanding,  organizing,  and  controlling  men ;  yet,  in  establishing 
and  fostering  student  branches,  each  little  group  is  set  off  by  itself,  and  its 
interests  are  restricted  to  only  one  branch  of  engineering  and  to  its  own 
members. 

The  eminent  engineer  with  the  broad  message  of  interest  is  no  longer 
invited  to  deliver  it  to  all  the  students  of  an  engineering  school,  but  to  one 
division  of  them,  to  a  student  branch;  or,  if  his  message  is  technical,  only 
those  studying  his  specialty  hear  it.  This  results  in  greater  difficulty  in 
securing  the  interest  of  able  men  who  are  unwilling  to  take  the  time  to  serve  a 
minor  group,  and,  manifestly,  it  results  in  restricting  the  knowledge  and 
narrowing  the  vision  of  the  students. 

Both  the  students  and  the  societies  would  be  better  served,  and  energy, 
effort,  and  funds  would  be  conserved,  if  the  four  Founder  Societies  could 
agree  on  a  plan  of  cordial  co-operation  in  educating  and  training  the  future 
members  of  the  profession.  The  Honorary  Engineering  Society,  Tau  Beta  Pi, 
offers  an  excellent  example  for  a  society  composed  of  engineering  students  of 
all  kinds,  having  a  chapter  in  each  of  the  engineering  schools  and  supervised 
by  a  council  of  four,  one  to  be  elected  each  year  by  the  delegates  from  the 
chapters  in  convention.  Each  member  of  the  council  should  serve  through 
four  years  and  should  be  selected  rotatively  from  lists  submitted  to  the  con- 
vention by  the  respective  National  Societies.  Each  student  chapter  should  be 
advised,  but  not  governed,  by  suitable  members  of  the  faculty.  The  actual 
management  should  be  in  the  hands  of  the  students  who  would  have  the 
initiative  and  who  would  thus  be  trained  for  future  activities  in  the  profes- 
sional societies.  The  close  association  in  each  chapter  of  students  of  all 
branches  of  engineering,  the  acquaintance  of  all  with  the  publications  of  all  the 
Founder  Societies,  the  meeting  of  all  together  when  an  address  is  to  be 
delivered,  the  presence  of  all  when  any  engineering  matter  is  under  discussion, 
and  the  interest  in  the  chapter  of  all  members  of  the  engineering  faculty,  will 
broaden  the  student's  knowledge  of  the  profession,  will  teach  him  to  work  in 
harmony  with  those  whose  interests  and  views  differ  from  his  own,  and  will 
strengthen  him  in  every  way  for  the  battle  which  follows  graduation.  Institu- 
tions having  one  or  more  groups  too  small  to  be  organized  into  a  student 
branch  may  well  secure  a  chapter  of  such  a  co-operative  society  to  the 
distinct  benefit  of  both  the  students  and  of  the  Founder  Societies,  and  each 
student  will  become  so  well  acquainted  with  every  branch  of  the  profession  that 
he  will  choose  from  among  them  with  greater  certainty  of  his  fitness  for  the 
work  of  his  choice.    Every  one  is  familiar  with  failures  resulting  from  errors 
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in  selecting  a  vocation  arising  from  lack  of  knowledge  of  other  vocations.  The 
drafting  rooms  of  the  larger  engineering  works  contain  many  technically 
trained  men  who  have  failed  to  accomplish  according  to  their  abilities,  because 
of  error  in  the  choice  of  work.  Selection  of  a  specialty  to-day  is  largely  a 
matter  of  whim  or  chance,  not  of  knowledge  of  the  field. 

A  recent  writer  discussing  the  purposes  of  the  students  has  stated : 

"I  have  known  hundreds,  thousands  of  undergraduates,  but  I  cannot  think 
of  one  who  has  a  clear  idea  of  why  he  has  come  to  college.  I  hasten  to  make 
two  exceptions.  Engineering  students  know  that  they  come  to  learn  to  be 
engineers,  but  they  know  that  they  must  learn  something  more  than  that — and 
they  do  not  know  what  that  extra  something  is." 

What  are  the  ISTational  Societies  doing  to  help  solve  the  problem?  Are 
their  divided  and  inharmonious  endeavors  helping?  Does  it  broaden  the 
student,  make  him  wiser  and  more  tolerant,  to  see  his  elders  in  the  profession 
carrying  their  differences  of  organization  and  opinion  down  into  the  kinder- 
garten of  professional  training? 

There  is  no  substantial  reason,  no  reason  that  a  broad-visioned  man  can 
reasonably  give,  why  the  Founder  Societies  cannot  whole-heartedly  co-operate 
in  carrying  to  the  student  the  lesson  and  the  support  they  have  for  him.  For 
several  years,  they  have  been  making  an  energetic  endeavor  to  co-operate  in 
rendering  disinterested  service  to  the  nation,  in  bringing  to  bear  on  the  public 
affairs  in  which  they  are  peculiarly  fitted  to  serve,  the  united  strength  of  the 
profession.  Such  large  bodies  move  slowly,  but  with  great  effect  once  they  are 
in  motion;  but  before  they  can  materially  swerve  the  views  of  others,  they 
must  show  their  own  ability  to  accept  the  truth,  to  sacrifice  something  of  the 
individual  interest  for  the  general  good.  Let  us  stop  the  discord  at  its  source 
and  bring  the  engineers  of  the  next  generation  under  greater  harmony  of 
thought  and  action  than  we  have  been  able  to  achieve,  by  uniting  in  a  common 
effort  to  broaden  and  train  them  for  a  unified  service  to  the  profession  and  to 
the  world. 
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THE  OBJECTIVE  IN  ENGINEERING  EDUCATION* 

By  Magnus  W.  ALEXANDER,f  Esq. 


The  ultimate  aim  of  education,  especially  in  a  democracy,  must  be  the 
advancement  of  the  moral,  intellectual,  and  physical  standard  of  all  the  people 
for  the  benefit  of  all  the  people.  The  Greek  philosopher,  Plato,  formulated  the 
general  concept  by  stating :  "Good  education  is  that  which  gives  to  the  body 
and  to  the  soul  all  the  perfections  of  which  they  are  capable."  Modern 
democracy,  however,  makes  even  this  formulation  broader  by  emphasizing 
service  to  society  as  the  basis  of  Plato's  conception. 

The  objective  of  engineering  education  is  to  provide  society  with  men  who 
have  had  that  general  education  so  aptly  formulated  by  the  Greek  philosopher 
and,  in  addition,  have  been  trained  in  a  knowledge  and  understanding  of  the 
exact  sciences  through  the  applications  of  which  they  are  enabled  to  promote 
the  physical  well-being  of  the  community.  By  their  habits  of  exact  thinking 
and  constructive  outlook,  engineers  are  particularly  able  to  serve  as  leaders  in 
public  and  private  affairs,  because,  guided  by  truths  already  discovered,  they 
look  forward  to  find  safe  and  sound  footings  for  new  structures,  rather  than 
look  backward  at  the  cold  stones  of  precedent.  This  pioneer  spirit,  well 
grounded  and  intelligently  directed,  is  the  great  asset  of  the  engineer. 

The  pioneer  is  invariably  one  who  has  discovered  that  his  existing  circum- 
stances or  environment  do  not  permit  what  he  considers  the  full  use  of  his 
powers.  Whether  he  is  actuated  solely  by  a  selfish  motive  or  whether,  like 
Galileo,  he  is  moved  by  a  desire  to  share  with  others  the  fruits  of  his  own 
thoughts  and  labors,  he  finds  himself  bound  by  barriers  which  must  be  broken 
down.  Strangely  enough,  these  barriers  of  tradition  and  inertia  are  often  most 
strongly  supported  by  those  who  should  be  the  first  to  welcome  progress.  Con- 
sider the  opposition  and  hostility  to  those  who  sought  to  give  steam  navigation 
to  the  world.  We  now  stand  amazed  and  amused  at  the  scientists  who  only  a 
century  ago  tried  to  prove  mathematically  the  impossibility  of  a  ship  cross- 
ing the  Atlantic  by  steam  power.  Only  because  men  with  true  engineering 
spirit,  convinced  by  the  results  of  their  painstaking  experiments,  would  not  be 
turned  aside  from  their  search  for  the  power  which  would  carry  them  against 
adverse  winds  and  currents,  can  we,  to-day,  board  a  palatial  steamer  with  the 
conviction  that  we  will  be  carried  to  our  destination,  almost  regardless  of  wind 
or  weather,  and  will  arrive  on  schedule  time. 

Let  this,  as  one  of  many  similar  examples  that  could  be  cited,  suffice  to 
sustain  the  thought  that,  in  our  efforts  to  build  a  better  and  truer  engineering 
education,  and,  for  that  matter,  a  truer  education  of  general  or  specific  char- 
acter, we  must  develop  a  spirit  of  tolerance  under  which  to  lessen,  even  if 
we  may  not  entirely  remove,  unreasonable  opposition  to  rational  effort  for 
progress. 

What  is  needed  to-day  in  a  society  that  has  grown  more  and  more  com- 
plex in  its  organization  and  the  relations  of  which  are  growing  more  and 

*  Presented  at  a  Joint  Session  with  the  Society  for  the  Promotion  of  Engineering  Educa- 
tion at  the  Annual  Meeting,  January  17,  1923. 

t  Managing  Director,  National  Industrial  Conference  Board,  New  York  City. 
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more  interdependent,  is  exact,  clear  tliinkinji,-  on  a  basis  of  ascertained  fact  and 
experience.  It  is  not  enough  that  the  groundwork  should  appear  substantial; 
it  must  extend  to  the  bed-rock  of  truth.  How  often  has  quicksand  been  found 
in  the  construction  of  great  railroads  or  in  the  erection  of  lofty  buildings? 
The  fact  that,  in  former  years,  these  sands  had  been  considered  an  insur- 
mountable obstacle  to  such  construction  did  not  daunt  the  spirit  of  those  who 
had  been  taught  to  search  deeper  than  the  shifting  sands.  By  the  aid  of  their 
science,  they  froze  the  sands  and  made  them  temporarily  useful,  while  they 
dug  through  and  beneath  them  to  place  solid  footings  on  the  unyielding  rock. 

By  establishing  the  social  structure  on  a  solid  foundation  of  truth,  and 
by  rearing  it  with  an  earnest  anticipation  of  the  better  things  in  life,  the  path 
of  social  progress  can  also  be  laid  out  with  a  fair  degree  of  certainty,  and 
traveled  with  reasonable  safety.  The  roads  to  be  constructed  are  many;  some 
have  been  partly  built,  others  are  being  surveyed,  and  others  must  be  projected 
through  what  now  appear  to  be  inpenetrable  jungles.  To  do  so  requires 
knowledge,  courage,  and  character. 

The  world  has  waited  long  for  the  man  with  intelligent  courage,  with  skill 
and  vision,  who  shall  pave  the  way  that  leads  to  peaceful  co-operation  among 
all  men  and  overcome  the  discord  between  nations  and  the  misunderstandings, 
which,  industrially,  prevent  employers  and  employees  from  merging  their 
efforts  in  the  common  good.  These  are  the  conditions  which  have  obtained  in 
the  body  politic,  despite  the  efforts  to  overcome  them  by  men  nurtured  in  older 
lines  of  thought.     Their  removal  becomes  increasingly  imperative. 

We  cannot  question  the  real  desire  for  peace  by  those  who  are  to-day  striving 
to  settle  the  economic  disruptions  that  arose  out  of  the  World  War.  We 
cannot  doubt  that  many  employers  and  employees  are  earnestly  seeking  the 
formula  under  which  both  can  labor  in  harmony  and  satisfaction  for  their  own 
justifiable  ends  and  the  service  of  society.  They  all  are  seeking  an  adequate 
solution  of  the  problems;  but  do  they  follow  the  exact  methods  of  hewing  to 
the  line  of  unprejudiced  observation  and  truth  by  which  the  enduring  engineer- 
ing structures  have  been  made  possible?  How  fortunate  it  would  be  if  the 
formula  of  broad  social  service,  instead  of  the  rule  of  narrow  selfishness,  were 
used  to  find  the  right  way  out  of  present  bewildering  conditions. 

The  heart  of  modern  societal  organization  is  in  its  industries.  The  founda- 
tion of  our  life  to-day  is  essentially  economic,  and  we  are  recognizing  more 
and  more  that  the  world  is  economically  interdependent.  The  decision 
of  the  British  Rubber  Growers  Association  to  limit  the  rubber  production 
in  the  British  colonies  in  Africa,  is  not  a  problem  of  concern  merely  to 
the  British  rubber  industry;  it  may  mean  a  higher  price  for  rubber  in  the 
world's  markets,  which,  in  turn,  may  be  reflected  in  higher  production  costs 
of  rubber  articles  in  the  United  States,  and  may  even  lead  subsequently  to  a 
reaction  on  the  demand  for  these  products.  Therefore,  the  employment  of  the 
rubber  worker  in  the  United  States,  and  the  welfare  of  the  storekeepers  who 
depend  on  him  for  his  trade,  are  inevitably  tied  up  with  this  decision. 

Similarly,  on  the  disputes  in  the  pastoral  industry  in  Australia,  as  to  the 
living  wage  that  shall  be  fixed  by  the  Australian  Industrial  Court  for  sheep 
shearers,  hinges  the  price  of  Australian  wool  for  world  export,  the  quantity  of 
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wool  that  not  only  American  but  English  and  other  woolen  mills,  will  import, 
the  employment  of  those  engaged  in  the  woolen  manufacturing  industry,  and 
the  ultimate  price  the  consumer  may  have  to  pay  for  woolen  clothing.  In 
general,  an  event  in  some  part  of  the  world  may  readily  bring  quick  reper- 
cussions in  other  parts  thousands  of  miles  away,  owing  to  the  highly  inter- 
dependent character  of  economic  organization.  Therefore,  in  all  actions  taken 
in  the  economic  field,  as  in  other  fields,  not  only  broad  vision  and  thought 
based  on  intelligent  selfishness,  but  also  on  the  common  welfare,  is  necessary, 
but  such  actions  must  be  grounded  on  ascertained  facts  and  their  proper  under- 
standing and  evaluation.  Facts  constitute  the  solid  groundwork  on  which 
we  can  all  build  with  safety. 

The  training  of  the  engineer  should  fit  him  particularly  for  leadership  in 
industry  as  well  as  in  public  service,  because  his  method  of  work  brings  him 
constantly  in  contact  with  reality,  which  implies  facts  and  human  experi- 
ences; and  on  the  basis  of  his  knowledge  of  these  facts  and  experiences  and 
of  his  scientific  method  of  approach,  he  should  be  able  to  formulate  workable 
and  effective  rules  and  plans  for  the  solution  of  the  problems  that  arise. 

Just  as  it  is  necessary  to  depend  on  him  who  has  a  correct  knowledge  of 
engineering  for  the  erecting  of  towering  buildings  and  colossal  bridges,  so 
the  social  and  economic  structure  in  which  we  live  must  be  designed  and 
erected  by  the  application  of  those  rules  which  have  their  roots  in  the  mathe- 
matical formulas  of  exact  thinking,  with  due  consideration,  however,  for  human 
variables.  Lord  Kelvin  has  so  truly  pointed  out  to  the  engineer,  as  regards 
work  in  his  professional  field :  "When  you  can  measure  what  you  are  speaking 
about  and  express  it  in  numbers,  you  know  something  about  it,  but  when  you 
cannot  measure  it,  when  you  cannot  express  it  in  numbers,  your  knowledge  is 
of  meager  and  unsatisfactory  kind."  The  engineer,  however,  as  a  leader  in 
social  progress,  must  broaden  this  concept  of  a  mathematical  character  by 
applying  to  it  due  realization  and  understanding  of  the  fundamentally  emo- 
tional relationships  of  persons  as  well  as  of  groups,  bearing  in  mind  that  the 
psychology  of  a  group  often  differs  materially  from  that  of  the  members  com- 
posing it. 

The  particular  contribution  of  the  engineer  to  the  world's  work  lies  in  the 
fact  that  his  is  a  constant  spirit  of  inquiry,  of  a  pioneering  endeavor  to  bring 
the  experience  and  exact  knowledge  of  the  past  to  apply  to  definite  situations 
of  the  present  and  to  probable  exigencies  of  the  future;  and  in  the  further  fact 
that  his  is  a  spirit  of  open-mindedness  born  of  improvement  as  inherent  in 
scientific  work.  The  enhancement  of  these  qualities  in  the  coming  engineer 
is  a  particular  task  of  the  engineering  schools;  but  they  must  go  farther  than 
heretofore  in  equipping  engineers  for  their  work,  if  it  is  to  be  lifted  from  that 
of  routine  to  that  of  constructive  leadership.  Although  it  must  be  the  aim 
to  help  each  engineering  student  to  make  his  maximum  contribution  in  the 
common  service,  the  engineering  school  must  cultivate  that  element  in  his 
personality  through  which  he  will  reach  the  highest  level  of  usefulness.  With- 
out neglecting  to  teach  the  necessity  for  united  and  correlated  action,  the 
instruction  must  emphasize  individuality.  It  must  draw  out  what  is  best  in 
each  one,  searching  always  for  means  to  promote  the  good,  and  eradicating 
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those  elements  which  would  oppose  true  service.  The  schools  have  merely 
arrived  at  the  gateway  of  character  building,  and  must  now  discover  paths 
which  lead  to  trees  bearing  wholesome  fruit. 

Fostered  by  necessity  (that  great  motlier  of  invention),  engineering  schools 
have  developed  according  to  their  various  and  several  opportunities.  They 
seized  the  lamp  of  science,  but,  in  order  that  they  might  pass  it  on  to  shine 
more  radiantly  and  more  fully,  they  had  to  erect  first  the  material  structures  in 
which  to  live  and  labor,  and  then  to  search  and  bring  together  the  store  of 
known  knowledge  and  a  body  of  earnest  men  to  vitalize  and  make  it  pro- 
ductive of  immediate  good  and  further  growth.  That  they  have  done  their 
work  well  is  shown  by  their  remarkable  development.  Due  to  circumstances 
inherent  in  the  necessary  steadfastness  of  educational  institutions,  these 
schools,  from  time  to  time,  will  lag  behind  in  the  march  of  progress,  and  it  is 
then  that  we  must  take  stock  to  see  how  they  may  be  brought  once  more  into 
synchronism  with  their  industrial  period  and  with  advanced  social  thought,  in 
order  to  assume  their  rightful  position  in  the  great  social,  political,  and  indus- 
trial progression  of  the  nation  and  the  world. 
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DISCUSSION 


Robert  Fletcher,*  jM.  Am.  Soc.  C.  E. — lu  general,  the  principles  and 
methods  set  forth  in  the  papers  on  Engineering  Education,  and  the  suggestions 
oflfered  for  securing  a  broader  and  more  thorough  training  at  the  start,  have 
been  followed  at  the  Thayer  School  of  Civil  Engineering,  in  Dartmouth  Col- 
lege for  about  thirty  years.  Indeed,  the  beginning  was  made  fifty  years  ago 
with  a  six-year  course. 

Professor  Swain's  view  of  the  subject  of  engineering  education  is  most 
admirable.  The  speaker  has  been  fighting  for  nearly  fifty  years,  as  a  teacher, 
against  this  idea  of  premature  specialization;  it  is  wrong.  He  has  endeavored 
to  make  the  young  men  under  instruction  see  the  essential  unity  of  the  funda- 
mentals that  dominate  the  entire  curriculum  which  the  would-be  civil  engineer 
should  pursue.  Mathematics,  physics,  mechanics,  and  their  immediate  appli- 
cations in  the  science  and  practice  of  engineering,  constitute  a  permanent  and 
indispensable  foundation,  the  breadth  and  depth  of  which  cannot  be  diminished. 
The  task  is  to  give  a  man  such  a  thorough  grounding  in  those  fundamental 
principles,  and  their  applications,  that  he  will  not  fail  to  see  how  they  underlie 
and  direct  all  that  comes  afterward.  The  increasing  host  of  modern  develop- 
ments seldom  presents  anything  new  in  principle.  Even  the  phenomenal 
achievements  of  to-day  in  engineering  practice  mostly  exemplify  principles 
that  were  learned  long  ago,  sometimes,  it  is  true,  expanded  and  extended  as 
the  result  of  modern  research. 

F.  B.  Sanborn,!  M.  Am.  Soc.  C.  E. — The  speaker  will  discuss  only  one 
phase  in  the  new  methods  of  engineering  instruction,  namely,  that  which 
concerns  the  fundamentals  of  engineering  education.  What  are  the  funda- 
mentals? Shall  there  be  one  list  of  fundamentals  for  an  engineering  school 
that  is  giving  a  practical  education  and  another  for  an  engineering  school 
that  is  giving  a  theoretical  education?  A  variety  of  lines  of  progress  should 
be  available,  and  a  student  should  be  able  to  select  the  school  that  is  best 
adapted  to  his  needs.  One  type  of  student  might  require  for  his  best  advance- 
ment that  the  practical  be  presented  first,  whereas  another  might  require 
exactly  the  opposite.  The  courses  of  many  engineering  schools  embody  two 
years  of  theory,  followed  by  two  years  of  applied  science.  The  fundamentals 
in  such  a  course  commonly  include  algebra,  geometry,  trigonometry,  calculus, 
physics,  chemistry,  English  composition,  English  literature,  history,  French, 
German  (or  one  other  language) ;  but  if  the  curriculum  is  arranged  for 
practical  courses  to  come  first,  the  fundamentals  would  include  field  surveying 
practice,  practical  laboratory  tests  in  physics  and  chemistry,  mathematical 
problems  associated  with  their  field  and  laboratory  tests,  likewise  English  com- 
position, including  expositions  and  letter-writing  based  on  observations  made 
in  studies.  Also,  the  beginnings  of  courses  in  finance  and  economics  might  be 
given  as  fundamentals.  The  more  advanced  courses  in  mathematics,  literature, 
history,  and  language  would  be  given  during  the  last  two  years  of  study. 

*  Director  Emeritus,  Thayer  School  of  Civ.  Eng.,  Dartmouth  Coll.,  Hanover,  N.  H. 
t  Prop.,  Sanborn  Co.,  Boston,  Mass. 
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The  speaker  contends  that  the  theoretical-first  method  need  not  be  applied 
to  all  students;  in  fact,  his  experience  as  professor  in  four  different  universities 
and  colleges  has  proved  to  him  that  many  students  advance  more  satisfactorily 
by  studying  the  practical  demonstration  first. 

The  importance  of  a  new  alignment  of  fundamentals  was  emjjhasized  a  few 
years  ago  by  Professor  Mann  in  his  report  to  the  Carnegie  Foundation.  He 
made  an  exhaustive  study  of  engineering  education,  in  school,  among  graduates, 
and  among  employees  of  graduates.  As  a  result  of  this  study  he  emphasized 
the  human  element  as  a  feature  that  should  be  developed  in  engineering  educa- 
tion. He  placed  character  building  ahead  of  even  computations  and  design. 
Character  building  was  a  new  fundamental.  It  could  be  instituted  in  a  college 
curriculum  only  by  displacing  some  other  line  of  study.  What  study  should 
be  displaced  to  make  room  for  the  study  of  character  building?  As  Professor 
Mann's  report  became  digested,  the  officials  of  many  institutions  saw  that  if  a 
real  course  of  study  in  the  human  element  were  to  find  a  place  in  the  first  two 
years  of  college  study,  it  must  displace  fundamentals  which  must  be  moved 
to  the  later  years  and  perhaps  not  be  classed  as  fundamentals. 

The  establishment  of  courses  in  character  building  has  progressed  consider- 
ably since  that  report  was  presented.  There  is  still  opportunity  for  wider 
introduction  of  these  fundamental  subjects.  The  speaker  has  found  it  possible 
to  introduce  character-building  courses  in  definite  forms,  not  by  giving  such 
studies  as  incidentals  and  small  parts  of  other  courses,  but  as  major  parts  of 
definite  courses. 

Various  studies  may  be  included  properly  under  fundamentals.  Each 
institution  should  be  urged  to  select  and  to  specify  the  courses  of  study  that 
it  proposes  to  furnish.  Many  college  catalogues  are  too  sweeping  in  their 
claims.  It  is  not  practicable  for  an  ordinary  college  to  give  a  course  of  study 
that  is  well  adapted  to  the  students  who  have  a  practical  bent  of  mind  and  also 
to  those  who  have  theoretical  inclinations.  An  institution  cannot  cover  all  the 
fundamentals  and  all  the  branches  of  the  Engineering  Profession  in  other 
than  a  cursory  manner. 

It  would  be  better,  say,  for  one  institution  to  furnish  instruction  in  the 
fundamentals  of  practical  engineering;  another  to  teach  the  fundamentals  of 
a  theoretical  education ;  and  a  different  institution  to  qualify  its  graduates 
primarily  for  positions  that  combine  business  with  engineering.  Progress  is 
a  necessary  step  in  present-day  engineering  education.  These  papers,  the 
remarks  of  other  discussors,  and  Professor  Eobinson's  book  "Mind  in  the 
Making",  all  point  to  the  need  of  changes.  It  is  a  sign  that  indicates  growth 
and  activity.  As  new  methods  are  considered,  it  is  hoped  that  a  new  alignment 
of  fundamentals  will  be  emphasized ;  that  there  will  be  different  types  of 
engineering  schools,  some  with  practical  courses  of  study  first,  followed  by  the 
theoretical;  others  with  the  theoretical  courses  first,  followed  by  the  practical: 
and  that  each  school  will  state  clearly  and  definitely  what  type  of  training 
it  offers,  and  thus  guide  students  in  selecting  a  training  which  will  be  the 
most  advantageous. 
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The  speaker  seconds  the  criticism  by  Mr.  McCrosky*  Such  criticism 
refers  specifically  to  the  objection  of  requiring  too  much  in  each  course  of 
study. 

J.  K.  FiNCH,t  Assoc.  M.  Am.  Soc.  C.  E. — The  papers  presented  by  Pro- 
fessor Scott  and  Dean  Eaymond  emphasize  strongly  the  fact  that  engineer- 
ing instruction  should  consist  largely  of  broad  and  thorough  training  in  the 
fundamentals.  In  past  years,  there  has  been  a  tendency  toward  so-called 
vocational  instruction  which  will  produce  graduates  of  high  technical  pro- 
ficiency, will  make  well  trained  draftsmen  and  designers,  but  will  not  make 
engineers.  Dr.  Fletcher  has  stated  that  instruction  at  the  Thayer  School  of 
Civil  Engineering  at  Dartmouth  College  has  always  been  based  on  the  plan  of 
thorough  training  in  the  fundamentals.  The  engineering  schools  of  Columbia 
University  were  founded  in  1864  on  this  same  plan,  and  the  course  in  each 
branch  of  engineering  has  always  included  thoi-ough  instruction  in  the  sciences, 
mathematics,  physics,  chemistry,  mineralogy,  and  geology,  as  well  as  in  the 
fundamentals  of  the  other  branches  of  engineering. 

In  addition.  Dean  Eaymond's  paper  discloses  clearly  the  growing  demand 
not  only  for  this  thorough  and  fundamental  type  of  engineering  training,  but 
also  for  a  broader  kind  of  training  which  will  fit  the  future  engineer  to  meet 
the  requirements  of  the  rapidly  broadening  field  of  engineering  effort.  The 
engineer  to-day  is  being  called  on  to  meet  new  problems  in  new  fields  where 
the  engineering  viewpoint  and  engineering  methods  are  found  to  be  necessary. 
Indeed,  such  opportunities  are,  in  general,  more  attractive  to  young  men  of 
broad  training  and  high  ambition  than  more  strictly  technical  positions.  The 
paper  shows  that  a  careful  analysis  of  conditions  in  the  West  argue  for  a 
five-year  program,  allowing  time  for  some  of  the  non-technical  subjects  such 
as  English,  history,  and  economics,  as  the  best  means  of  meeting  this  demand. 
About  ten  years  ago,  it  was  concluded  that  the  proper  solution  of  the  problem 
of  a  liberal  engineering  training  was  to  require  engineering  students  at 
Columbia  to  take  a  college  course  before  their  engineering  studies,  as  had 
already  been  successfully  done  in  the  courses  of  law  and  medicine.  Those 
in  authority  do  not  advocate  that  kind  of  a  demoralizing  country-club  col- 
lege course  which  Professor  Swain  denounces  in  his  book,  "The  Young  Man 
and  Civil  Engineering",  but  they  do  feel  that  the  ultimate  solution  of  the 
problem  of  a  broad  training  for  the  engineer  will  be  to  base,  as  they  have 
already  done,  his  engineering  training  on  a  good  sound  college  course.  They 
do  not  think  that  this  plan  can  or  should  be  followed  in  every  institution. 
Columbia  which  is  a  great  privately  endowed  institution  and  which,  therefore, 
is  free  to  do  what  is  felt  to  be  best  in  advancing  the  standards  of  higher  edu- 
cation, has  met  this  demand  in  a  manner  that  is  thought  to  be  the  best  and 
which  will  ultimately  be  so  regarded.  As  an  ideal,  it  is  certainly  worth 
working  for.  As  a  practical  plan,  it  may  be  so  far  in  advance  of  general  engi- 
neering and  public  opinion  that  no  institution  can  afford  to  make  it  obligatory. 

*  See  p.  1268. 

t  Associate  Prof.,  Civ.  Eng.,  and  Director,  Summer  Session,  Camp  Columbia,  Columbia 
Univ.,  New  York  City. 
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What  has  b'eu  the  result  of  this  change,  which  lengthens  the  period  of  uni- 
versity study  from  four  to  six  years?  As  far  as  attendance  is  concerned,  the 
result  has  been  just  what  was  expected.  The  new  plan  went  into  effect  at  a  most 
unpropitious  time,  but  even  with  the  conditions  growing  out  of  the  World 
War,  general  business  depression,  etc.,  the  attendance  is  about  one-half  the 
normal  capacity  and  is  increasing.  It  is  believed  that  the  ideal  of  a  broadly 
trained  engineering  graduate  is  growing  in  the  United  States,  the  papers  pre- 
sented on  this  subject  prove  this,  and  that,  in  due  time,  Columbia  University 
will  receive  the  full  support  which  its  program  merits.  Certain  of  its  require- 
ments have  doubtless  been  excessive  and  its  procedure  may  have  lacked  in 
flexibility  but,  with  modifications  in  details,  those  in  charge  are  prepared  to 
carry  out  this  plan  which  they  believe  to  represent  a  high  ideal  in  engineering 
education. 

The  other  result  which  was  also  expected,  is  that  the  students  entering 
the  engineering  school  are  more  mature  in  mind  and  more  thoroughly  fixed 
in  purpose  than  those  in  the  four-year  course.  Although  the  engineering  course 
is  in  no  sense  a  graduate  engineering  course,  it  is  possible  to  pass  over  the 
elementary  points  in  instruction  much  more  quickly  with  these  men  than  with 
the  usual  engineering  student,  and  to  devote  more  time  to  discussing  matters 
about  which  there  is  room  for  a  difference  of  opinion,  for  careful  analysis  of 
assumptions  and  practice,  in  short,  to  emphasize  the  development  of  an  "en- 
gineering mind",  rather  than  merely  dwelling  on  facts  and  standard  methods. 

There  are  two  other  points  on  which  the  speaker  would  like  to  comment: 
First,  Professor  Scott  has  spoken  of  the  necessity  of  training  men  for  certain 
positions.  The  experience  at  Columbia  is  that  this  cannot  be  done  in  a  uni- 
versity. Not  only  must  university  instruction  be  broad,  fundamental,  and 
thorough,  which  will  crowd  out  much  special  training,  but  graduates  often 
take  up  branches  of  engineering  other  than  those  in  which  they  majored 
in  college.  Mining  engineers  become  civil  engineers,  for  example,  and  quite 
recently  a  Columbia  civil  engineering  graduate  was  appointed  to  the  presi- 
dency of  a  large  company,  his  two  predecessors  having  been  Columbia  men, 
one  of  whom,  however,  was  a  mining  engineer  and  the  other  an  electrical 
engineer. 

The  other  point  which  would  seem  to  be  of  vital  interest  to  the  Society, 
is  that  if  an  engineering  graduate  goes  into  the  broader  field  of  engineering 
effort,  as  many  are  doing,  in  which  engineering  furnishes  a  background  rather 
than  the  main  subject  of  his  efforts,  in  most  cases,  he  no  longer  considers  him- 
self an  engineer.  There  have  been  cases,  for  example,  of  Columbia  graduates 
having  gone  into  bond  investigation  work  for  banking  houses,  who  have  either 
never  joined  the  Society  or  have  given  up  their  membership,  perhaps  to  join 
a  banking  association.  If  such  positions  offer  great  opportunities  for  en^-i- 
neers  and  if,  as  seems  to  be  true,  it  will  be  the  duty  of  future  engineers  to 
meet  many  problems  in  other  than  strictly  technical  fields,  it  seems  obvious 
that  a  determined  effort  should  be  made  to  keep  in  the  Society  these  men  who 
are  carrying  engineering  methods  into  new  fields  which,  if  not  strictly  en- 
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gineering  from  the  technical  standpoint,  are  nevertheless  engineering  from 
the  standpoint  of  method,  thought,  and  action,  A  large  part  of  future  engineer- 
ing will  be  in  this  direction,  and  it  is  the  duty  of  the  Society  to  claim  this 
field  and  to  keep  closely  in  touch  with  it.  Many  technical  contributions  will 
be  found  in  the  publications  of  the  Society,  but  little  has  boon  done  either  to 
interest  and  to  hold  engineers  who  are  in  these  modern  fields  of  engineering 
work  or  to  advance  the  application  of  engineering  methods  in  other  than 
strictly  technical  lines.  This  is  an  opportunity  for  the  Society  to  increase  its 
interests  and  activities  and  to  hold  in  its  membership  an  important  group 
with  which  it  is  in  a  fair  way  to  lose  contact. 

George  F.  Swain,*  Past-President,  Am.  Soc.  C.  E. — There  seems  to  be  an 
idea — and  it  is  well  founded — that  something  is  wrong  with  education.  It 
seems  to  the  speaker  that  one  trouble  is  with  respect  to  the  fundamental  ques- 
tion as  to  what  education  is.  He  has  referred  to  this  in  the  book  mentioned 
by  Professor  Finch.  Ex-President  Iladley,  of  Yale  University,  although  he, 
perhaps,  had  not  seen  the  speaker's  book,  has  taken  that  idea  as  a  text,  and  has 
written  an  interesting  article,t  entitled,  "'What  Is  Education?" 

Education,  in  reality,  means  a  drawing  out,  an  effort  to  develop  the  native, 
inherent,  potential  possibilities  of  the  student.  It  has  been  largely  interpreted, 
of  recent  years  especially,  to  mean  "to  put  in".  The  student  thinks  he  is 
going  to  school  to  open  his  mental  mouth  and  be  crammed  with  information. 
That  idea  is  wrong,  and  will  never  lead  to  good  results.  The  object  should 
be  simply  to  train  the  mind  of  the  student  by  proper  subjects  of  study  and 
proper  methods  of  instruction.  He  should  be  taught  the  fundamentals  of 
science,  mathematics,  mechanics,  and  certain  branches  of  engineering,  also 
some  history,  English,  economics,  and  languages,  and  should  become  possessed 
of  a  mind  trained  so  that  he  may  be  able  to  turn  it  to  the  consideration  of 
any  given  subject,  and  bring  to  bear  his  knowledge  of  any  or  all  fundamental 
subjects  that  he  has  acquired.  The  tendency  has  been  in  the  other  direction. 
The  field  of  science  has  increased  enormously  within  the  last  few  years;  new 
subjects  have  been  developed — the  automobile,  the  tank,  the  aeroplane,  radio — 
but  they  all  depend  on  the  same  fundamental  principles,  most  of  which  were 
known  years  ago.  Instruction  in  those  specialized  branches  should  not  be 
given  in  the  undergraduate  course.  Only  the  fundamentals  that  have  been 
named  should  be  taught,  and  the  student  should  be  allowed  to  come  back  for 
graduate  courses,  as  has  been  stated,  if  he  wants  to  pursue  specialized  branches 
further. 

The  tendency  to  give  information  rather  than  training  has  gone  back  into 
the  preparatory  schools,  and  the  curricula  of  those  schools  are  being  crowded 
with  subjects  which  do  not  belong  in  them.  When  the  speaker  was  a  boy,  it 
was  said  that  the  child  was  taught  the  "three  E's".  He  does  not  know  what 
they  are  taught  now,  but  he  does  know  that  they  do  not  get  the  "three  R's", 
and  that  even  college  graduates  do  not  have  them.    They  have  been  treated  to  a 
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superficial  taste  of  many  different  subjects,  generally  without  learning  any 
one  of  them  thoroughly. 

If  educators  could  get  back  to  the  fundamental  idea  that  they  want  to  draw 
out  innate  power,  that  they  want  to  train,  instead  of  to  put  information  into 
the  student's  head — although,  of  course,  incidentally,  they  inculcate  a  great 
deal  of  information — that  the  main  idea  should  be  the  training  in  fundamental 
principles,  they  would  observe  great  improvement.  The  speaker  knows  that 
college  graduates  do  not  get  such  training  to-day. 

How  far  afield  we  have  gone  in  engineering  education  is  illustrated  by  the 
fact  that  Professor  Turneaure's  suggestion,  which  Professor  Raymond  has 
quoted,  and  which  is  excellent  and  sound,  is  put  forward  as  something  new. 
Professor  Fletcher  has  stated  that  it  is  what  they  have  been  doing  at  the 
Thayer  School  of  Civil  Engineering,  at  Dartmouth  College,  for  thirty  years, 
and  these  very  principles  have  been  applied  at  Harvard  University  and  the 
Massachusetts  Institute  of  Technology  for  more  than  thirty  years.  There  is 
nothing  new  in  them;  they  are  fundamentals;  they  are  important;  and  they 
should  be  acted  on  more  than  they  are. 

C.  M.  Spofford,*  M.  Am.  Soc.  C.  E. — The  speaker  is  heartily  in  accord 
with  those  who  have  expressed  the  opinion  that  the  education  of  the  engineer 
should  be  devoted  primarily  to  rigid  training  in  fundamentals,  rather  than  to 
the  effort  to  give  the  student  a  mass  of  information  concerning  practical  details 
which  are  continually  changing  and  knowledge  of  which  can  be  acquired  with 
much  greater  advantage  in  practice  than  in  the  schools.  These  fundamentals 
should  include  English,  economics,  the  sciences  underlying  engineering,  and 
the  specific  theoretical  subjects  on  the  application  of  which  his  particular  pro- 
fession depends,  these  latter  subjects  being  accompanied  by  practical  examples 
sufficient  to  illustrate  their  application,  and  given  primarily  for  that  purpose, 
rather  than  for  information. 

Inasmuch  as  the  character,  judgment,  and  vision  of  the  engineer,  as  well 
as  of  other  professional  men,  are  of  supreme  importance,  the  desirability  of 
developing  these  qualities  should  be  borne  in  mind  in  all  his  training;  and  his 
various  courses  should  have  among  their  most  important  purposes  the  develop- 
ment of  thoroughness,  self-reliance,  honesty,  and  imagination.  It  is  the 
speaker's  belief  that  the  usual  subjects  in  the  engineering  curriculum  are  well 
adapted  to  the  development  of  such  qualities,  and  that  the  exact  subjects 
selected  are  of  less  importance  than  the  logical  arrangement  of  their  subject- 
matter,  the  method  of  teaching,  and  the  personality  of  the  teacher. 

DuGALD  C.  jACKSON,t  M.  Am.  Soc.  C.  E. — The  papers  by  Professors  Scott 
and  RajTUond,  and  the  discussion  by  Professor  Fletcher,  might  be  taken  to 
indicate  that  the  engineering  schools  had  been  preaching  certain  doctrines  in 
regard  to  education  for  thirty  years,  but  that  these  doctrines  have  received  so 
little  acceptance  that  it  is  necessary  to  repeat  them.  This  seems  to  be  unfor- 
tunate; but  the  papers  by  Messrs.  Alexander  and  Harrington  indicate  a  different 
situation  in  regard  to  the  acceptance  of  the  doctrines  referred  to,  and  Professor 
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Fletcher  is  to  be  congratulated  that  he  was  one  of  the  early  teachers  in  engineer- 
ing to  emphasize  the  ideas  which  the  engineering  schools  now  fully  support,  and 
which  are  receiving  the  endorsement  of  the  Engineering  Profession  at  large.  It 
takes  a  long  time  to  bring  a  general  recognition  f>f  the  appropriateness  of  edu- 
cational doctrines.  The  problems  are  complex  and  difficult.  There  are  no 
means  of  securing  a  specific  or  a  formula  which  will  determine  the  education 
that  should  be  provided  for  a  particular  line  of  endeavor.  There  are  certain 
threads,  however,  which  experience  has  proved  must  be  followed. 

There  has  been  a  vast  change  in  the  attitude  of  the  Engineering  Profession 
toward  the  engineering  schools  during  the  thirty-two  years  in  which  the 
speaker  has  been  a  professor  in  such  a  school.  When,  as  a  rather  young 
man  actively  engaged  in  engineering  affairs,  the  speaker  went  to  an  engi- 
neering school  as  a  professor,  one  of  his  intimate  friends,  also  actively 
engaged  in  engineering  affairs  but  considerably  older,  referred  to  the  employ- 
ment as  an  engineering  teacher  as  "retirement  to  the  cloister".  That  repre- 
sented fairly  the  view  in  the  Engineering  Profession  at  large  at  that  time. 
The  graduate  of  the  engineering  school  was  looked  on  with  suspicion  in  the 
Engineering  Profession,  as  a  man  probably  of  erratic  tendencies,  theoretical 
but  not  practical,  and  there  was  still  a  discussion  of  the  relation  of  theory  to 
practice.  Since  then,  all  this  has  been  changed.  It  is  now  recognized  that  the 
engineering  schools  are  not  cloistered  institutions  for  a  few  who  perhaps  may 
have  some  curious  ideals,  but  are  the  substantial  seat  of  training  for  the 
present  and  future  members  of  a  great  profession. 

It  is  often  said  as  a  pleasantry,  that  the  only  profession  in  which  fathers 
recommend  their  sons  to  follow  their  footsteps  is  that  of  engineering.  Whether 
or  not  this  statement  is  correct,  it  is  a  fact  that  the  sons  of  a  great  many  engi- 
neers enter  their  fathers'  profession,  and  we  must  see  to  it  that  they  have  the 
proper  education  to  enter  that  profession  on  a  level  with  its  present  elevation 
and  accomplishments.  Also,  whether  our  successors  are  our  sons  or  the  sons 
of  others,  we  must  see  to  it  that  the  education  of  our  successors  is  adequate. 
We  must  also  distinguish  carefully  between  professional  education  which 
must  be  conferred  on  our  successors  and  is  to  be  provided  in  the  great  engi- 
neering schools,  and  vocational  education  which  is  needed  for  a  large  group 
of  employees  in  industry,  who  do  not  reach  the  professional  elevation.  This  is 
a  matter  of  great  moment  to  be  considered  and  reflected  on  by  the  National 
Engineering  Societies. 

During  the  past  thirty  years  the  medical  societies  have  taken  a  greater 
interest  in  the  education  of  the  physician  than  theretofore;  their  interest  was 
followed  by  rather  active  work  in  education  for  the  law  by  the  Bar  Associations 
of  the  country;  but  it  has  been  only  during  the  last  twenty  years  that  the 
National  Engineering  Societies  have  taken  an  active  interest  in  professional 
education  for  engineers,  as  exemplified  in  the  performance  of  the  engineering 
schools. 

The  first  joint  meeting  of  a  National  Engineering  Society  (the  American 
Institute  of  Electrical  Engineers,  in  that  instance)  with  the  Society  for  the 
Promotion  of  Engineering  Education  was  held  in  1903,  and  at  that  time  there 
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may  have  been  great  doubt  as  to  the  interest  of  the  members  in  such  a  meeting. 
However,  it  proved  so  satisfactory  that  a  similar  joint  meeting  vi^as  held  in 
1912,  with  great  satisfaction.  In  1921,  there  was  a  joint  session  of  the  Amer- 
ican Society  of  Mechanical  Engineers  with  the  Society  for  the  Promotion  of 
Engineering  Education. 

These  joint  sessions  are  very  serviceable.  They  are  encouraging  to  the 
teachers,  and  they  sjiould  be  illuminating  alike  to  the  teachers  and  the  engi- 
neers in  practice  outside  the  colleges.  It  is  to  be  hoped  that  many  more 
meetings  of  this  kind  can  be  held,  as  the  teachers  receive  very  definite 
inspiration  and  encouragement,  the  engineering  schools  are  guided  to  a  clearer 
vision,  and  the  Engineering  Profession  at  large  gains  through  the  solidarity 
secured  by  the  interchange  of  ideas  between  the  teacher  and  the  practitioner. 

At  one  of  the  early  joint  sessions,  the  speaker  ventured  to  suggest  that  the 
engineer's  education  should  be  founded  on  the  concept  that  an  engineer  should 
be  defined  as  a  man  competent  to  conceive,  execute,  and  administer  great 
works,  but  this  was  then  considered  by  others  as  rather  an  idealistic  view. 
However,  there  seems  to  be  an  agreement  that  that  is  what  we  are  now  sub- 
stantially looking  for  as  the  premises  on  which  to  build  professional  engineer- 
ing education.  The  question  arises:  How  can  the  situation  be  improved,  and 
what  can  the  engineering  societies  do  in  further  aid?  Mr.  Harrington  has 
made  some  definite  and  important  suggestions  and  some  concrete  and  desirable 
proposals  in  respect  to  engineering  students.  He  has  suggested  that  there  is 
more  in  the  way  of  co-operation  that  can  be  accomplished.  The  foundation  is 
now  laid  so  well  that  it  might  be  practicable  for  the  boards  of  government  of 
the  several  National  Engineering  Societies  to  consider  this  question  and 
establish  a  joint  committee  for  the  interchange  of  ideas  between  the  National 
Societies  on  this  important  problem.  Such  a  committee  would  be  serviceable  in 
co-operating  with  the  new  committee  of  the  Society  for  the  Promotion  of 
Engineering  Education,  referred  to  by  Professor  Scott,  and  also  in  co-operat- 
ing with  the  important  Committee  on  the  Education  of  Professional  Engineers 
which 'the  National  Industrial  Conference  Board  has  convened. 

The  National  Engineering  Societies  might  also  add  their  influence  to 
broaden  the  activities  of  the  Society  for  the  Promotion  of  Engineering  Educa- 
tion. Such  support  of  the  effort  to  co-ordinate  more  adequately  engineering 
education  on  sound  premises,  which  Professor  Scott  recommends  so  heartily, 
will  go  far  toward  establishing  the  study  of  the  situation  which  he  recommends, 
and  which  is  recommended  by  the  new  committee  of  the  Society  for  the 
Promotion  of  Engineering  Education.  It  is  necessary  to  demonstrate  that 
the  Engineering  Profession  believes  that  such  a  study  is  desirable  for  the 
benefit  of  the  Profession,  the  industries  of  the  country,  and  of  the  social 
structure  of  the  Nation,  but  with  that  demonstration  the  necessary  impetus 
will  be  furnished,  and  the  speaker  is  satisfied  that  this  important  study  vsdll 
be  secured.  It  is  to  be  hoped  that  this  joint  session  may  bring  the  matter 
to  the  attention  of  professional  civil  engineers  so  adequately  that  the  Society 
may  join  in  supporting  the  effort  which  may  prove  of  such  great  moment 
jn  advancing  the  status  of  the  Profession. 
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Theodore  T.  McCrosky,*  Esq. — In  view  of  the  fact  that  education  is  being 
discussed,  it  is  perhaps  fitting  that  a  student  should  participate  to  some  extent. 

In  engineering  education  there  is  a  definite  tendency  to  overload  the  cur- 
riculum, and  this  re-acts  to  deaden  the  initiative  of  the  student.  There  are 
so  many  fundamental  courses  which  must  be  included,  and  so  many  cultural 
and  practical  courses  which  should  be  included,  that  the  student  who  does  jus- 
tice to  all  has  little  time  or  energy  left  to  devote  to  individual  work.  A  student's 
time  is  monopolized  to  such  an  extent  that  he  cannot  pursue  the  particular 
subject  in  which  he  is  especially  interested.  His  initiative,  which  prompts  him 
to  do  unrequired  work  in  some  branch  of  his  profession,  is  stifled  by  the  mass 
of  stereotyped  work  recpiired  by  the  faculty.  In  order  to  satisfy  his  initiative 
along  special  lines,  in  order  to  live  up  to  his  ambitions,  he  must  neglect  his 
assigned  work.  Consequently,  one  hears,  over  and  over  again,  the  question : 
"Do  we  have  to  know  this?"  If  this  question  were  asked  only  by  the  under- 
graduate of  the  type  who  looks  on  his  university  as  a  country  club,  it  would 
not  justify  mentioning,  but,  on  the  contrary,  it  is  asked  repeatedly  by  men  who 
really  come  to  college  for  an  education.  This  attitude  is  far  from  praiseworthy, 
yet,  in  a  sense,  it  is  necessary. 

There  is  no  doubt  that  the  faculty  knows  best  what  should  be  taught.  Each 
student  is  faced  with  two  courses  of  action — either  to  neglect  in  part  his  cur- 
riculum in  order  to  devote  himself  to  original  work,  done  on  his  own  initiative 
in  answer  to  the  call  of  his  ambition,  or,  to  do  his  curriculum  work  as.it  really 
should  be  done,  and  stifle  his  initiative  and  the  promptings  of  his  ambition. 
Which  is  the  better  engineer — the  man  with  plenty  of  initiative,  but  weak 
in  his  theory;  or  the  man  who  knows  his  theory,  but  has  no  initiative,  nothing 
but  the  ability  to  do  what  he  is  told?    Certainly,  neither  is  the  ideal  engineer. 

This  is  not  a  new  dilemma,  but  is  one  which  should  never  be  overlooked. 
Attention  has  been  called  to  it,  because  it  has  not  been  raised  thus  far,  and 
surely,  no  discussion  of  engineering  education  would  be  complete  without  some 
mention  of  it.  An  engineering  student,  therefore,  appeals  to  the  great  edu- 
cators of  the  country  to  keep  it  always  before  them,  lest  the  initiative  of 
their  students  be  killed. 

T.  CiiALKLEY  HATTON,t  M.  Am.  Soc.  C.  E— A  Subject  in  which  the  speaker 
has  been  interested  for  many  years,  and  has  discussed  before  many  universities, 
is  the  education  of  young  men  so  that  they  can  express  themselves  before  com- 
mittees and  boards  in  such  a  way  that  they  will  be  understood. 

The  speaker  does  not  know  the  number  of  hours  for  the  study  of  English 
required  by  the  average  engineering  school  or  college,  but  he  does  know  that 
he  has  had  about  fifty-five  young  engineer  graduates  on  his  staff,  each  of  whom 
are  required  to  send  in  reports  weekly— sometimes  daily — of  his  operations. 
These  men  are  frequently  called  on  to  prepare  specifications  for  their  particular 
work,  and  it  is  astounding  how  little  they  know  of  the  English  language  and 
of  the  legal  side  of  public  work  and  of  contracts.  The  speaker  has  also  pre- 
sided over  many  engineering  meetings  and  societies  of  young  men.  and  has 
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called  on  those  whom  he  knew  understood  the  subject  under  discussion,  and 
has  been  embarrassed  in  finding  how  poorly  they  could  express  themselves.  It 
seems  that  although  fundamentals  are  wanted — they  are  nece^^sary  in  all  engi- 
neering education — something  broader  is  needed.  A  man  can  learn  the  funda- 
mentals of  ^engineering,  and  still  be  graduated  a  very  narrow-minded  man.  He 
must  know  how  to  express  himself  in  good  English.  He  must  know  something 
about  politics,  that  is,  he  must  be  in  close  touch  with  what  the  people  want, 
must  know  how  to  find  out  what  they  want,  and  how  to  express  himself  in 
discussing  their  wants  with  them. 

If  universities  would  give  more  attention  to  the  teaching  of  English,  the 
speaker  thinks  that  engineers  would  make  greater  strides  than  they  are  making 
or  ever  have  made. 

J.  C.  Ealston,*  ]\[.  Am;  Soc.  C.  E.— It  is  with  hesitation  that  the  speaker 
ventures  any  comment  on  so  complex  a  subject  as  engineering  education.  He 
has  often  thought  that  there  should  be  some  orderly  and  more  human  method 
of  classifying  students  before  they  are  enrolled  either  in  the  engineering 
colleges  or  the  universities,  or  that  there  should  be  some  form  of  probationary 
enrollment  based  on  something  more  than  mere  mathematical  equipment — 
something  more  effective  in  human  classification  than  that  of  continuing  the 
present  rather  loose  and  inconclusive  custom  of  accepting  the  applicant  who 
satisfies  certain  pedantic  requirements.  Why  should  an  engineering  college 
enroll  a  pupil  whose  temperament  is  anything  but  that  of  the  engineering 
mind  ? 

Could  not  the  matriculant  be  shaken  down  through  a  stack  of  psychological 
screens,  from  the  coarse  mesh  of  ineptness  to  the  fine  200-mesh  of  specific 
qualities,  in  the  same  metaphorical  manner  as  the  metallurgist  classifies  the 
mechanical  properties  of  his  field  samples  before  submitting  them  to  the  fire 
for  final  measure  of  worth  and  value?  The  speaker  has  seen  scores  of  young 
men  who  have  been  trained  in  college  as  far  as  the  colleges  and  their 
splendid  staffs  have  been  able  to  train  them,  but  who  did  not  have  the 
"engineering  mind."  It  would  be  impossible  to  produce  engineers  from  such 
material.  The  Engineering  Profession  has  adopted  incomparable  refinements 
in  its  laboratories  and  elsewhere  in  determining  qualities  and  qualifications  of 
the  materials  of  construction.  Have  the  colleges  and  universities  met  the 
concept  of  this  challenge  in  their  selection  of  human  materials?  The  forces 
and  materials  of  Xature  are  the  alpha,  and  the  agencies  of  human  nature  are 
the  omega  of  engineering.  Do  the  demands  of  college  enrollments,  blinded 
by  the  false  notion  of  mere  numbers,  smother  an  understanding  of  the  neces- 
sity for  the  selection  of  proper  human  materials? 

This  subject  has  been  visualized  before  by  many  earnest  and  accomplished 
educators.  The  speaker  is  aware  that  th.e  land-grant  colleges  may  be  unable 
to  enforce  desirable  restrictions,  other  than  loose  educational  ones.  Possibly, 
even  the  less  hampered  universities  have  endowment  or  legal  restrictions  which 
administrative  officers  construe  with  a  meticulous  nicety;  yet  the  challenge  to 
*  Const.   Engr.,    Spokane.   Wash. 
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the  engineering  educators  and  to  tlie  whole  profession  as  to  the  selection  of  the 
engineering  mind  still  stands. 

It  is  granted  that  there  is  no  super-man  who  may  say  that  John  Doe  may 
not  ultimately  make  a  good  engineer,  but  the  speaker  is  constrained  to  think 
that  the  engineering  genius  in  education  is  not  so  devoid  of  intuition,  so  lean 
of  devices,  nor  so  hindered  with  traditions,  that  it  cannot  use  some  of  the 
methods  or  devices  chosen  by  business  and  industry  in  selecting  employees  on 
whom  special  training  is  commercially  worth  while.  In  the  speaker's  judgment, 
this  constitutes  a  challenge  to  the  profession. 

Another  outstanding  challenge  to  the  broader  concept  of  American  engi- 
neering education  is  the  preparation  of  the  young  man  for  the  wider  activities 
and  duties  of  the  future  engineer.  Technical  education  is  well  understood  and 
digested,  but  the  vision  of  applied  ideals  in  engineering  is  overlooked  or  too 
vaguely  understood. 

What  class  of  professional  men  in  the  United  States  has  shaped  the  nation's 
religious  ideals  and  traditions  ?    Manifestly,  those  of  the  divinity  group. 

What  professional  group  has  shaped  and  guided  the  nation's  political  ideals 
and  traditions?  What  group  has  inspired  the  best  political  development,  has 
constructed  the  fabric  of  the  nation's  highest  political  and  legal  aspirations,  and 
made  of  them  a  national  tradition  ?    It  has  been  the  legal  group. 

Again,  what  professional  group  has  shaped  or  is  shaping  the  nation's 
industrial  ideals?  None.  Industry  in  America,  as  far  as  it  has  gone,  has 
accomplished  superlative  scientific  and  mechanical  developments.  Our  indus- 
trial ideals  are  compounded  only  of  cold  material  accomplishment.  This,  how- 
ever, is  only  one-half  the  nation's  best  aspirations  and  ideals.  The  other  half, 
the  spiritual  or  human  half,  has  been  left  untouched,  except  in  so  far  as  it  has 
been  poisoned  by  the  virus  of  class-consciousness,  super-unionism,  and  grudging 
service,  directed  by  scolding,  whining,  and  fault-finding  groups  of  doddering 
agitators.  These  are  the  groups  and  types  that  are  misshaping  our  real  funda- 
mental industrial  ideals.  The  breath  of  constructive  and  patriotic  genius  has 
been  smothered  because  engineering  vision  has  been  microscopic;  the  view 
has  always  been  a  "close  up".    The  broad  perspective  has  been  lost. 

What  professional  group,  therefore,  is  qualified  by  training,  education,  and 
vision  to  direct  and  inspire  the  nation's  industrial  ideals  and  shape  them  into 
a  great  national  tradition  as  the  other  two  major  national  traditions  have  been 
shaped?  What  group  has  been  remiss  and  has  failed  in  the  discharge  of  a 
plainly  obvious  duty,  or  has  failed  to  prepare  itself  for  its  broader  activities  in 
its  own  special  field  ?    Conclusively,  the  engineers. 

This,  then,  is  the  other  challenge — the  challenge  to  leadership  in  industry, 
to  the  Engineering  Profession,  to  the  teachers  of  engineering.  Let  the  challenge 
be  met  so  that  it  may  no  longer  be  said  that  the  spiritual  vision  of  the  Engi- 
neering Profession  is  charged  with  the  exuberance  of  promise  and  the  sterility 
of  performance. 

Mild  S.  Ivetchum,*  M.  Am.  Soc.  C.  E. — Eor  some  time  there  has  been  an 
attempt  to  select  men   for  the  Profession   of  Engineering,   and  many  have 

•  Cons.  Engr.  ;  Dean,  Coll.  of  Eng.,  and  Director,  Eng.  Experiment  Station,  Univ.  of 
Illinois,  Urbana,  111. 
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thought  that  it  is  possible  to  determine  early  in  a  man's  career  whether  or 
not  he  will  later  show  proficdency  in  engineering  work.  Since  returning  to  the 
University  of  Illinois,  the  speaker  has  been  strongly  impressed  with  the  records 
of  two  men  whom  he  knew  in  their  student  days.  These  men  were  students 
in  mining  engineering,  and  were  about  the  two  most  unpromising  candidates 
for  the  Profession  of  Engineering  that  could  be  imagined.  Based  on  present 
standards  for  rating  men,  these  two  were  lacking  in  practically  every  essential 
that  would  appear  to  qualify  them  for  the  Profession  of  Engineering.  One 
of  these  men  was  graduated,  and  the  other  "quituated".  The  former,  at  a 
later  date,  received  a  Ph.  D.  degree  from  a  prominent  Eastern  educational 
institution,  and  is  now  one  of  the  leading  mining  engineers  in  America.  The 
other  has  also  made  an  excellent  record  in  mining  engineering.  Students  of  the 
caliber  of  these  two  men  would  not  at  present  be  permitted  to  remain  in  any 
self-respecting  institution. 

Early  in  his  teaching  career,  the  speaker  thought  it  possible  to  determine 
whether  or  not  a  young  man  would  make  a  success  as  an  engineer ;  but,  during 
twenty-five  years  of  experience,  he  has  been  unable  to  find  any  method  of 
selecting  young  men  for  the  Profession  of  Engineering.  There  are  so  many 
elements  that  go  to  make  up  a  successful  engineer  that  no  method  of  rating 
has  been  discovered,  which  will  be  of  any  material  assistance  in  determining 
whether  young  men  should  enter  that  profession. 

Referring  to  the  matter  of  the  curricula  of  engineering  colleges,  the 
speaker  has  felt  that  perhaps  we  are  losing  our  heads  in  our  desire  to  make 
a  man  out  of  a  boy — to  get  accomplishments  at  21  that  we  should  only  expect 
at  40.  It  is  difficult  for  a  young  man  in  college  to  be  both  broad  and  deep. 
Some  months  ago  in  talking  with  an  alumni  committee  that  was  trying  to 
determine  how  a  certain  course  in  engineering  should  be  given — that  this 
should  be  put  in  and  that  should  be  put  in — the  speaker  finally  said  to  one 
of  the  men: 

"If  all  the  courses  that  your  committee  is  suggesting  were  placed  in  the 
curriculum,  the  student  graduating  would  be  very  much  like  the  Platte  River. 
The  Platte  River  is  a  mile  wide  and  two  inches  deep;  it  goes  wandering  all 
over  the  plains;  it  sticks  itself  into  everybody's  business;  it  drops  things 
here  and  there;  and  it  accomplishes  nothing.  It  is  just  a  pestiferous  nuisance. 
If  you  were  to  confine  the  waters  of  the  Platte  River  within  a  narrow  channel, 
it  would  be  a  self-respecting  and  useful  stream;  its  velocity  would  be  in- 
creased, and  it  woiild  carry  away  the  sediment  in  place  of  depositing  it  along 
the  way." 

In  a  professional  way,  most  of  us  are  inclined  to  be  like  the  Platte  River. 
We  cannot  be  both  broad  and  deep,  and  the  speaker  has  come  to  the  conclu- 
sion that  we  should  give  the  most  attention  to  making  the  engineering  student 
deep,  paying  considerable  attention  to  his  ambitions  and  aspirations,  giving 
him  enough  breadth  so  that  he  will  finally  become  a  useful  citizen  and  be 
able  to  accomplish  something  in  his  chosen  profession;  and  in  that  way  we 
shall  be  doing  the  most  we  can  hope  to  do. 

The  speaker  has  recently  been  much  impressed  with  the  lack  of  training 
of  many  men  who  have  been  engaged  in  research  work.  The  records  of  all 
societies    are   cluttered   with    the   discussions   of    many    subjects    and   much 
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experimental  work,  not  only  useless,  but  vicious.  Tests  that  have  been  well 
thought  out,  have  been  carried  on.  in  many  cases,  by  men  without  the  neces- 
sary underlying  theoretical  training  to  realize  what  was  intended  to  be  accom- 
plished, the  result  being  that  their  data  have  been  worse  than  useless.  It  is 
important  that  research  work  should  not  only  be  outlined  by  competent  men, 
but  that  the  details  of  the  investigation  should  be  carried  out  by  men  thor- 
oughly well-grounded  in  practical  and  theoretical  applications. 

In  addition  to  having  been  an  engineering  teacher,  the  speaker  has  had 
considerable  experience  in  practical  engineering  in  contracting  work,  and  in 
engineering  administration.  The  men  in  the  speaker's  employ  who  have  given 
the  best  results  have  been  those  who  made  the  best  records  in  college  and  had  a 
thorough  theoretical  training.  These  men  were  able  to  take  up  the  business 
and  practical  side  of  engineering  much  more  quickly  and  efficiently  than  those 
who  had  had  superficial  training  along  these  lines.  The  broadening  and 
humanizing  value  of  any  subject  is  largely  in  the  teacher.  After  all,  it  is  the 
great  teacher — the  man  behind  the  gun — that  is  going  to  count ;  and  it  is  not  so 
important  whether  he  teaches  one  subject  or  another  if  he  puts  the  punch  into 
his  work,  if  he  teaches  the  young  fellow  to  be  awake,  to  "get  into  the  game", 
and  to  keep  on  growing. 

W.  E.  WiCKENDEN,*  Esq. — The  speaker  has  been  much  impressed  by  the 
fact  that  a  unity  of  objectives  is  sought,  although  through  a  diversity  of 
agencies.  The  possibility  of  the  Society  for  the  Promotion  of  Engineering 
Education,  as  a  liaison  body  between  the  great  groups  of  engineers  in  the 
National  Societies,  is  an  idea  that  is  growing  in  thought  and  attention. 

The  speaker  will  say  little  more  than  to  second  heartily  the  suggestion 
that  possibly  it  is  time  for  each  of  the  great  National  Societies  to  appoint 
a  representative  to  confer  with  the  committee  that  is  already  established  by  the 
Society  for  the  Promotion  of  Engineering  Education  and  the  National  Indus- 
trial Conference  Board.  The  speaker  has  a  strongly  growing  feeling  that  we  are 
face  to  face  with  the  question  as  to  whether  the  lines  of  cleavage  now  found  in 
the  great  engineering  fraternity  may  not  have  possibly  outlived  a  great  deal 
of  their  usefulness.  Did  they  not  have  their  roots  in  an  historic  situation? 
Did  they  not  originate  in  the  evolutionary  conditions  by  which  each  branch  of 
engineering  practice  has  differentiated  itself  from  the  parent  stock?  Are  not 
the  activities  of  engineers,  especially  those  who  share  in  the  great  industrial 
enterprises  of  the  country  to-day,  subdivided  along  functional  lines  rather 
than  on  lines  of  historical  evolution  of  the  great  engineering  societies?  If 
we  have  this  question  before  us,  certainly  a  body  which  is  interested  in  the 
subject  of  engineering  education  has  a  great  purpose  to  serve  as  a  liaison  body 
by  which  the  aims,  the  ideals,  the  objectives  of  the  great  National  Engineering 
Societies  may  be  brought  out  of  their  present  state  of  diversity  and  into  a 
state  of  unity,  as  we  approach  our  common  objective  of  increasing  the  thorough- 
ness of  fundamental  processes  of  education  by  which  men  are  made  ready  to 
perform  their  tasks  in  the  world  and  carry  on  the  processes  of  their  owti  educa- 
tion after  they  have  been  graduated  from  college. 


Asst.   Vice-Pres.,  Am.   Telephone  &  Telegraph  Co.,   New  York  City. 
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Sydney  Wilmot*  Assoc.  M.  Am.  Soc.  C.  E.— The  plan  proposed  by  Mr. 
Harrington,  and  amplified  by  Professor  Scott,  seems  to  involve  joint  action 
by  the  Engineering  Societies  in  pursuit  of  student  chapter  activities.  This 
is  one  of  the  most  important  phases  of  our  professional  contact  with  engi- 
neering schools,  and  deserves  the  heartiest  sentiment  in  its  support. 

There  need  be  no  argument  as  to  the  mutual  advantages  of  student  mem- 
bership to  the  student  and  to  the  societies.  In  certain  cases,  however,  when 
confined  to  a  particular  society,  even  such  a  simple  relationship  is  almost 
impossible.  Take,  for  example,  a  case  of  personal  observation  and  interest 
(Brown  University),  in  which  the  course  of  study  involves  three  years  of 
unified  work  by  all  students,  and  a  branching  out  or  specialization  in  the 
fourth.  Thus,  the  student  need  not  decide  definitely  on  his  own  peculiar 
trend  of  study  until  his  senior  year.  In  fact,  he  would  usually  hesitate  to 
align  himself  with  any  one  particular  undergraduate  engineering  chapter. 
Likewise,  a  similar  inhibition  would  operate  in  small  schools  where  the  total 
of  students  in  several  classes  might  not  provide  the  necessary  minimum  num- 
ber of  men  interested. 

The  speaker  has  had  almost  a  dozen  senior  students  under  his  instruction, 
who  might  properly  in  the  future  become  members  of  the  American  Society 
of  Civil  Engineers,  and  who  would  gladly  join  in  some  kind  of  co-operative 
effort  with  the  Society  as  student  members,  if  their  number  warranted  such 
a  step. 

Obviously,  in  this  case,  the  present  plan  is  not  advantageous  for  the  needs 
of  the  situation.  Only  some  kind  of  joint  organization,  as  proposed  among 
the  several  societies,  will  overcome  the  difficulty.  Under  this  arrangement, 
all  men  in  the  engineering  courses,  whatever  their  year  or  their  aim  in  engi- 
neering work,  would  feel  that  they  were  eligible.  With  such  support,  the 
organization  might  reasonably  anticipate  success. 

At  least  one  other  National  Society  is  considering  the  advisability  (if  it 
has  not  already  taken  action)  of  permitting  the  affiliation  of  any  engineering 
student  or  group  of  students.  Joint  action,  it  would  seem,  is  a  far  better 
solution. 

The  sentiment  in  favor  of  such  a  plan  seems  to  justify  it,  and  it  is  to  be 
hoped  that  the  Society  may  see  fit  to  advocate  it,  as  it  will  be  an  effort  of 
potential  value  to  the  Society  and  of  considerable  possibilities  to  the  smaller 
schools. 

H.  R.  BuCK.f  M.  Am.  Soc.  C.  E. — Mr.  Harrington  has  reported  a  condi- 
tion among  some  of  the  student  branches  of  the  Engineering  Societies  that  is 
discouraging  and  may  become  more  so ;  but  he  has  also  presented  an  interest- 
ing picture  of  an  honorary  engineering  society  which  would  draw  together  the 
separate  student  branches  in  each  of  the  colleges  and  technical  schools,  and 
which  would  serve  as  a  common  feeder  to  the  four  Eounder  Societies.  Is  it 
not  practical  to  ask,  what  engineers  are  going  to  do  about  it? 

•  Asst.   Prof.,  Civ.   Eng.,  Brown  Univ.,  Providence,  R.   I. 
tCons.  Engr.    (Buck  &  Sheldon,  Inc.),  Hartford,  Conn. 
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Will  not  individuals  take  advantage  of  the  opportunity  and  write  to  the 
Board  of  Direction,  asking  that  a  committee  be  appointed  to  try  to  obtain 
joint  action  with  the  other  Founder  Societies  in  improving  the  work  of  and 
the  conditions  surrounding  the  several  student  branches? 

A.  B.  McDaniel/  M.  Am.  See.  C.  E.  (by  letter) .—There  has  been  con- 
siderable discussion  in  recent  years  among  engineers  and  educators  as  to  the 
curricula  for  the  training  of  engineers.  All  kinds  of  combinations  of  general 
and  technical  subjects  have  been  proposed  in  courses  of  four  to  eight  years  in 
extent.  Many  leading  educators  have  strongly  urged  the  modification  of  the 
present  engineering  curricula  so  as  to  reduce  the  number  of  highly  specialized 
subjects  and  to  provide  opportunity  for  a  broader  and  more  fundamental 
training.  Some  engineers  have  recommended  that  such  subjects  as  business 
administration,  finance,  accounting,  and  public  speaking  be  taught  in  engi- 
neering schools  in  order  to  furnish  a  training  in  the  business  phases  of  the 
engineer's  work.  Whatever  the  plan  proposed,  or  remedy  suggested,  it  is  evident 
that  there  is  a  need  for  a  careful  and  thorough  study  of  existing  conditions. 
Professor  Scott  has  presented  the  project  of  the  Society  for  the  Promotion 
of  Engineering  Education.  The  purpose  of  the  writer's  discussion  is  to 
present  briefly  another  project  concerned  with  the  study  of  engineering 
education. 

Experience  in  army  training  has  shown  that  the  first  requirement  for 
effective  work  is  the  preparation  of  detailed  statements  of  exactly  what  the 
men  must  be  trained  to  do.  By  thus  clearly  stating  the  objective  for  training, 
it  is  possible  to  produce  courses  of  study  which  are  much  more  effective  than 
those  produced  under  the  old  system  in  which  specifications  are  not  prepared. 
Industry  has  recently  recognized  the  need  for  such  occupational  specifications, 
and  many  organizations  are  making  the  necessary  job  analyses. 

Objection  has  been  made  that  it  is  impossible  to  state  the  things  an  engi- 
neer must  be  able  to  do,  and  those  he  must  know.  Army  experience  has  shown 
otherwise,  however,  and  has  demonstrated  the  need  and  value  of  descriptive 
statements  of  the  qualifications  required  for  various  engineering  positions. 
To  meet  this  need,  the  American  Association  of  Engineers  has  appointed  a 
committee  of  engineers  and  educators,  of  which  the  writer  is  Chairman,  to 
make  a  study  of  the  classification  of  engineering  positions.  The  Committee 
is  confining  its  attention  at  first  to  the  highway  field,  and  is  securing  data 
from  about  3  000  highway  engineers  in  the  service  of  the  U.  S.  Bureau  of 
Public  Eoads,  and  six  State  Highway  Commissions  throughout  the  United 
States.  Specifications  for  the  various  positions  involved  will  be  prepared  from 
the  data  received.  These  specifications  will  be  of  service  to  employment  ser- 
vices, personnel  departments,  civil  service  commissions,  and  similar  agencies 
in  the  selection,  assignment,  and  promotion  of  engineers,  and  will  furnish 
information  to  educational  institutions  for  the  preparation  of  engineering 
curricula. 

♦Educational   Specialist  and  Cons.   Engr.,   General   Staff,  War  Dept.,   Washington,   D.   C- 
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E.  L.  Sackett,"-'"  M.  Am.  Soc.  C.  E.  (by  letter). —Thoro  are  two  factors 
which  cannot  he  overlooked  when  the  suhjeet  of  enftiiKvriiiff  education  is 
ti'eated  fairly. 

First  the  average  engineering  student  lacks  experience  and  probably  pos- 
sesses less  than  that  held  by  those  who  were  graduated  ten  or  twenty  years  ago. 
Furthermore,  much  of  the  education  of  the  engineer  will  necessarily  follow 
his  graduation,  even  if  five-  and  six-year  courses  are  adopted.  The  great 
school  of  experience  is  a  finishing  college,  and  nothing  can  ever  supplant  it. 
This  is  no  excuse  for  ineffective  educational  methods,  but  is  only  a  fact  which 
cannot  be  ignored  in  judging  the  efficiency  of  engineering  schools  and  colleges. 

Second,  the  importance  which  a  student  attaches  to,  say  English,  by  way 
of  illustration,  is  dependent  on  his  home  training,  his  association  with  engi- 
neers, if  any,  and  the  English  used  by  his  engineering  instructors  in  regular 
class  work.  The  importance  that  other  students  in  his  environment  attach  to 
English  is  determined  in  a  similar  way.  Instructors  are  employed  who  were 
graduated  some  years  ago,  but  had  their  experience  under  engineers  who  did 
not  exemplify  good  English.  These  instructors  are  sometimes  deficient  in 
their  working  knowledge  of  good  expression,  either  oral  or  written.  This  is 
also  true  of  instructors  in  other  than  engineering  subjects.  No  discussion  of 
engineering  education  is  complete  if  it  does  not  realize  that  the  salaries  paid 
to  engineering  instructors  are  inadequate  and  do  not  encourage  a  prospective 
engineering  teacher  to  take  a  four-year  liberal  arts  course  and  then  a  tech- 
nical training  in  addition.  More  mature  men  are  needed  as  teachers  of 
freshmen,  not  only  in  teaching  English,  but  as  instructors  in  all  subjects. 
Although  habits  of  language  have  already  become  more  or  less  fixed,  they 
are  more  flexible  during  the  freshman  year  than  later.  Better  salaries  would 
make  it  possible  to  employ  men  of  broader  training,  larger  culture,  wider 
experience,  who  not  only  would  teach  the  student,  but  would  also  exemplify 
good  English  and  careful  analysis,  and  unconsciously  deepen  the  student's 
appreciation  of  other  important  factors  in  his  early  education. 

Howard  Constable,!  M.  Am.  Soc.  C.  E. — Aspiration  for  a  better  method 
of  education  is  evidently  abroad  among  engineers.  The  engineer  starts  with 
mathematics,  struggles  toward  Truth,  and  neglects  a  great  deal  of  the  broad 
meaning  of  Art;  the  art  of  understanding  and  dealing  with  his  fellow  man, 
the  art  of  recreation  and  inspiration,  and,  in  short,  the  art  of  living  a  rounded 
out  life.  How  often  one  finds  him  ignorant  in  some  fundamental ;  unfamiliar 
with  parliamentary  law;  unable  to  express  himself  clearly;  or  awkward  in 
social  relations. 

The  speaker  would  ask,  "What  are  you  going  to  do  about  it?".  Men, 
money,  methods,  and  materials,  is  the  order  of  importance  in  present-day  prob- 
lems. The  human  part  is  generally  the  most  discouraging.  Of  the  men  who 
go  into  business,  95%  fail  largely  because  of  inefficient  minds,  which  indi- 
cates a  rather  low'  standard  for  the  intelligence  of  the  nation.  No  wonder 
there  is  a  growing  demand  for  a  revision  of  the  educational  system. 

*  Dean  of  Eng.,  Pennsylvania  State  Coll.,   State  College,  Pa. 
t  Archt.   and   Engr.,  Kingston,   Mass. 
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The  speaker  has  often  advised  nicu  to  try  for  jury  duty.  In  that  work,  one 
may  learn  much  of  human  nature,  that  what  is  written  is  remembered  and 
what  is  spoken  is  forgotten;  that  there  is  no  gratitude  in  compromises,  yet 
compromise  is  the  general  rule;  that  every  transaction  may  lead  to  a  lawsuit. 

Another  matter  in  education  is  the  question  of  whether  the  ability  and 
wisdom  of  men  in  active  practice  is  utilized  as  much  as  might  be,  for  the 
benefit  of  the  student  and  the  public?  In  this  age,  interest  in  such  things 
is  broader  than  just  technical  societies.  Should  not  great  engineers  be  more 
called  on  by  the  colleges  and  the  public? 

W.  G.  Price,*  M.  Am.  Soc.  C.  E.  (by  letter). — Efficient  engineering  educa- 
tion is  a  subject  that  apparently  is  least  understood  by  so-called  educators. 
The  colleges  are  not  efficient  educational  institutions,  and  neither  can  one 
get  a  well-rounded  education  in  the  practical  school  of  life  outside  of  college. 
No  schools  have  been  provided  for  educating  all  the  brain  faculties  of  the 
growing  life.  It  has  been  said  that  college  graduates  know  everything,  and 
have  no  sense.  It  may  also  be  said  that  those  who  have  been  limited  to 
gaining  sense  in  the  practical  school  of  life  have  otherwise  not  much  education. 

A  child  is  endowed  by  nature  with  undeveloped  i)erceptive,  initiative, 
creative,  and  executive  faculties,  also  with  ambition,  confidence,  memory,  and 
love  for  his  fellows.  All  these  faculties  must  be  developed  in  order  to  gain  a 
complete  education.  The  cultivation  must  be  intensive  and  continuous  during 
all  the  formative  period  of  life.  JSTo  one  of  these  faculties  can  be  given  normal 
strength  after  twenty-one  years  of  even  partial  idleness.  In  order  to  develop 
the  greatest  muscle  power,  one  must  strain  it  each  day  to  its  limit  of  strength 
during  the  growing  life,  and  the  same  exercise  is  necessary  to  put  each 
faculty  of  the  mind  in  the  condition  of  maximum  efficiency. 

Antioch  College  is  combining  the  acquiring  of  knowledge  with  creative  and 
executive  work,  but  is  beginning  too  late  in  the  life  of  the  student.  The 
initiative,  creative,  executive,  and  ambitious  faculties,  all  of  which  are  com- 
prised in  "doing  without  being  told  how  to  do",  must  be  cultivated  in  childhood 
and  as  long  as  life  lasts,  in  order  to  make  the  life  efficient.  Vocational  work 
in  schools  is  not  accomplishing  much,  as  most  of  the  work  is  copying  what 
others  have  done,  and,  therefore,  is  memorizing  and  not  initiative.  An 
engineer  should  be  a  resourceful  leader. 

The  memorizing  of  useless  information  weakens  the  mind.  Much  of  school 
and  college  memorizing  is  useless  in  engineering.  The  acquiring  of  much 
general  knowledge  by  the  student  is  necessary  but  mand  power  is  developed  by 
doing,  and  not  by  learning,  what  others  have  done.  Usually,  the  faculty  of 
wanting  to  do  is  the  first  mind  force  manifested  by  the  child.  Schools  should 
cultivate  and  direct  that  faculty.  Colleges  frequently  graduate  men  who  have 
but  little  ability  in  engineering  or  business.  Where  nothing  has  been  planted, 
the  harvest  will  be  nothing. 

Charles  F.  ScoTT,t  Esq. — With  the  general  purpose"  of  indicating  the 
evolution  which  has  taken  place  among  engineers,  along  the  lines  indicated  by 

*  Cons.   Engr.,  Yakima,   Wash. 

t  Prof,  of  Elec.  Eng.,  Sheffield  Scientific  School,  Yale  Univ.,  New  Haven,  Conn. 
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Mr.  Wickeiiden,  the  speaker  will  discuss  student  branches,  and  may  indulge 
in  some  personal  reminiscences. 

Twenty  years  ago,  the  speaker  was  President-elect  of  the  American  Insti- 
tute of  Electrical  Engineers,  and  made  it  a  point  to  ask  many  of  his  colleagues 
what  the  Institute  should  do,  and  what  its  function  was  in  the  electrical 
engineering  field.  One  of  the  replies  was  this:  ''I  do  not  know  what  the  elec- 
trical industry  is  going  to  be  in  the  future,  but  in  the  past  it  has  been  doubling 
every  five  years." 

The  speaker  knew  that  the  progress  of  the  past  had  been  rapid,  but,  not 
having  thought  ahead,  was  startled  by  the  idea  that  in  a  short  five  years  we 
were  likely  to  have  doubled  what  then  seemed  a  very  wide  use  of  electric 
service.  Now,  if  in  five  years  the  volume  of  electrical  industry  was  to  be 
doubled,  and  in  ten  years  quadrupled,  where  were  the  men  coming  from  to 
handle  the  great  task?  From  the  schools?  Then,  to  be  an  instrument  in 
the  development  of  electrical  engineering,  the  National  Institute  should 
direct  its  attention  toward  the  schools,  in  order  that  the  students  might  be 
able  more  quickly  and  more  effectively  to  take  up  the  burdens  of  engineering 
work  after  graduation.  That  thought  was  followed  by  correspondence  with 
several  engineering  professors — this  was  while  the  speaker  was  in  industry, 
before  becoming  a  teacher — and,  as  the  outcome  of  the  replies  and  a  recom- 
mendation to  the  board  of  directors,  student  branches  were  authorized  and, 
within  the  next  few  months,  were  formed  in  a  number  of  schools.  Others 
followed,  until  now  there  are  sixty  or  seventy.  Two  or  three  years  later, 
the  mechanical  students  in  one  of  the  colleges,  desiring  to  follow  the  example 
of  the  electrical  students,'  formed  a  branch  and  made  application  to  the  Amer- 
ican Society  of  Mechanical  Engineers  for  recognition.  A  few  years  later, 
the  mining  engineers  formed  branches,  and  two  or  three  years  ago  the 
civil  engineers  started  branches. 

The  idea  of  a  common  co-ordination  between  engineering  societies  with 
relation  to  student  activities  is  so  far  in  advance  of  the  ideas  of  twenty  years 
ago,  that  it  has  come  to  the  speaker  with  somewhat  of  a  shock;  but,  in  the 
excellent  arguments  that  have  been  presented,  there  are  many  reasons  in  favor 
of  engineering  students  joining  together  in  common  effort  in  student  activities. 
Whether  this  had  better  be  one  group,  with  subdivisions,  or  several  divisions 
co-ordinated  or  federated  into  a  general  group  in  a  school,  or  whether  all 
the  students  in  common,  irrespective  of  the  courses  they  may  be  taking, 
had  better  belong  to  one  general  engineering  society,  the  speaker  is  not  yet 
ready  to  say;  but  the  coming  together  of  the  engineering  societies  in  one 
building,  making  it  a  center  of  common  engineering  representation  to  the 
students  of  the  country,  would  be  a  fine  example  of  co-ordination  and  one  of 
the  best  things  that  the  engineering  societies  could  do  in  influencing  the 
students  in  the  colleges. 
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THE  RESEARCH  ACTIVITIES  OF  THE 
AMERICAN  SOCIETY  OF  CIVIL  ENGINEERS 

Bv  Arthur  iST.  Talbot,*  Past-President,  Am.  Soc.  C.  E. 


Engineering  art  is  based  on  a  variety  of  things,  ingenuity,  experience,  judg- 
ment, rules  and  regulations  (even  rule-of-tliumb),  precedent,  vision,  the  laws 
of  N'ature  known  as  physics  and  chemistry,  and  the  special  applications  and 
adaptations  of  the  laws  known  as  engineering  science.  In  the  early  days  of 
engineering,  ingenuity,  experience,  and  judgment,  were  the  dominating  influ- 
ences, and  engineering  science  played  a  minor  role.  As  time  went  on  and 
experience  grew,  rules  and  regulations  became  more  important.  The  increasing 
magnitude  and  difficulties  of  engineering  projects,  the  need  for  greater  per- 
manency, economy,  and  safety,  and  the  varying  and  diversified  nature  of 
engineering  work,  brought  forward  the  importance  of  basing  engineering  art 
more  fully  on  engineering  science.  The  physical  sciences  grew,  giving  greater 
opportunities  to  the  engineer;  and,  conversely,  the  wonderful  development  of 
engineering  stimulated  the  development  of  both  pure  and  applied  science. 
Altogether,  the  growth  and  development  of  engineering  in  the  past  genera- 
tion has  been  wonderful.  It  will  not  be  overlooked  by  any  one  that  engineer- 
ing must  continue  to  need  ingenuity,  experience,  and  judgment,  and  rules, 
precedent,  and  vision,  but  more  and  more,  as  time  goes  on,  will  it  be  dependent 
on  science  and  that  accumulation  of  applied  science  which  may  be  grouped 
under  the  term,  engineering  science. 

The  growth  of  a  science  is  not  spontaneous;  the  fruit  of  engineering  science 
is  dependent  on  well-directed  effort,  the  expenditure  of  time,  energy,  and  money, 
and  this  fact  should  always  be  borne  in  mind.  The  instrumentalities  that  are 
available  for  the  investigation  of  engineering  topics  are  much  the  same  as  those 
which  are  useful  in  the  development  of  other  lines  of  applied  science.  The 
industries  have  their  laboratories,  some  for  private  and,  perhaps,  selfish  ends, 
some  which  give  out  results  generously  to  the  profession  and  the  public,  or 
even  co-operate  openly  with  public  agencies.  The  railroads  have  done  much  in 
engineering  research.  Private  laboratories  are  contributing  to  the  fund  of 
knowledge.  The  Federal  and  State  bureaus  and  departments  are  continuing 
to  give  valuable  contributions  to  engineering  knowledge,  as  instanced  by  the 
work  of  the  U.  S.  Bureau  of  Standards  in  cement,  concrete,  and  structural 
materials,  that  of  the  U.  S.  Bureau  of  Public  Roads  in  soils,  road  materials, 
and  road  construction,  and  that  of  some  of  the  States  in  road  construction  and 
maintenance.  The  laboratories  of  engineering  schools  all  over  the  United 
States  are  conducting  considerable  engineering  investigation  in  a  promising 
way,  some  through  organizations  called  engineering  experiment  stations,  others 
in  less  formal  manner.  A  recent  report  of  the  organization  of  Landgrant  Col- 
leges enumerated  more  than  one  hundred  researches  now  in  progress  in  the 
engineering   departments  of   those   colleges,   nearly   all  of  which   have   some 

•  Prof,  of  Municipal  and  San.  Eng.,  and  in  Chg.  of  Theoretical  and  Applied  Mechanics, 
Univ.  of  Illinois,  Urbana.  Jil. 
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application  to  civil  engineering  operations.  Many  schools  that  are  not  active 
in  engineering  experimentation,  would  be  pleased  to  have  the  opportunity  to 
utilize  their  laboratory  equipment  for  some  productive  work.  It  is  evident 
that,  as  the  years  go  on,  the  engineering  college  will  take  an  increasingly 
active  part  in  research.  Finally,  the  engineering  society  may  be  named  as  one 
of  the  instrumentalities  from  which  development  of  engineering  science  should 
be  expected. 

To  quote  from  a  former  address,*  a  National  Engineering  Society  should 
be  (among  other  things),  "a  collector  and  disseminator  of  engineering  knowl- 
edge; a  forum  for  the  discussion  of  engineering  questions,  simple  and  complex, 
small  and  large;  a  stimulator  of  research  and  of  the  progress  of  engineering 
science;  a  developer  of  engineering  methods  and  practice,  *  *  *".  Is  not 
being  ''a  stimulator  of  research  and  of  the  progress  of  engineering  science"  an 
important  function  of  an  engineering  society  which  has  for  its  object  the 
advancement  of  the  science  of  engineering  in  the  several  branches  ?  Is  it  not 
within  the  province  of  the  engineering  society  to  promote  the  conduct  of 
research,  to  assist  and  co-operate  in  its  extension,  and  even  to  participate  in 
its  activities?  Its  members  know  the  needs  of  the  profession,  can  forecast  to 
a  considerable  degree  the  trend  of  engineering  development,  and  should  be 
able  to  outline,  direct,  study,  and  interpret  investigational  work;  and  such 
work  may  be  expected  to  furnish  contributions  to  engineering  knowledge,  that 
will  add  greatly  to  the  advancement  of  engineering  art. 

Many  of  the  engineering  societies  have  participated  freely  in  research 
activities.  The  American  Society  of  Mechanical  Engineers  has  had  a  Com- 
mittee on  Research  for  years  and  has  made  important  contributions  to  engi- 
neering science.  Its  monthly  journal  has  a  well-conducted  department  which 
digests  and  reports  the  available  results  of  research  applicable  to  mechanical 
engineering.  The  American  Society  for  Testing  Materials  has  long  been  a 
most  important  instrumentality  for  organizing,  stimulating,  and  reporting 
engineering  research ;  it  has  secured  the  hearty  co-operation  of  both  industries 
and  institutions,  and  its  volumes  are  replete  with  valuable  contributions.  The 
American  Eailway  Engineering  Association  has  likewise  contributed  much  to 
engineering  science,  through  laboratory,  field,  and  office  investigation.  Refer- 
ence should  be  made  to  another  instrumentality,  closely  allied  to  the  four 
Founder  Societies,  Engineering  Foundation,  largely  the  conception  of  Ambrose 
Swasey,  Hon.  M.  Am.  Soc.  C.  E.,  who  generously  started  its  endowment  "for 
the  furtherance  of  engineering,  for  the  advancement  of  the  profession  and  the 
good  of  mankind".  Engineering  Foundation  has  worked  to  encourage,  direct, 
and  develop  research  agencies  and  activities  and,  at  the  same  time,  give  such 
financial  aid  to  research  work  as  has  been  found  practicable.  The  Division  of 
Engineering  of  the  ITational  Research  Council,  an  organization  formed  during 
the  World  War  and  now  operated  for  the  purpose  of  securing  the  co-operation 
of  engineering  agencies  in  which  research  facilities  are  available,  has  con- 
tinued to  be  very  active.  Its  Advisory  Board  for  Highway  Research  has  been 
conducting  important  engineering  researches.  The  work  of  all  these  organiza- 
tions may  be  classed  under  engineering  society  activities. 

•Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXIII   (1919-20).  p.  416. 
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The  American  Society  of  Civil  Engineers  has  a  large  amount  of  engi- 
neering research  to  its  credit,  although  it  has  not  had  an  aggressive  research 
policy.  The  Transactions  contain  a  large  number  of  individual  research  con- 
tributions, many  of  them  of  the  highest  value.  One  need  only  call  attention 
to  the  paper  on  "Experiments  Relating  to  Hydraulics  of  Fire  Streams",*  by 
John  R.  Ereeman,  Past-President,  Am.  Soc.  C.  E.,  that  on  "Experiments  at 
Detroit,  Mich.,  on  the  Effect  of  Curvature  upon  the  Elow  of  Water  in  Pipes'M- 
by  Gardner  S.  Williams,  Clarence  W.  Hubbell,  and  George  H.  Fenkell, 
Members,  Am.  Soc.  C.  E.,  and  that  on  "The  Economical  Design  of  Reinforced 
Concrete  Floor  Systems  for  Fire-Resisting  Structures",:}:  by  John  S.  Sewell, 
M.  Am.  Soc.  C.  E.,  to  illustrate  the  quality  of  these  personal  contributions. 
The  rules  of  the  Norman  Medal  provide  that  "the  medal  shall  be  awarded  to  a 
paper  which  shall  be  judged  worthy  of  special  commendation  for  its  merit  as  a 
contribution  to  engineering  science",  and  the  rules  of  the  J.  James  R.  Croes 
Medal  and  the  James  Laurie  Prize  recognize  the  usefulness  of  contributions  to 
engineering  science.  The  lists  of  awards  are  full  of  pai)ers  giving  reports  of 
scientific  researches,  both  experimental  and  analytical,  and  the  Transactions 
contain  very  many  more  that  were  not  recognized  in  this  way. 

Many  of  the  special  committees  which  have  been  appointed  throughout  the 
life  of  the  Society  have  reported  research  information  of  value.  The  report§ 
of  the  Special  Committee  on  Uniform  Tests  of  Cement  gives  experimental 
information  which  was  of  great  interest  and  helped  to  establish  standards  which 
have  proved  to  be  very  useful  to  the  Engineering  Profession.  Other  com- 
mittees, like  the  Joint  Committee  on  Concrete  and  Reinforced  Concrete]] 
reporting  in  1916,  conducted  tests  on  which  to  base  parts  of  its  recommenda- 
tions. The  Special  Committee  on  Steel  Columns  and  Struts^l  carried  on  an 
elaborate  set  of  tests  of  columns  and  reported  results  of  much  value.  In 
later  times,  the  Special  Committee  to  Report  on  the  Bearing  Value  of  Soils 
for  Foundations,  etc.,  which  is  still  continuing  its  work,  has  carried  on  con- 
siderable experimental  work.  The  Special  Committee  to  Report  on  Stresses  in 
Railroad  Track,  formed  in  1914,  has  conducted  experimental  work  on  a  large 
scale  and  has  presented  its  third  formal  progress  report.**  The  three 
reports  contain  a  great  deal  of  information  on  the  action  of  the  track  struc- 
ture, which  is  considered  very  valuable  by  railroad  men.  It  should  be  added 
that  this  Committee  has  been  co-operating  with  the  American  Railway  Engi- 
neering Association  and  the  American  Railway  Association. 

Altogether,  it  is  evident  that  the  papers  of  the  Society  and  the  activities 
of  its  meetings  and  committees  include  contributions  to  engineering  science, 
which  have  exercised  an  important  influence  in  the  development  of  engineer- 
ing art,  and  that  the  Society  has  been  an  effective  instrumentality  in  the 
extension  and  development  of  engineering  science. 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  XXI   (1889),  p.  303. 
t  TransactiMis,  Am.  Soc.  C.  E.,  Vol.  XLVII  (1902),  p.  1. 
t  Transactions,  Am.  Soc.  C.  E.,  Vol.  LVI   (1906),  p.  252. 
§  Transactions,  Am.   Soc.  C.  E.,  Vol.  LXXV   (1912),  p.   665. 
II  Transactions,  Am.   Soc.  C.   E.,  Vol.   LXXXI    (1917),  p.   1101. 
f  Transactions,  Am.   Soc.  C.  E.,  Vol.  LXXXIII    (1919-20),  p.  1583. 
*•  See  p.  907. 
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For  the  purpose  of  formulating  and  conducting  a  more  active  and  sys- 
tematic research  policy,  the  Board  of  Direction  has  created  a  Committee  on 
Research.  The  minutes*  of  the  meetings  of  the  Board  of  Direction  of  January 
18  and  March  8,  1921,  give  the  following  three  actions  in  creating  this  Com- 
mittee and  defining  the  scope  of  its  work,  according  to  recommendations  made 
by  a  special  committee  of  the  Board : 

"That  a  Committee  on  Research  be  appointed  which  shall  consider  and  deal 
with  matters  of  research  which  may  be  taken  up  by  the  Society  and  which 
shall  make  recommendations  concerning  research  that  in  its  judgment  should 
be  taken  up  by  the  Society — whether  the  research  work  be  undertaken  by  the 
Society,  or  be  done  in  co-operation  with  other  societies  and  committees,  or  be 
promoted  or  stimulated  by  the  Society." 

******* 

''That  the  Committee  on  Research  and  the  representatives  of  the  Society 
on  the  Advisory  Committee  be  not  restricted  to  members  of  the  Board  of 
Direction  and  that  the  element  of  reasonable  continuity  of  membership  be 
accepted  as  desirable." 

******* 

"The  duties  of  the  Committee  on  Research  (to  consist  of  seven  or  nine 
members)  shall  be  to  organize,  stimulate,  and  supervise  the  research  work  of 
the  Society  as  conducted  by  its  Committees  or  through  co-operation  with 
societies  and  individuals,  in  accordance  with  the  direction  and  regulations  of 
the  Board  of  Direction." 

It  will  be  seen  that  the  Board  of  Direction  had  in  contemplation  plans  for 
co-operation  and  the  stimulation  of  activities  in  engineering  research. 

At  the  meeting  of  the  Board  of  Direction  of  January  18,  1921,  the  same 
special  committee  reported  on  the  letterf  of  Dr.  C.  A.  Adams,  Chairman  of 
the  Division  of  Engineering  of  the  National  Research  Council,  inviting  the 
Society  to  become  the  Sponsor  Society  in  research  work  in  Civil  Engineering, 
and  to  appoint  representatives  on  the  Advisory  Committee  on  Civil  Engineer- 
ing.   The  following  extracts*  will  indicate  the  nature  of  the  reports: 

"The  Committee  has  given  consideration  to  the  project  and  to  possible 
relations  to  research  activities  of  the  Society.  It  feels  that  research  work  in 
engineering  should  be  promoted  by  the  Society  in  such  ways  and  to  such  extent 
as  seem  practicable  for  the  Society  to  undertake.  The  proposal  to  co-operate 
with  the  National  Research  Council  seems  a  promising  method  of  stimulating 
and  advancing  engineering  research.  An  acceptance  of  the  invitation,  how- 
ever, should  not  be  permitted  to  involve  interference  with  the  right  or  duty  of 
the  Society  to  advance  or  carry  on  research  work  on  its  own  account  or  in 
co-operation  with  other  societies  or  bodies.  The  Conamittee  believes  that  the 
Society  should  maintain  a  cordial  interest  in  stimulating  and  advancing  the 
progress  of  engiaeering  science  and  that  it  has  a  duty  toward  this  side  of 
engineering.  With  a  view  of  safeguarding  and  stimulating  this  function  of 
the  Society  and  at  the  same  time  co-operating  with  the  National  Research 
Council,  the  Committee  proposes  the  following : 

"That  the  Board  of  Direction  accept  the  invitation  of  the  Division  of 
Engineering  of  the  National  Research  Council  to  become  the  Sponsor  Society 
in  research  work  in  civil  engineering  and  to  appoint  representatives  on  the 

*  Proceedings,  Am.   Soc.    C.   E.,   February,   1921,   pp.    168-169.   and   April,    1921,   p.    384. 
t  Proceedings,  Am.  Soc.  C.  E.,  December,  1920,  p.  917. 


1284  ENGINEERING   RESEARCH 

Advisory  Committee  on  Civil  Engineering  of  the  National  Research  Council 
and  to  accept  other  responsibilities  connected  therewith." 

******* 

"The  duties  of  the  representatives  of  the  Society  on  the  Advisory  Com- 
mittee on  Civil  Engineering  of  the  Division  of  Engineering  of  the  National 
Research  Council  shall  be  to  represent  the  Society  in  its  responsibilities 
therein  as  Sponsor  Society  in  research  work  in  civil  engineering,  in  accordance 
with  the  directions  and  regulations  of  the  Board  of  Direction.  The  repre- 
sentatives of  this  Society  on  this  Advisory  Committee  shall  be  not  more  than 
fifteen,  and  shall  include  the  Committee  on  Research  of  the  Society." 

This  Advisory  Committee  was  appointed  subsequently,  and  is  now  called 
the  Advisory  Board  on  Civil  Engineering  Research. 

The  Committee  on  Research  was  organized  on  January  18,  1922,  with 
the  speaker  as  Chairman  and  F.  E.  Schmitt,  M.  Am.  Soc.  C.  E.,  as  Secretary. 
In  the  following  months,  discussion  was  had  through  correspondence  on  the 
division  of  the  field  and  on  what  work  should  be  undertaken  first.  Further 
discussion  was  had  and  action  was  taken  at  the  meetings  of  the  Committee  at 
Dayton,  Ohio,  on  April  4,  and  5,  1922,  and  recommendation  was  made  to 
the  Board  of  Direction  for  the  creation  of  research  committees,  as  follows : 
Stresses  in  Structural  Steel;  Irrigation  Hydraulics;  Hydraulics  Phenomena; 
Impact  in  Highway  Bridges;  and  Flood  Protection  Data. 

The  Board  of  Direction  at  its  meeting  of  April  4,  1922,  approved  these 
recommendations  and  the  committees  were  later  appointed  and  have  been 
actively  at  work  with  the  exception  of  the  Special  Committee  on  Hydraulics 
Phenomena  which  has  not  yet  been  appointed.*  Progress  reports  were  made 
by  these  Committees  at  the  Annual  Meeting  on  January  17,  1923.  It  may  be 
of  interest  to  note  that  the  Special  Committee  on  Stresses  in  Structural  Steel 
was  instructed  to  limit  its  activities  as  follows : 

"This  Committee  should  be  insti'ucted  to  limit  its  activities  at  the  present 
time  to  an  investigation  of  the  properties  of  commercial  structural  steel  (both 
mill  and  stock  material)  as  bearing  on  the  problem  of  what  working  stresses 
should  be  allowed  for  steel  building  construction,  and  to  report  to  the  Board  of 
Direction  on  the  feasibility  of  conducting  extensive  measurements  of  stress 
distribution  in  structural  frame  work  other  than  bridges." 

At  the  meeting  of  the  Board  of  Direction  on  January  16,  1923,  the  recom- 
mendation of  the  Committee  on  Research  for  the  appointment  of  a  Committee 
on  Reinforced  Concrete  Arches  and  a  Committee  on  Steel  Column  Research 
was  adopted,  and  it  is  expected  that  these  committees  will  be  appointed  in  the 
near  future. 

The  Committee  on  Research  has  discussed  the  needs  for  research  work  in 
the  various  fields  of  civil  engineering.  The  number  and  variety  of  the  topics 
that  call  for  investigation  will  convince  any  one  of  the  richness  of  the  prospect 
and  the  wealth  of  opportunity  for  service.  As  new  Technical  Divisions  of  the 
Society  are  organized,  new  demands  will  appear.  Sanitary  engineering,  power, 
railways,  highways,  structural  steel,  concrete,  engineering  materials,  and 
many  other  fields,  all  have  their  problems.  The  difficulty  lies  not  in  finding 
the  problems,  but  in  selecting  those  that  are  the  most  pressing,  the  easiest  of 

*  This  Committee  was  appointed  on   May  17,   1923. 
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solution,  or  have  the  most  willing  workers.  Many  topics  have  been  suggested. 
It  has  seemed  the  wise  policy  not  to  extend  committee  work  too  rapidly,  but 
rather  to  support  and  assist  the  work  of  the  committees  now  appointed,  and  to 
constitute  others  only  as  fast  as  conditions  seem  to  warrant.  It  is  clear  to  the 
Committee  on  Research,  however,  that  there  are  many  fields  and  a  large  num- 
ber of  topics  that  should  be  investigated  by  the  Society,  both  by  itself  and  in  co- 
operation with  other  organizations.  It  is  felt  that  as  time  goes  on  the  Society 
should  actively  develop  the  policy  of  stimulating  research  in  all  the  branches  of 
civil  engineering  and  of  contributing  to  engineering  science  in  every  reason- 
able way. 

The  securing  of  funds  to  support  research  may  seem  a  troublesome  question. 
The  increasing  "high  cost  of  living"  has  made  the  income  of  the  Society 
scarcely  equal  to  its  needs,  with  little  chance  for  expansion  in  service.  In 
many  problems,  however,  the  necessary  expenditures  will  be  small.  In  other 
cases,  after  the  problem  has  been  outlined,  engineers  will  willingly  aid  in 
carrying  out  the  work.  In  still  others,  governmental  agencies  or  industrial 
organizations  will  be  found  willing  to  co-operate.  In  still  others,  sums  may  be 
raised  by  subscription  from  corporations  and  individuals.  The  contributions 
for  the  work  of  the  Joint  Committee  on  Stresses  in  Railroad  Track  may 
encourage  the  Society  in  bringing  other  research  problems  to  the  attention  of 
those  who  may  appreciate  the  value  of  a  thorough  investigation.  Engineering 
Foundation  will  doubtless  contribute  as  freely  as  its  resources  and  its  other 
demands  will  permit.  It  is  to  be  hoped  that  its  funds  will  be  greatly  augmented 
by  new  and  princely  gifts.  The  Society  itself  may  be  expected  to  contribute 
in  various  ways.  Its  practice  now  is  to  pay  mileage  for  attendance  on  com- 
mittee meetings.  It  would  seem  proper,  however,  to  do  more  than  this — to 
contribute  something  to  some  classes  of  research  that  may  not  appeal  to  the 
outside  contributor,  to  do  a  little,  too,  in  other  ways,  as  an  earnest  of  its 
interest  and  faith  in  the  value  of  such  work.  This  help  may  not  be  given  at 
once,  but  it  would  seem  that  the  Society  should  shape  its  expenditures  so  as  to 
set  aside  for  the  use  of  research  work,  as  time  goes  on,  a  moderate  sum  for  this 
particular  function  of  the  engineering  society. 

The  conduct  of  committee  research  work  itself,  however,  will  involve  time 
and  labor,  in  conducting  the  tests,  in  studying  and  digesting  the  data,  and  in 
interpreting  the  results  and  presenting  the  findings  in  an  acceptable  way,  even 
tedious,  dreary,  fatiguing  hours  and  days.  The  men  who  undertake  the  work 
will  do  it  cheerfully,  as  becomes  those  who  aspire  to  help  in  extending  the 
bounds  of  knowledge,  and  will  find  compensation  therefor  in  the  satisfaction 
that  they  have  thereby  done  some  small  part  in  contributing  to  the  advance- 
ment of  the  Profession  of  Engineering.  They  should  know  that  the  member- 
ship of  the  Society  is  in  a  receptive  mood  and  will  commend  their  contribu- 
tion to  engineering  science. 

In  conclusion,  it  may  be  well  to  state  that  the  Committee  on  Research  will 
welcome  suggestions  and  constructive  proposals.  It  asks  for  assistance  in  every 
way.  May  not  the  Society  gain  greatly  by  the  co-operation  of  many  in  these 
lines  of  endeavor  ? 
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ENGINP^ERING  FOUNDATION:  DIVISION  OF 

ENGINEERING,  OF  NATIONAL  RESEARCH  COUNCIL 

THEIR  ORIGIN,  WORK,  PLANS,  NEEDS 

Bv  Alfred  D.  Flinn,*  M.  Am.  Soc.  C.  E. 


In  1914,  the  spirit  of  progress  and  service  among  engineers  found  another 
expression  through  the  farsight  and  generosity  of  Ambrose  Swasey,  Hon.  M. 
Am.  Soc.  C.  E.,  in  his  gift  of  $200  000  to  United  Engineering  Society  to  be  the 
nucleus  of  a  great  endowment  "for  the  furtherance  of  research  in  science  and 
in  engineering,  or  for  the  advancement  in  any  other  manner  of  the  profession 
of  engineering  and  the  good  of  mankind."  With  this  gift  as  a  corner-stone, 
there  is  being  erected  under  the  auspices  of  the  American  Society  of  Civil 
Engineers,  the  American  Institute  of  Mining  and  Metallurgical  Engineers,  the 
American  Society  of  Mechanical  Engineers,  and  the  American  Institute  of 
Electrical  Engineers,  an  institution  known  as  Engineering  Foundation,  devoted 
primarily  to  conducting  and  furthering  researches  and  investigations  in 
applications  of  science  to  engineering  and  its  related  industries.  Subsequently, 
Mr.  Swasey  increased  his  gifts  to  a  total  of  $500  000,  yielding  an  annual  income 
of  $26  000. 

United  Engineering  Society  is  the  legal  owner  of  the  principal  of  Engi- 
neering Foundation's  Endowment  Fund.  This  Society  is  in  effect  a  board  of 
trustees  incorporated  under  ISTew  York  State  laws  "to  advance  the  engineering 
arts  and  sciences  in  all  their  branches,  and  to  maintain  a  free  public  engineer- 
ing library",  with  power  and  authority  "to  receive,  conserve,  invest,  and  re- 
invest, hold  in  trust,  and  administer  such  moneys  or  other  property  as  it  may 
receive  from  any  source  for  its  own  purposes  or  for  anj-  other  endowment  or 
activity  within  the  scope  of  its  charter."  This  Society  has  twelve  members, 
three  chosen  by  each  Founder  Society.  It  has  now  two  departments:  The 
Engineering  Societies  Library  and  Engineering  Foundation.  Engineering 
Council  was  a  third  department  from  April,  1917,  to  December,  1920.  United 
Engineering  Society  owns  and  administers  for  the  Founder  Societies,  Engi- 
neering Societies  Building  and  Library  and  several  permanent  funds. 

The  legal  status  of  Engineering  Foundation  Board  is  that  of  a  committee 
of  United  Engineering  Society.  The  Foundation  has  full  discretion  in  the 
expenditure  of  the  income  from  the  Endowment  Fund  and  such  other  moneys 
as  may  be  given  to  it,  or  to  United  Engineering  Society  for  it,  for  research 
and  other  projects.  The  Foundation  has  sixteen  members,  elected  by  United 
Engineering  Society — one  trustee  representing  each  Founder  Society,  two 
members  from  each  Founder  Society  nominated  b^^  its  governing  body,  who 
are  not  trustees,  three  members  at  large,  and  the  President  of  United  Engineer- 
ing Society  ex  officio.  Its  officers  are  Charles  F.  Band,  Chairman,  Edward 
Dean  Adams,  F.  Am.  Soc.  C.  E.,  and  Frank  B.  Jewett,  Vice-Chairmen,  with  two 
other  members,  George  H.  Pegram,  Past-President,  Am.  Soc.  C.  E.,  and 
H.  Hobart  Porter,  M.  Am.  Soc.  C.  E.,  constituting  its  Executive  Committee. 
*  Secy.,  United  Eng.   Soc,   and  Director,  Engineering  Foundation,   New  York  City. 
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The  Treasurer  and  Assistant  Treasurer  and  the  Counsel  of  United  Engineer- 
ing Society  ex  officio  function  for  Engineering  Foundation.  The  Director  of 
the  Foundation  is  also  its  Secretary.  The  Foundation  has  oflBces  in  the  Engi- 
neering Societies  Building,  which  are  provided  by  United  Engineering  Society. 

Engineering  Foundation,  therefore,  is  not  an  outside,  independent  institu- 
tion, but,  like  the  Librai-y,  is  an  integral  part  of  the  organism  of  the  Founder 
Societies  and  of  d^jj^  one  individually.  It  was  created  by  them  on  the  basis 
of  Mr.  Swasey's  gifts,  should  have  their  continuing  support,  and  should  be 
utilized  by  them.  It  is  their  joint  instrumentality  for  research  and  investiga- 
tion, especially  for  such  projects  as  involve  more  than  one  branch  of  engineer- 
ing and  science  as  do  most  researches  and  investigations  of  interest  to 
engineers.    As  its  resources  are  increased,  its  service  can  be  greatly  extended. 

In  1916,  National  Research  Council  was  created  at  the  request  of  the  Presi- 
dent of  the  United  States,  by  joint  action  of  the  National  Academy  of  Sciences, 
National  Engineering  Societies,  and  Scientific  Associations.  It  became,  in 
1917,  the  Division  of  Science  and  Technology  of  the  Council  of  National 
Defense.  Necessarily,  it  had  a  Committee  on  Engineering,  with  a  number  of 
sub-committees,  which  did  notable  service  during  the  World  War.  National 
Research  Council  is  based  on  the  charter  of  the  National  Academy  of  Sciences 
given  by  Act  of  Congress  in  1863  and  signed  by  President  Lincoln.  Its  legal 
status  is  that  of  a  committee  of  the  Academy.  It  was  perpetuated  by  the 
Executive  Order  issued  by  President  Wilson  on  May  11,  1918,  which,  among 
its  provisions,  directs  the  heads  of  Governmental  departments  to  co-operate  in 
every  way  required.  Therefore,  although  the  Council  is  not  a  Governmental 
bureau,  it  has  intimate  relations  with  the  Federal  Government.  Except  for 
war  purposes,  the  Government  has  provided  no  funds  for  its  support.  All  its 
financial  resources  come  from  private  institutions  and  individuals,  except  to 
the  extent  that  Governmental  bureaus  participate  in  research  projects  of  inter- 
est to  them.  Largest  among  the  gifts  are  $5  000  000  from  the  Carnegie  Cor- 
poration of  New  York  for  a  building  and  endowment ;  $500  000  from  the 
Rockefeller  Foundation  for  research  fellowships  in  physics  and  chemistry ;  and 
$500  000  from  the  Rockefeller  Foundation  and  the  General  Education  Board 
equally  for  research  fellowships  in  the  medical  sciences.  About  $1  330  000  are 
being  expended  on  a  permanent  building  near  the  Lincoln  Memorial,  in  Wash- 
ington, D.  C,  to  be  ready  for  occupancy  in  the  fall  of  1923. 

Engineering  Foundation  had  an  important  part  in  the  establishment  of 
National  Research  Council.  When  organized,  the  Council  had  neither  funds 
nor  office.  The  Foundation  at  once  placed  at  its  disposal  offices  in  Engineering 
Societies  Building  and  the  entire  income  of  the  Foundation  fund  for  a  year, 
supplemented  by  special  gifts,  together  with  the  services  of  a  Secretary.  As 
soon  as  practicable  after  the  armistice.  National  Research  Council  brought  its 
war  projects  to  a  conclusion  or  made  other  disposal  of  them  and  created  a 
tentative  form  of  organization  better  suited  to  peace  conditions,  having 
thirteen  divisions.  There  are  six  Divisions  of  General  Relations,  as  follows: 
Government  Division ;  Division  of  Foreign  Relations ;  Division  of  States 
Relations;  Division  of  Educational  Relations;  Division  of  Industrial  Rela- 
tions; and  Research  Information  Service. 
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There  are  also  seven  Divisions  of  Science  and  Technology,  as  follows: 
Division  of  Physical  Sciences;  Division  of  Engineering;  Division  of  Chemistry 
and  Chemical  Technology;  Division  of  Geology  and  Geography;  Division  of 
Medical  Sciences;  Division  of  Biology  and  Agriculture;  and  Division  of 
Anthropology  and  Psychology. 

After  three  years'  experience  in  an  untrodden  field,  National  Research 
Council  is  re-studying  this  form  of  organization,  seeking  fPeater  economy  and 
effectiveness. 

From  the  beginning,  cordial  co-operation  has  been  maintained  between 
Engineering  Foundation  and  National  Research  Council.  The  Secretary 
of  each  has  been,  by  reciprocal  arrangement,  an  Honorary  Assistant  Secretary 
of  the  other,  the  Secretary  of  the  Foundation  being  thus  a  member  of  the 
Executive  Board  of  the  Council.  Likewise,  there  has  been  exchange  of  office 
accommodations  in  New  York  City  and  Washington.  Since  the  establishment 
of  the  Division  of  Engineering  in  March,  1919,  it  has  been  closely  related  to 
Engineering  Foundation  and  since  October  of  that  year,  the  Foundation  has 
provided  offices  in  Engineering  Societies  Building  for  the  Division,  and  a  sub- 
stantial portion  of  its  funds.  Measured  on  the  financial  basis,  the  work  of  the 
Division  has  been  about  40%  an  activity  of  Engineering  Foundation.  In 
addition,  the  Foundation  has  contributed  funds  and  services  to  a  number  of 
the  research  projects  of  the  Division,  besides  undertaking  other  projects  jointly 
with  it.  A  certain  number  of  members  of  the  Foundation  are,  by  definite 
arrangement,  members  of  the  Division.  From  October  1,  1920,  to  October 
1,  1921,  the  Secretary  of  the  Foundation  was  also  a  Vice-Chairman  of  the 
Division,  and  since  October  1,  1921,  he  has  been  its  Chairman. 

The  Division  of  Engineering  formally  states  its  objects  to  be:  To  encourage, 
initiate,  organize,  and  co-ordinate  fundamental  and  engineering  research  and 
to  serve  as  a  clearing  house  for  research  information  in  the  field  of  engineering. 
Its  total  membership  is  40,  of  which  21  are  representatives  from  14  National 
Engineering  Societies,  and  one  a  liaison  member  of  the  Division  of  Federal 
Relations,  and  18  members  at  large.  In  membership,  it  is  more  catholic  than 
Engineering  Foundation,  since  to  the  Founder  Societies  it  has  added  ten 
other  societies  dealing  with  important  engineering  specialties.  The  work  of 
the  Division  is  conducted  by  its  Chairman  and  Secretary,  who  are  paid 
officers,  a  Yice-Chairman,  and  an  Executive  Committee  having  four  additional 
members.  There  are  four  Advisory  Boards,  each  dealing  with  a  broad  field  of 
engineering,  and  four  boards  and  fourteen  committees,  advising  in  limited 
fields  or  conducting  research  projects  under  the  supervision  of  the  staff  of  the 
Division. 

The  scope  and  importance  of  the  work  of  the  Division  of  Engineering,  in 
which  Engineering  Foundation  has  so  large  a  share,  cannot  be  indicated  briefly 
better  than  by  the  following  list  of  the  titles  of  its  boards  and  committees : 

Advisory  Board  on  Civil  Engineering  Research,  Robert  E.  Horton,  M.  Am. 
Soc.  C._E.,  Chairman,  sponsored  by  the  American  Society  of  Civil  Engineers. 

Advisory  Board  on  Mining  and  Metallurgical  Engineering  Research, 
sponsored  by  the  American  Institute  of  Mining  and  Metallurgical  Engineers. 
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Advisory  Board  on  Mechanical  Engineering  Eesearch,  Walter  Eauten- 
strauch,  Chairman,  sponsored  by  the  American  Society  of  Mechanical 
Engineers. 

Advisory  Board  on  Electrical  Engineering  Eesearch,  John  B.  Whitehead, 
Chairman,  sponsored  by  the  American  Institute  of  Electrical  Engineers. 

Advisory  Board  on  Testing  Materials;  the  Executive  Committee  of  the 
American  Society  for  Testing  Materials,  George  K.  Burgess,  Chairman. 

Advisory  Board  on  Illuminating  Engineering  Eesearch ;  the  Eesearch  Com- 
mittee of  the  Illuminating  Engineering  Society,  Edward  P.  Hyde,  Chairman. 

American  Bureau  of  Welding,  Comfort  A.  Adams,  Director,  sponsored  by 
the  American  Welding  Society.  Committees  on  Electric  Arc  Welding,  Weld- 
ing Conference,  Welding  of  Storage  Tanks,  Welding  Wire  Specifications, 
Standard  Tests  for  Welds,  Training  of  Operators,  Specifications  for  Steel  to 
be  Welded,  Eesistance  Welding,  Thermit  Welding,  Welded  Eail  Joint  Com- 
mittee, Pressure  Vessels. 

Advisory  Board  on  Highway  Eesearch,  A.  IST.  Johnson,  M.  Am.  Soc.  C.  E., 
Chairman,  W.  K.  Hatt,  M.  Am.  Soc.  C.  E.,  Director;  Committees  on  Char- 
acter and  Use  of  Eoad  Materials,  Economic  Theory  of  Highway  Improve- 
ment, Tractive  Eesistance  of  Eoads,  Structural  Design  of  Eoads,  Mainte- 
nance, Highway  Finances,  Highway  Traffic  Analysis. 

Committee  on  Deoxidizers,  George  K.  Burgess,  Chairman,  J.  E.  Cain, 
Eesearch  Metallurgist. 

Committee  on  Electrical  Core  Losses,  A.  E.  Kennelly,  Chairman. 

Committee  on  Electrical  Insulation,    John    B.   Whitehead,    Chairman. 

Committee  on  Fatigue  Phenomena  of  Metals,  H.  F.  Moore,  Chairman. 

Committee  on  Hardness  Testing  of  Materials,  A.  E.  Bellis,  Chairman. 

Committee  on  Heat  Treatment  of  Carbon  Steel,  F.  B.  Foley,  Acting 
Chairman. 

Committee  on  Marine  Piling  Investigations,  E.  T.  Betts,  Chairman, 
William  G.  Atwood,  M.  Am.  Soc.  C.  E.,  Director;  Sub-committees  on  Biology, 
Chemistry,  Concrete,  Finance,  Engineering  Patents,  and  Publicity. 

Committee  on  Moulding  Sand,  E.  A.  Bull,  Chairman ;  Sub-committees 
on  Geological  Surveys,  Conservation  and  Eeclamation,  Standard  Methods  for 
Testing  Moulding  Sands. 

Committee  on  Neumann  Bands,  Charles  E.  Munroe,  Chairman. 

Committee  on  Physical  Changes  in  Iron  and  Steel  Below  the  Thermal 
Critical  Eange,  Zay  Jeffries,  Chairman. 

Pulverizing  Committee,  Galen  H.  CTfevenger,  Chairman. 

Committee  on  Uses  of  Tellurium  and  Selenium,  Victor  Lehner,  Chairman. 

Committee  on  Heat  Transmission  (in  process  of  organization),  H.  C.  Dick- 
inson, Chairman  of  Organizing  Committee. 

Committee  on  Eelation  of  Quality  and  Quantity  of  Hlumination  to  Effi- 
ciency in  the  Industries.    (Under  consideration.) 

These  committees  have  from  6  to  49  members.  The  direct  and  indirect 
expenditures  for  projects  in  which  the  Division  has  some  responsibility  arr 
estimated  to  exceed  $2  000  000,  but  cannot  be  stated  exactly,  because  many 
elements  cannot  be  evaluated  and  accounts  cannot  be  centralized  for  others, 
so  as  to  be  summarized,  without  expense  and  annoyance  not  justified  by  the 
result  to  be  attained. 

Except  the  committees  in  process  of  organization,  all  those  named  and  sev- 
eral others  which  completed  their  projects  some  time  ago  and  have  been 
discharged,  have  achieved  valuable  results.  For  example,  much  has  been 
added  to  the  knowledge  of  the  behavior  of  metals  under  repeated  stresses; 
highway  research  has  been  co-ordinated,  developed,  and  stimulated;  more  is 
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being  learned  about  marine  boring  animals  which  destroy  wooden  piles  and 
means  for  combatting  them;  the  art  of  welding  by  gas  and  electric  current 
has  been  notably  advanced;  and  economies  in  the  use  of  moulding  sand  are 
being  effected.  Some  of  these  projects  are  being  expanded  in  response  to 
requests  for  further  information.  This  is  particularly  true  of  the  Fatigue 
of  Metals  Eesearch  to  which  Engineering  Foundation  contributed  $30  000 — 
its  largest  single  appropriation — and  to  which  the  General  Electric  Company 
has  contributed  an  equal  amount  and  is  adding  to  this  investment.  The  Allis- 
Chalmers  Manufacturing  Company  and  other  industrial  corporations,  also, 
are  contributing. 

Besides  aiding  in  the  support  of  the  Division  of  Engineering  and  its 
projects.  Engineering  Foundation  has  had  other  activities.  During  the  World 
War,  it  participated  in  experiments  for  spray  camouflage  of  ships;  a  com- 
mittee reported  on  the  advisability  of  a  laboratory  for  testing  of  large  water- 
wheels  and  other  hydraulic  equipment  of  large  size;  and  hollow-crested  weirs 
were  investigated  under  the  immediate  direction  of  Clemens  Herschel,  Past- 
President  and  Hon.  M.  Am.  Soc.  C.  E.  A  study  of  the  theory,  design,  and 
construction  of  arch  dams  has  been  recently  undertaken  as  well  as  a  study  of 
wood-finishing  processes  in  co-operation  with  the  wood-working  industries  and 
users  of  paint  and  varnish  on  wood  for  buildings,  vehicles,  cars,  furniture, 
and  farm  implements.  An  experimental  study  of  reinforced  concrete  multiple 
arches  is  under  consideration  in  co-operation  with  the  Committee  on  Eesearch 
of  the  American  Society  of  Civil  Engineers.  Eecently,  Engineering  Founda- 
tion was  suggested  as  the  best  independent  technical  organization  to  take 
charge  of  the  technical  features  of  a  concerted  effort  to  overcome  the  cotton 
boll  weevil  in  the  Southern  States.  This  project  is  under  advisement  on  the 
understanding  that  ample  funds  will  be  provided  by  the  American  Cotton 
Association  with  which  the  proposal  originated. 

In  addition  to  printing  its  annual  reports  for  the  past  three  years.  Engi- 
neering Foundation  has  published  a  Progress  Eeport  on  the  Eesearch  in 
Fatigue  of  Metals,  a  Directory  oi  Hydraulic  Laboratories  of  the  United 
States,  and,  since  January,  1921,  semi-monthly  Eesearch  Narratives,  5-min. 
stories  of  interesting  researches  in  many  fields.  Engineering  Foundation  has 
under  consideration,  as  another  project,  a  proposal  for  a  continuing  compila- 
tion of  original  engineering  data  taken  from  publications  of  the  societies  and 
technical  journals,  or  contributed  by  individual  engineers.  For  brevity,  this 
project  is  known  as  the  "Engineering  Encyclopedia".  As  a  result  of  the  activi- 
ties of  Engineering  Foundation  and  the  Division  of  Engineering,  numerous 
valuable  papers  and  articles  have  been  contributed  to  the  societies  and  technical 
journals,  and  the  research  activities  of  the  engineering  societies  have  been 
stimulated. 

The  present  income  of  Engineering  Foundation  seems  small,  as  compared 
with  the  hundreds  of  thousands,  and  even  millions,  of  dollars,  spent  annually 
for  research  by  some  of  the  most  enterprising,  and,  consequently,  prosperous,, 
industrial  corporations.  The  relatively  large  results  mentioned  in  the  fore- 
going paragraphs  have  been  achieved  through  co-operation,  supplemented  by 
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the  funds  and  efforts  of  the  Foundation.  As  its  resources  increase,  its  serv- 
ices can  be  broadened  to  an  approximation  of  the  expectations  of  its  many 
friends. 

The  plans  of  Engineering  Foundation  may  be  simply  stated,  as  follows: 

1. — To  stimulate  the  spirit  of  research  among  engineers. 
2. — To  organize,  further,  or  conduct  researches  or  investigations  which  will 
benefit  the  Engineering  Profession  and  the  related  industries. 

3. — To  aid  in  making  results  of  research  available  to  engineers,  by  con- 
tributions to  publications  of  the  societies  and  through  other  channels. 

4. — To  strengthen  co-operation  in  research  among  engineers  in  various 
branches  of  the  profession,  between  engineers  and  other  technologists,  and 
between  engineers  and  scientists.  (There  are  few,  if  any,  researches  connected 
with  engineering  or  industry  which  do  not  involve  such  co-operation.) 

5. — To  serve  as  a  clearing  house  of  its  member  societies  for  research 
activities. 

6. — To  undertake  especially  such  researches  as  cannot  or  will  not  be  done 
by  industries,  Government,  educational  institutions,  or  separate  societies,  but 
to  co-operate  with  all  these  agencies  on  proper  occasions. 

7. — To  render  service  to  individual  engineers  and  to  committees  of  the 
societies  in  all  feasible  and  proper  ways. 

8. — To  perform  such  broader  services  to  mankind  as  fall  distinctly  to  its 
lot,  for  which  means  are  provided. 

The  greatest  present  needs  of  Engineering  Foundation  are: 
1. — Substantial  increase  of  endowment. 
2. — More  intimate  co-operation  of  its  Founder  Societies. 
3. — Such    adjustment    of    relations   with    National    Research    Council    as 
will  leave  the  engineering  part  of  the  research  field  clear  for  Engineering 
Foundation. 

4. — Provision  for  the  participation  of  the  other  societies  which  are  now 
members  of  the  Division  of  Engineering. 

Having  created  Engineering  Foundation  with  Mr.  Swasey's  inspiration 
and  financial  aid,  the  Founder  Societies  seem  straightway  to  have  forgotten  it, 
and  have  continued  their  research  activities  separately  as  if  the  Foundation 
did  not  exist.  Here,  however,  is  an  instrumentality  of  great  possibilities, 
belonging  to  the  Founder  Societies,  which  they  should  develop  and  utilize 
to  their  own  advantage  and  credit,  and  "for  the  advancement  of  the  Profes- 
sion of  Engineering  and  the  good  of  mankind." 

A  liberally  endowed  Engineering  Foundation,  heartily  supported  by  the 
great  engineering  societies,  can  seek  the  solution  of  many  problems  in  engi- 
neering, or  of  mixed  scientific  and  technical  interest,  that  have  practical 
application  immediately  in  view.  There  is  no  other  foundation  in  this  field; 
each  of  the  well-known  foundations  is  devoting  its  resources  to  other  subjects. 
There  is  a  great  opportunity  for  service. 
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THE  STUDY  OF  STEELS  FOR  ENGINEERING 
STRUCTURES 

By  George  K.  Burgess,*  Esq. 


1. — Introduction 

The  subject  of  structural  steel  is  one  that  cannot  be  treated  adequately 
alone  by  either  the  civil  engineer  or  the  metallurgist.  It  requires  the 
co-operation  of  both  in  best  defining  the  material  to  be  used  for  the  several 
components  of  a  given  structural  project,  bridge,  building,  or  ship,  together 
with  an  understanding  of  relative  manufacturing  facilities  and  costs  for  the 
several  possible  materials,  and  the  most  economical  solution,  with  sufficient 
provision  for  safety  and  permanence  for  the  purchaser  or  the  user. 

The  formulation  of  generally  acceptable  specifications  naturally  lags  con- 
siderably behind  the  progress  of  the  pioneers  in  the  development  of  improved 
materials  or  methods  of  application,  and  the  pioneer  usually  has  first  to  take 
the  risk  himself  in  putting  into  practice  those  ideas  the  advantages  of  which  he 
is  convinced.  The  history  of  the  development  of  steels  for  engineering  struc- 
tures is  no  exception  to  this  rule. 

Properly  speaking,  and  looking  forward  as  well  as  backward,  this  develop- 
ment of  structural  metals  may  be  grouped  into  four  periods,  each  designated  by 
a  class  or  grade  of  material :  Wrought  iron  ;  low-carbon  steel  (at  first,  Bessemer 
and,  then,  basic  open-hearth) ;  alloy  steels ;  and  heat-treated  steels,  including 
high-carbon   and  alloy  steels. 

The  wrought-iron  stage  gave  way  to  that  of  Bessemer  steel  but  gradually 
and,  it  might  be  said,  with  some  misgivings ;  the  gradation  from  Bessemer  into 
basic  open-hearth  met  no  opposition,  it  was  mainly  a  question  of  cost,  conve- 
nience, and  capacity  of  manufacturing,  and  Bessemer  steel  is  still  furnished 
for  buildings.  We  are  living  in  an  epoch  intermediate  between  the  low-carbon 
steel  and  the  alloy-steel  periods.  The  great  mass  of  structural  steel  tonnage 
is  low-carbon,  basic  open-hearth  steel,  and  many  think  it  should  remain  so; 
nevertheless,  not  a  few  important  bridges  have  been  built  in  which  alloy  steels 
have  been  used,  particularly  of  nickel  and  more  recently  of  silicon  and  nickel- 
chromium,  either  in  combination  with  carbon  steels  or  alone;  and,  in  a  few 
instances,  less  important  and  smaller  members  of  large  bridges  have  been  of 
weight-reducing  heat-treated  steels. 

In  addition  to  the  type  of  steel  to  be  chosen  for  the  various  parts  of  a 
structure,  there  are  many  auxiliary  questions  that  must  be  considered  and  to 
some  of  which  satisfactory  answers  are  not  as  yet  forthcoming,  such  as  the 
relative  behavior  of  thick  and  thin  sections,  of  solid  and  fabricated  members, 
and  the  best  design  for  each;  the  limitations  of  riveting  and  the  possibilities 
of  welding;  the  allowable  working  stresses  for  each  class  of  material,  design, 
and  load ;  the  prevention  of  or  protection  against  corrosion  which  is  a  different 
problem  for  structures  exposed  to  atmosphere  and  for  enclosed  structures,  such 

•  Director,  U.  S,  Bureau  of  Standards,  "Washington.  D.  C. 
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as  city  buildings,  parts  of  which  may  also  be  subject  to  deterioration  from 
stray  electric  currents;  and,  as  a  final  illustration,  the  resistance  to  and  pro- 
tection from  fire. 

There  is  an  important  reason  why  the  structural  engineer  should  go  slowly 
ill  accepting  new  ideas,  and  applying  them.  Many  engineering  structures  are 
costly  and  they  are  usually  built  on  a  non-competitive  basis  as  regards  the  engi- 
neering. The  engineer,  therefore,  holds  himself  bound  to  follow  accepted  prac- 
tice. For  many  types  of  structure,  also,  he  is  restrained  by  building  codes  and 
specifications  of  technical  groups  or  societies  that  tend  to  crystallize  existing 
practice. 

In  contrast  to  this  enforced  conservatism  of  the  structural  engineer,  the 
freer  position  of  the  mechanical  engineer,  who  also  deals  in  metals,  should  be 
noted.  Employed  by  the  manufacturer,  he  is  engaged  in  designing  and  dis- 
tributing his  product  under  keen  competitive  conditions  and  he  is  thereby  stim- 
ulated constantly  to  improve  it.  The  marvelous  strides  made  in  the  knowl- 
edge and  economical  use  of  steels  by  the  automotive  industry  which  is  now 
directing  attention  most  effectively  to  aluminum  and  its  alloys,  need  only  to 
be  mentioned  to  illustrate  what  progress  is  possible.  The  speaker  wonders 
if  any  bridge  engineer  has  ever  considered  whether  he  could  advantageously 
use  such  an  alloy  as  duralumin  for  any  of  the  parts  of  a  bridge  ?  As  compiled 
by  Mr.  H.  C.  Kneer,*  Table  1  gives  a  comparison  of  the  properties  of  duralumin 
and  aluminum  with  those  of  mild  and  alloy  steels. 

TABLE   1. — Comparison  of  Properties  of  Duralumin  and  Aluminum 

WITH  Steel. 


Specific  gravity 

Weight,  in  pounds  per  cubic  inch 

Weight,  in  pounds  of  1  sq.  ft.,  0.1  in.  thick 

Tensile  strength,  in  pounds  per  square  inch 

Yield  point,  in  pounds  per  square  inch 

Percentage  of  elongation  in  2  in 

Modulus  of  elasticity,  in   millions   of    pounds   per 

square  inch 

S 
Ratio  of  strength  to  weight,  -=- 

S 
Factor,  —,  compared,  duralumin  =  100% 

Sectional  area  for  equal  weight 


Duralumin 
tempered 

Aluminum 
half  hard. 

Mild  steel. 

2.85 
0.010 
1.44 
55  000 
25  OOOt 
17 

2.7 

0.094 

1.35 

18  000 

7.8 
0.27 
3.90 
55  000 
36  000 
20 

9.4-10 

9.8 

30 

19  250 

6  650 

7  050 

100 

33.5 

36.6 

1.00 

1.05 

0.36 

Alloy  steel. 


0.27 

3.90 

125  000 

100  000 

15 

80 

16  000 

83 
0.86 


t  Values  as  high  as  46  000  lb.  psr  sq.  in.  have  been  obtained  for  yield  point,  with  15^  elongation 
in  2  in. 

The  cost  of  duralumin  construction  will  be  found  to  compare  favorably  with 
heat-treated  alloy  steel,  withi  an  increase  in  strength  efficiency  of  about  17% 
over  alloy  steel  and  200%  over  mild  steel.  Is  it  possible  that  we  may  expect 
a  fifth  epoch  in  structural  metals,  that  of  alimainum  alloys  ? 

It  may  be  of  interest  to  note  that  the  United  States  Bureau  of  Standards 
has  tested  about  143  duralumin  girders  for  the  new  U.  S.  E'avy  dirigible,  Z-Bl. 

*  "Duralumin — A  Digest  of  Information,"  Transactions,  Am.  Soc.  for  Steel  Treating, 
Vol.  3,  pp.   13-42    (1922), 
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These  tests  have  not  only  given  added  confidence  in  the  adequacy  of  these 
girders,  but  they  have  shown  that  there  may  be  possibilities  of  lighter  con- 
struction in  future  design. 

For  structural  uses  of  duralumin,  there  are  many  factors  other  than  light- 
ness to  be  considered,  such  as  its  low  modulus  of  elasticity — one-third  that  of 
steel — which  will  augment  deflections  under  load ;  greater  rigidity  in  tubes  and 
channels;  the  elimination  of  the  need  of  painting;  lower  transportation  and 
erection  costs ;  and  the  possibilty  of  greater  permanence.  There  is  a  promising, 
immediate  future  for  structural  items  and  accessories  for  transportation  units, 
but  for  important  permanent  structures  the  use  of  the  light  aluminum  alloys 
to  replace  steels  is  still  in  the  conjectural  stage.* 

2. — Structural  Steel  Specifications 

As  there  will  be  occasion  to  refer  to  specifications  frequently,  it  may  not 
be  out  of  place  to  record  some  of  the  specifications  in  current  use  for  structural 
steels.  In  Table  2  are  included  typical  specifications  of  the  American  Society 
for  Testing  Materials  and  some  of  the  British  Standards  Committee,  as  well  as 
a  few  steels  which  do  not  appear  to  have  been  endorsed  by  any  specification- 
making  body,  but,  nevertheless,  have  been  used  in  important  engineering  struc- 
tures. Among  these  steels  are  a  so-called  silicon  steel  and  a  nickel-chromium 
steel  made  from  Mayari  ores. 

It  will  be  noted  that  the  British  specifications  permit  somewhat  higher 
tensile  strengths,  have  no  elastic  limit  requirements,  and  the  ductility  and 
chemical  requirements  are  less  severe  than  those  of  the  American  speci- 
fications. 

As  to  the  limitation  of  sulphur  and  phosphorus,  attention  might  be  called 
to  the  fact  that  it  would  appear  to  have  been  the  general  practice  to  frame 
specification  limits  for  these  two  elements  to  meet  what  could  readily  be 
obtained  by  the  current  manufacturing  practices  for  structural  steel.  Thus, 
the  1901  Specifications  of  the  American  Society  for  Testing  Materials  for 
buildings  have  no  sulphur  limit  and  permit  phosphorus  to  0.1%  and  in  those 
for  bridges  and  ships,  the  sulphur  limit  is  0.06%  and  the  phosphorus  limit  is 
0.08%  for  acid  steel  and  0.06%  for  basic  steel;  whereas  the  1921  Specifications 
restrict  the  phosphorus  in  open-hearth  steel  to  0.06%  for  buildings,  and  for 
bridges  the  sulphur  limit  is  0.05%  and  the  phosphorus  limits  have  become 
0.06  and  0.04  per  cent.  The  present  physical  requirements,  on  the  other  hand, 
are  somewhat  less  severe  for  steel  for  buildings  and  bridges  than  those  of 
1901.  The  requirements  abroad  as  to  sulphur  and  phosphorus  for  structural 
steel  are  less  severe  than  the  American  requirements.  Thus,  the  Unified 
French  specifications  of  1920  establish  by  definitionf  a  maximimi  of  0.1% 
each  for  sulphur  and  phosphorus;  the  British  specifications  for  bridges  con- 
tain a  maximum  for  each  of  these  elements  of  0.00%,  and  for  general  building 

*  See,   also,    "Some  Points   of   Contact  between   Metallurgy  and   Engineering,"   by  O.   W. 
Ellis,  The  Engineering  Journal,  December,  1922,  p.  576. 
t  Fascicule  Al-2. 
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construction,  0.08%  for  phosphorus  and  0.06%  for  sulphur,  whereas  for  struc- 
tural steel  for  ships  there  appear  to  be  no  chemical  limitations.* 

Attention  may  be  called  to  the  work  of  the  Joint  Committee  on  the  Inves- 
tigation of  Phosphorus  and  Sulphur  in  Steel  composed  of  representatives  of 
eleven  organizations  operating  on  the  unanimous  consent  basis.  This  Com- 
mittee has  presented  a  Preliminary  Report  on  the  Effect  of  Sulphur  on  Rivet 
Steelf  and  this  will  be  followed  by  other  reports  on  the  various  grades  of  steel. 
It  is  expected  that  the  results  established  by  the  investigations  of  this  Com- 
mittee will  serve  as  a  basis  for  the  intelligent  revision  of  the  sulphur  and 
phosphorus  limits.  The  definite  reports  are  to  appear  as  Technologic  Papers 
of  the  U.  S.  Bureau  of  Standards.  An  examination  of  the  results  obtained  by 
the  Committee,  using  material  from  fourteen  75-ton  heats,  on  the  properties 
of  rivet  steel  (carbon  =  0.11,  manganese  =  0.40  to  0.50,  and  phosphorus  = 
0.01),  with  sulphur  in  steps  from  0.03  to  0.18%,  shows  that  residual  sulphur 
within  this  range  appears  to  affect  most  of  the  physical  properties  only 
slightly,  if  at  all.  In  general,  the  speaker  thinks  it  will  be  found  that  high 
sulphur  is  of  more  concern  to  the  manufacturer  than  to  the  user  of  steel. 

3. — Modifications  of  Structural  Steels 

It  has  long  been  considered  a  desideratum  to  find  an  alloying  element 
which  can  be  added  to  structural  steel  at  low  cost  and  increase  its  strength 
and  elastic  limit  without  lowering  the  ductility  and  without  resorting  to  special 
thermal  or  mechanical  treatment.  It  has  also  been  considered  by  some  engi- 
neers that  the  present  type  of  structural  steel  might  be  improved  considerably 
by  refinements  in  manufacture  without  essential  change  of  composition  or 
appreciable  increase  in  cost,  thus  making  for  greater  uniformity  of  product 
which  might  allow  raising  the  permissible  stresses.  For  certain  structural  mem- 
bers, also,  the  possibility  of  raising  the  carbon  content  somewhat  at  the  expense 
of  ductility  has  been  considered,  which  would  make  for  reduction  in  weight; 
and,  finally,  two  or  more  of  these  suggestions  have  been  combined,  that  is,  rais- 
ing the  carbon  and  also  adding  an  alloying  element,  such  as  nickel  which  tends 
to  maintain  the  ductility,  giving  a  satisfactory  structural  steel  of  considerably 
enhanced  permissible  stresses,  say,  28  000  lb.  per  sq.  in.,  as  compared  with 
16  000  lb.  per  sq.  in. 

A  well  known  factor  that  must  be  taken  into  account  in  structural  steel 
when  weight  is  decreased  and  stresses  are  increased,  particularly  for  structures 
such  as  the  larger  bridges  subject  to  heavy  and  variable  live  loads,  is  the 
greater  deflection  and  consequent  decreased  stiffness  undergone  by  the  struc- 
ture. These  effects  necessarily  accompany  the  use  of  higher  allowable  stresses 
for  a  material  like  steel  all  the  alloys  of  which  show  no  change  in  the  modulus 
of  elasticity.  In  some  cases,  this  factor  may  be  counteracted  by  introducing 
strains  of  opposite  sign  during  fabrication;  and  for  each  type  and  design  of 
structure  there  is  unodubtedly  a  best  practice  to  be  followed  for  a  given  mate- 
rial. The  speaker  will  not  discuss  this  phase  of  the  question,  but  will  confine 
himself  to  some  of  the  metallurgical  aspects. 

*  British  Standard   Specifications  as  of  November,  1919. 

■i  Proceedings,  Am.   Soc.   for  Testing  Materials,   Vol.    22,  p.   94    (1922). 
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There  are  certain  manufacturing  characteristics  generally  common  to  all 
steels,  but  in  diverse  degree,  such  as  piping,  segregation,  effect  of  impurities, 
including  oxides  and  gas  inclusions,  internal  stresses,  and  surface  defects,  but 
from  which  ordinary  low-carbon  structural  steel  may  be  and  often  is  singularly 
free.  With  the  increase  of  carbon,  and  especially  with  alloying  elements  in 
increasing  quantities,  it  is  more  and  more  difficult  and  often  practically  impos- 
sible to  make  steel  ingots  free  from  pipe,  and  these  more  complex  steels  are 
also  usually  more  subject  to  other  defects,  such  as  internal  irregularities  of 
composition  and  surface  flaws,  all  of  which  results  thereby  in  greater  manu- 
facturing losses,  such  as  increased  discard  for  pipe  and  rejection  for  variation 
in  composition,  properties,  or  condition  of  surface.  In  other  words,  the  diffi- 
culties and  cost  of  manufacture  increase,  as  the  complexity  of  the  steel 
increases  with,  in  general,  a  corresponding  uncertainty  in  imiformity  of  the 
product,  necessitating  also  a  more  rigid  inspection. 

Keeping  these  facts  in  mind,  the  modifications  of  structural  steel  by  alloying 
and  deoxidation,  as  well  as  the  role  of  impurities,  may  be  considered. 

Among  the  alloying  or  addition  elements  besides  carbon,  that  have  been  sug- 
gested, and  used  in  some  cases,  are  nickel,  alone  or  together  with  chromium 
as  for  steel  made  from  Mayari  ores,  vanadium,  chrome-vanadium,  silicon 
especially  in  association  with  higher  manganese,  aluminum  which  appears  not 
to  have  been  used  except  as  a  deoxidizer,  and  titanium.  Other  possibilities  are 
copper  and  perhaps  molybdenum. 

It  is  interesting  to  note  that,  as  early  as  1904,  the  Pennsylvania  Steel  Com- 
pany offered  a  special  high-carbon  steel  for  the  structural  work  of  the  Man- 
hattan Bridge,  in  Is'ew  York  City,  to  have  an  elastic  limit  of  45  000  lb.  per  sq. 
in.,  a  tensile  strength  of  85  000  to  95  000  lb.  per  sq.  in.,  and  a  percentage 

elonoration  in  8  in.  of ri  this  steel  had  from  0.50  to  0.60%   of 

tensile  strength 

manganese,  and  0.45%  of  carbon,  together  with  low  silicon.  The  question 
naturally  arises,  may  not  a  carbon  steel  of  higher  yield  point  than  those 
enumerated  in  Table  2  be  advantageously  and  safely  used  for  structural 
purposes  ? 

The  properties  of  the  steel  mentioned  may  be  compared  with  the  latest 
specifications,  those  of  the  proposed  Sydney  Harbor  River  Bridge  which  has 
a  central  span  of  1  600  ft.  The  specifications  allow  the  contractor  to  use  either 
carbon  steel,  nickel  steel,  or  chrome-nickel  steel.  The  specifications  for  plates 
and  shapes  up  to  and  including  1  in.  in  thickness,  are  as  given  in  Table  3. 

Considering  first  the  use  of  nickel  in  structural  steels,  the  properties  of 
3.5%  nickel-steel  have  been  generally  recognized  for  about  fifteen  years  or 
more,  the  manufacturing  conditions  and  costs  are  well  established,  and  there 
are  in  existence  widely  accepted  specifications  such  as  the  A8-21  of  the  Ameri- 
can Society  for  Testing  Materials  (see  Table  2).  This  material  also  has  been 
advocated  several  times  before  the  American  Society  of  Civil  Engineers,  espe- 
cially by  J.  A.  L.  Waddell,  M.  Am.  Soc.  C.  E.  Carbon  is  allowed  up  to  0.45% 
in  this  steel  which  has  a  yield  point  (50  000  lb.  per  sq.  in.)  nearly  double  that 
of  low-carbon  structural  steel,  but  with  slightly  less  ductility. 
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TABLE  3. 


Minimum  tensile  strength,  in  pounds  per 
square  inch 

Minimum  yield  point,  in  pounds  per  square 
inch 

Percentage  of  elongation  in  Sin 

Minimum  reduction  of  area,  percentage 


Carbon  steel. 


62  000-70  000 

35  ono 

^500  000^  _ 

Tensile  strength 
44 


Nickel  steel. 


85  000-100  000 


50  000 
1  600  000 


Tensile  strength 
40 


Chrome-nicWel 
steel.  • 


85  000-100  000 


50  000 
1  600  000 


Tensile  strength 
30 


This  material  was  first  used  in  bridge  construction  about  1904  in  the 
Blackwell's  Island  Bridge  designed  by  Gustav  Lindenthal,  M.  Am.  Soc.  C.  E. 
Mr.  Waddell  has  advocated  insisting  on  a  yield  point  of  55  000  or  even  60  000 
lb.  per  sq.  in.  for  this  grade  of  steel,  but  it  should  be  borne  in  mind  that  if  the 
chemical  composition  is  kept  constant,  the  yield  point  can  be  raised  only  by 
thermal  or  mechanical  treatment  (as  by  cold  working  it),  a  procedure  which 
tends  to  make  for  lack  of  uniformity  of  properties.  This  implies  a  best  value 
for  the  finishing  temperature  of  rolling  any  given  section  of  a  material.  It 
may  be  that  a  yield  point  of  50  000  lb.  per  sq.  in.  is  too  low  for  this  material, 
but  the  specified  tensile  strength  and  ductility  are  probably  also  low.  This 
material  as  used  in  the  construction  of  the  St.  Louis  Bridge,*  for  unannealed 
specimens  averaged  an  ultimate  strength  of  99  850  lb.  per  sq.  in.,  a  yield  point 
of  60  250  lb.  per  sq.  in.,  an  elongation  of  17.9%  in  8  in.,  and  a  reduction  in 
area  of  33.3%,  with  a  chemical  composition,  as  follows : 

Carbon 0.38  per  cent. 

Manganese    0.58     "       " 

Nickel    3.45     "      " 

Phosphorus   0.012  "       " 

Sulphur   0.03     "      " 

In  the  Manhattan  Bridge,  about  8  000  tons  of  plates  and  shapes  of  nickel 
steel  were  used,  as  well  as  nickel-steel  rivets.  The  requirements  were  tensile 
strength,  85  000  to  95  000  lb.  per  sq.  in.,  yield  point,  55  000  lb.  per  sq.  in.,  and 

•     o   •        ^        1  600  000 

percentage  of  elongation  in  8   in.  of -.     Nickel   steel   has   also 

tensile  strength 

been  used  in  the  following  bridges:  The  new  Quebec  Bridge,  the  Frott 
Bridge  in  Kansas  City,  Mo.,  the  Jack-knife  Bridge  in  Chicago,  111.,  and  the 
Detroit-Superior  High  Level  Bridge,  in  Cleveland,  Ohio. 

The  element  that  may  best  be  compared  with  nickel  for  addition  to  struc- 
tural steel  is  copper,  which  has  been  shown  to  increase  the  strength,  yield 
point,  and  resistance  to  shock  and  to  atmospheric  corrosion,  without  loss  of 
ductility.  Experimenters  have  disproved  the  erroneous  idea  of  einbrittlement 
of  low  and  medium  carbon  steel  by  copper.f  A  steel  containing  0.38%  carbon, 
0.57%  manganese,  and  0.86%  copper,  will  have  a  yield  point  near  that  of 

*  "Bridge  Engineering,"  by  J.  A.  L.  "Waddell,  p.  91   (1916). 

t  See  paper  by  Messrs.  Hayward  and  Johnston,  Transactions.  Am.  Inst,  of  Min.  and 
Metallurgical  Engrs.,  Vol.  LVIII,  p.   722   (1918),  and  references  therein. 
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3.5%  nickel  steel,  with  considerably  greater  ductility.  In  the  tests  of  Messrs. 
Hayward  and  Johnston,  the  elongation  in  2  in.  was  27.3%  and  the  reduction 
in  area  52.7%,  as  compared  with  the  requirements  of  nickel  steel  of  16  and 
25%,  respectively,  in  Specification  No.  A8-21  of  Table  2. 

Messrs.  Clevenger  and  Eay*  have  noted  the  tendency  of  copper  to  segregate 
toward  the  bottom  of  small  ingots  when  more  than  0.8%  is  added  as  metallic 
copper.  The  relatively  low  cost  of  copper  and  the  ease  with  which  it  may 
be  added  to  structural  steel  indicate  that  it  should  be  recommended,  at  least 
after  trial  in  some  large  heats  on  full-sized  structural  members.  In  fact,  this 
appears  to  be  a  most  promising  field  of  research  from  the  points  of  view  of 
engineering,  metallurgy,  and  economy,  and  it  would  probably  be  more  than 
worth  while  to  conduct  an  investigation  to  determine  the  best  metallurgical 
practice,  manufacturing  costs,  and  most  suitable  limits  for  copper,  either  alone 
or  with  other  elements,  such  as  nickel  and  manganese,  in  structural  steel, 
similar  to  that  reported  by  Mr.  Waddellf  for  nickel  steels.  It  may  be  recalled 
that  some  American  iron  ores  contain  copper  that  enters  and  remains  in 
the  steel  which  often  contains  0.25%  copper  to  its  improvement.  It  is  possible 
that  there  might  be  advantage  in  using  either  the  copper-nickel  ore  from 
which  monel  metal  is  made,  for  example,  or  some  intermediate  product,  or 
even  monel  metal  itself  (68%  nickel,  28%  copper,  the  residual  being  mainly 
iron  and  manganese),  in  producing  an  economical  oopper-nickel  structural 
steel. 

The  case  for  vanadium  as  an  alloying  element  has  been  attractively  stated 
by  Mr.  G.  L.  IsTorris,:}:  although,  as  Mr.  Waddell  pointed  out,  this  exhibit  was 
not  without  ambiguity,  either  from  the  metallurgical  or  cost  point  of  view. 
The  advantages  of  vanadium  appear  to  be  greatest  in  association  with  chro- 
mium for  steels  to  be  heat  treated. 

An  interesting  possibility  is  the  greater  development  of  nickel-chromium 
structural  steels,  using  such  ores  as  the  Mayari  as  a  base.  Large  steel  columns 
made  from  this  steel  containing  from  1.12  to  1.58%  nickel  and  0.37  to  0.66% 
chromium  were  tested  at  the  U.  S.  Bureau  of  Standards  for  the  Metropolis  and 
Memphis  Bridges. §  Some  of  these  steels  also  had  a  copper  content  as  high  as 
0.1  per  cent.  Credit  is  due  to  Ralph  Modjeski,  M.  Am.  Soc.  C.  E.,  for  the 
first  use  of  Mayari  steel  in  bridge  construction,  namely,  for  the  Memphis 
Bridge.  A  large  number  of  smaller  railway  bridges  have  since  been  constructed 
in  which  Mayari  steel  has  been  used. 

Another  alloy  steel  that  is  coming  into  use  for  structures,  such  as  parts 
of  the  Delaware  Bridge,  is  the  so-called  silicon  steel  (Table  2)  which  might 
perhaps  as  well  be  named  a  silicon-manganese  steel  as  the  specifications  call 
for  a  maximum  of  0.40%  carbon,  0.45%  silicon-,  and  1.00%  manganese,  with  a 
minimum  of  0.20%  silicon.  The  raising  of  the  elastic  limit  by  increase  of 
silicon  seems  to  be  of  English  origin.  The  Sandbergs  urged  the  use  of  0.3 
to  0.4%  silicon  in  rail  steel  about  1903.    Silicon  steel  appears  to  have  been  first 

*  "The  Influence  of  Copper  upon  the  Physical  Properties  of  Steel,"  Bulletin,  Am.   Inst. 
of  Min.  Engra.,  No.  82,  pp.  2437-2475   (1914). 

t  "Nickel  Steel  for  Bridges,"  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXIII   (1909),  p.  101. 
t  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXVIII   (1915).  p.  72. 
I  Technologio  Paper  18^,  p.  §,  Bureau  of  Standards. 
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produced  in  America  about  1908  or  1910  by  the  Cambria  and  Carnegie  Steel 
Companies  in  the  form  of  plates  and  shapes  for  light  torpedo-boat  destroyers, 
for  which  the  U.  S.  Navy  Department  desired  a  steel  having  a  tensile 
strength  of  80  000  to  90  000  lb.  per  sq.  in.,  and  a  steel  having  approximately 
0.75%  silicon,  0.60  to  0.80%  manganese,  and  0.30  to  0.40%  copper,  was  pro- 
duced for  that  purpose.  In  1912,  the  Carnegie  Steel  Company,  the  speaker 
understands,  made  the  first  proposal  of  a  silicon  steel  for  bridge  construction, 
for  the  eye-bars  and  structural  steel  of  the  Memphis  Bridge. 

Here,  again,  is  a  case  in  which  a  so-called  impurity,  silicon,  has  become  a 
desirable  and  relatively  cheap  alloying  element,  imparting  strength  and  high 
elastic  limit  to  the  steel.  The  present  specification,  however,  is  really  a  double 
one,  permitting  the  physical  properties  desired  (Table  2)  to  be  attained  by 
either  high  silicon  or  high  manganese.  The  manufacturers  naturally  will 
furnish  a  steel  of  an  adjusted  composition,  depending  on  the  relative  price  of 
ferro-silicon  and  ferro-manganese.  Steel  of  this  kind  was  also  tested  at  the 
U.  S.  Bureau  of  Standards  in  the  form  of  large  columns  for  the  Metropolis 
Bridge.*  The  Bureau  is  now  making  additional  tests  of  this  steel  made  into 
fabricated  parts  for  the  Delaware  Bridge. 

The  role  of  titanium  has  been  well  described  by  Mr.  N.  Petinotf  to  be 
primarily  that  of  a  deoxidizer  and  scavenger  and  an  effective  agent  for  reduc- 
ing segregation.  It  iS  usually  added  with  the  ladle  additions  in  the  form  of 
ferro-carbon-titanium  containing  16%  titanium,  about  8  to  12  lb.  of  ferro- 
carbon-titanium  per  ton  of  steel  (0.06  to  0.08%  titanium),  and  there  remains  in 
the  steel  less  than  0.02%  titanium. 

The  U.  S.  Bureau  of  Standards  is  completing  an  investigation  of  the  manu- 
facture and  properties  of  two  1  000-ton  lots  of  rail  steel  (0.75%  carbon  and 
0.76%  manganese)  treated  with  titanium,  as  compared  with  similar  steel 
deoxidized  with  ferro-silicon.  The  mechanical  properties  of  these  two  steels 
are  not  markedly  different,  but  the  titanium-treated  steel  has  less  segregation 
in  the  upper  part  of  the  ingot  and  shows  a  slightly  greater  tendency  toward 
piping.  One  would  expect  still  less  differences  for  low  and  medium  carbon 
steels.  . 

With  regard  to  the  possibilities  of  improving  the  physical  proi)erties  of 
ordinary  structural  steel — yield  point  and  ductility — by  endeavoring  to  produce 
steel  more  highly  "purified",  it  is  questionable  whether  much  is  to  be  gained 
by  this  means.  A  series  of  experiments:}:  just  completed  at  the  U.  S.  Bureau  of 
Standards  on  the  mechanical  properties  of  pure  alloys  of  iron,  carbon,  and 
manganese,  containing  no  phosphorus,  with  less  than  0.01%  sulphur  and  silicon 
for  most  of  the  samples,  show  that,  although  there  is  a  slight  improvement  in 
ductility,  there  is  a  corresponding  decrease  in  strength  and  elastic  limit  as 
compared  with  commercial  steels  of  the  same  carbon  and  manganese  contents. 

In  view  of  the  almost  negligible  importance  of  the  phenomena  of  fatigue 
for  most  structural  steels  of  interest  to  the  civil  engineer,  the  question  of 
freeing  the  steel  still  further  from  entrained  inclusions,  although  it  may  be 

*  Technologic  Paper  18Jf,  U.  S.  Bureau  of  Standards. 

t  Transactions,  Am.  S«c.  C.  E.,  Vol.  LXXVIII  (1915),  p.  50. 

t  Technologic  Paper  JfSS,  U.  S.  Bureau  of  Standards. 
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said  to  be  desirable,  appears  not  to  be  vitally  essential,  and  probably  would  not 
allow  raising  the  permissible  stresses,  whereas  the  cost  would  be  increased. 
Structural  steel  is  much  less  subject  to  abuse  in  service  than  rail  steel,  for 
example,  and  the  manufacturing  practices  permitted  by  the  specifications  for 
rail  steel  do  not  necessarily  result  in  clean  steel.  This  should  not  be  taken  as 
an  argument  for  dirty  steel,  but  it  must  always  be  borne  in  mind  that  for 
any  engineering  material  there  is  a  most  economical  procedure  in  manufac- 
ture to  meet  the  engineering  requirements.  The  manufacturer,  in  general,  can 
meet  more  rigid  requirements,  but  not  without  increased  costs,  except  as  his 
art  is  improved. 

Evidently,  there  are  possible  uses  of  heat-treated  steels  in  engineering 
structures,  and  such  steels  have  been  introduced  to  a  limited  extent  in  lattices 
and  auxiliary  parts.  The  difficulties  of  furnishing  a  reliable  and  uniform 
product  increase  rapidly  with  the  size  of  heat-treated  pieces,  as  well  as  the 
difficulties  and  costs  of  joining  by  rivets  or  otherwise.  For  certain  structural 
purposes,  as  parts  of  bridges,  the  line  of  least  resistance  would  seem  to  be  the 
development,  first,  of  higher  carbon  steels  which  may  be  air-quenched  by  some 
method,  such  as  the  Sandberg  process.  After  a  study  has  been  made  of  the 
most  economical  alloying  element  or  combination  to  give  maximum  yield  point 
without  serious  loss  of  ductility  in  steel  to  be  air-treated,  it  may  be  possible  to 
consider  liquid-quenched  and  tempered  steels,  although,  in  the  beginning,  these 
steels  should  be  limited  to  small  parts. 

Mr.  Modjeski  appears  to  have  been  the  first  to  have  used  heat-treated  eye- 
bars  for  bridges.  For  the  Memphis  Bridge,  he  used  Mayari  steel  for  which  the 
rather  mild  treatment  consisted  in  an  anneal  at  about  1  500°  Fahr.,  followed  by 
an  air-quench.  These  heat-treated  eye-bars,  as  specified  by  Mr.  Modjeski,  and 
as  furnished  by  the  Pennsylvania  Steel  Company,  had  the  properties  given  in 
Table  4. 

TABLE  4. 


Minimum  tensile  strength,  in  pounds  per  square  inch. 
Minimum  elastic  limit,  in  pounds  per  square  inch 
Minimum  elongation,  percentage 


Furnished. 


90  OW 
56  000 
'        13 


This  composition  was  approximately,  as  follows : 

Carbon 0.35  per  cent. 

Manganese   0.70     "       " 

Nickel 1.40    "      " 

Chromium    0.45     "      ** 

It  is  questionable  whether  it  will  be  found  economical  or  safe  to  urge  the 
use  of  severely  heat-treated  alloy  steels  for  the  main  members  of  engineering 
structures,  and,  at  present,  there  are  few  manufacturing  concerns  equipped, 
or  with  adequate  experience,  for  such  production.     In  parts  of  structures 
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subject  to  fire  hazard,  the  use  of  heat-treated  struts  would  be  an  additional 
hazard  as,  in  general,  they  lose  their  enhanced  properties  with  rise  of  tem- 
perature. 

4. — Problems  in  the  Use  of  Steels  for  Structures 

No  pretense  is  made  that  this  list  of  problems  is  complete.  It  is  limited 
to  a  brief  consideration  of  some  of  those  of  which  the  Bureau  of  Standards 
has  contributed  to  the  solution.  Although  of  apparently  great  diversity,  they 
all  have  to  do  with  the  limitations  of  the  use  of  structural  steels. 

Fire-Resisting  Qualities. — In  certain  types  of  engineering  structures  sub- 
ject to  fire  hazard,  such  as  buildings,  it  is  of  prime  importance  to  know 
accurately  the  behavior  of  steel  at  high  temperatures.  It  is  also  of  interest 
to  determine  whether  it  is  possible  to  develop  a  structural  steel  which  main- 
tains its  strength  at  high  temperatures,  as  well  as  the  safe  temperature  limits, 
and  also  the  most  effective  method  of  protecting  steel  columns  against  fire. 

The  determination  of  the  mechanical  properties  of  various  steels  with 
changes  in  temperatures  up  to  650°  cent.  (1  200°  Fahr.)  is  being  conducted  at 
the  U.  S.  Bureau  of  Standards  by  Mr.  H.  J.  French.  The  results  have  been 
published*  on  the  Effect  of  Temperature,  Deformation,  and  Rate  of  Loading 
on  the  Tensile  Properties  of  Low-Carbon  Steel  (0.17  to  0.25%  carbon,  0.40% 
manganese)  and  on  the  Tensile  Properties  of  Some  Structural  Alloy  Steels  at 
High  Temperatures.f 

It  may  be  stated  in  brief  that  a  low-carbon  steel  has  its  maximum  strength 
between  250  and  300°  cent.  (480  to  570°  Fahr.)  and  minimum  ductility 
throughout  a  somewhat  wider  range.  Above  300°  cent.  (570°  Fahr.),  the 
strength  decreases  rapidly,  accompanied  by  rise  in  ductility,  whereas  the  elastic 
limit  begins  to  decrease  at  a  somewhat  lower  temperature  than  the  strength. 
At  450°  cent.  (760°  Fahr.),  the  tensile  strength  becomes  about  two-thirds  of 
its  value  at  normal  temperature,  and  the  elastic  limit  from  one-haK  to  two- 
thirds  this  value.  This  material  moderately  cold-worked  by  rolling  maintains 
the  imparted  propei'ties  of  increased  elastic  limit  and  slightly  diminished 
ductility  to  a  temperature  of  465°  cent.  (870°  Fahr.). 

Tests  made  at  various  high  temperatures  on  a  number  of  carbon  and  alloy 
steels  indicate  that  above  about  550°  cent.  (1  020°  Fahr.),  the  strength  of  all 
steels  is  low  and  decreases  rapidly  with  increase  in  temperature.  In  the  higher 
temperature  ranges,  the  metal  is  plastic  and  will  continue  to  deform  as  long 
as  the  load  is  maintained,  and,  finally,  will  fail. 

It  is  improbable  that  any  steels  can  be  produced  to  stand  continuously  or 
for  reasonably  short  intervals  appreciable  loads  at  temperatures  above  about 
650°  cent.  (1  200°  Fahr.),  except  in  cases  where  large  proportions  of  alloying 
elements  are  added  to  reduce  the  iron  content  to  such  low  values  that  the 
resulting  product  cannot  correctly  be  called  steel. 

However,  at  temperatures  near  450°  cent.  (760°  Fahr.)  and  less,  it  is 
possible  to  improve  the  strength  of  ordinary  structural  steels  by  additions 
of  such  elements  as  chromium,  cobalt,  and  uranium,  and  less  effectively  with 

♦  Technologic  Paper  219,  U.    S.   Bureau  of   Standards, 
t  Technologic  Paper  205,  U.  S.  Bureau  of  Standards. 
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nickel,  or  combinations  of  these  and  other  elements,  or  by  heat  treatment, 
the  relative  strength  at  the  high  temperature  of  the  different  combinations 
being  roughly  proportional  to  the  properties  at  room  temperature. 

There  would  appear  to  be  no  economic  advantage,  therefore,  except  possibly 
in  some  very  si>ecial  cases,  of  modifying  structural  steel  to  resist  high  tempera- 
tures. This  opinion  is  greatly  strengthened  by  the  investigation  of  Fire  Tests 
of  Building  Columns,*  recently  conducted  by  Mr.  S.  H.  Ingberg  and  his  asso- 
ciates as  a  joint  problem  of  the  U.  S.  Bureau  of  Standards,  the  Underwriters 
Laboratories,  and  the  Associated  Factory  Mutual  Fire  Insurance  Companies. 

The  purpose  of  this  investigation  was  to  ascertain  (1)  the  ultirnate  resist- 
ance against  fire,  of  protected  and  unprotected  columns  as  used  in  the  interior 
of  buildings;  and  (2)  their  resistance  against  impact  and  sudden  cooling  from 
hose  streams  when  in  a  highly  heated  condition.  The  series  consists  of  tests 
of  106  columns,  of  which  91  were  fire  tests  and  15  fire  and  water  tests. 

The  fire-test  series  include  (1)  tests  of  representative  types  of  unprotected 
structural  steel,  cast  iron,  concrete-filled  pipe,  and  timber  columns;  (2)  tests 
wherein  the  metal  was  partly  protected  by  filling  the  re-entrant  parts  or  in- 
teriors of  columns  with  concrete ;  (3)  tests  wherein  the  load-carrying  elements 
of  the  columns  were  protected  by  2  or  4-in.  thicknesses  of  concrete,  hollow  clay 
tile,  clay  brick,  gypsum  block,  and  also  a  single  or  double  layer  of  metal- 
lath  and  plaster;  and  (4)  reinforced  concrete  columns  with  2-in.  integral 
concrete  protection. 

The  test  columns  were  designed  for  a  working  load  of  approximately  100  000 
lb.,  as  calculated  according  to  accepted  formulas,  the  amount  varying  some- 
what for  the  different  sections.  The  load  was  maintained  constant  on  the 
column  during  the  test,  the  efficiency  of  the  column  or  its  covering  being 
determined  by  the  length  of  time  it  withstood  the  combined  load  and  fire 
exposure. 

The  column  was  exposed  to  fire  by  placing  it  in  the  chamber  of  a  gas-fired 
furnace  the  temperature  rise  of  which  was  regulated  to  conform  with  a  pre- 
determined time-temperature  relation.  Measurements  were  taken  of  the 
temperature  of  the  furnace  and  test  column  and  of  the  deformation  of  the 
column  due  to  the  load  and  heat. 

In  the  fire  and  water  tests,  the  column  was  loaded  and  exposed  to  fire  for 
a  pre-determined  period,  at  the  end  of  which  the  furnace  doors  were  opened 
and  a  hose  stream  applied  to  the  heated  column,  the  duration  of  the  application 
and  the  pressure  at  the  nozzle  varying  with  the  length  of  time  the  correspond- 
ing type  of  column  withstood  the  regular  fire  tests. 

The  steel  for  the  seventy-seven  steel  columns  was  basic  open-hearth,  con- 
forming within  10%,  above  or  below,  the  specifications  of  the  American  Society 
for  Testing  Materials  for  structural  steel  for  buildings  (Table  2)  and  the 
applied  working  loads  averaged  11  600  lb.  per  sq.  in. 

The  time  to  failure  of  the  unprotected  structural  steel  columns  varied  from 

11  to  21  min.    The  difference  in  results  for  the  various  column  types,  although 

in  part  due  to  variation  in  furnace  exposure,  is  attributable  also  to  difference 

in  thickness  of  metal   and   in  the  unit  loads  sustained,   sections  with   thin 

*  Technologic  Paper  184,  U.    S.    Bureau  of   Standards. 


1304  ENGINEERING   RESEAECH 

members  under  the  higher  unit  loads  failing  more  quickly  than  sections  the 
members  of  which  were  arranged  to  form  heavy  metal  thickness. 

The  average  time  to  failure  of  the  eight  structural  steel  sections  was  15 
min.,  and  the  average  period  of  expansion  was  13  min.  Maximum  temperatures 
from  578  to  668°  cent.  (1  072  to  1  234°  Fahr.)  were  attained  on  the  outside  of 
the  metal  near  the  edges.  It  is  difficult  to  estimate  the  average  effective  tem- 
perature, as  the  rise  was  too  rapid  to  permit  assuming  temperature  uniformity 
over  the  thickness  of  the  metal.  Tests  recently  made  at  the  U.  S.  Bureau  of 
Standards  on  small  specimens*  indicate  that,  for  the  loads  sustained  by  the 
unprotected  columns,  the  failure  temperatures  of  the  structural  steel  fell 
within  the  limits  of  550  to  650°  cent.  (1  022  to  1  202°  Fahr.).  The  failure  in 
the  fire  test  in  all  cases  was  due  to  decrease  in  mechanical  strength  of  steel 
with  increase  in  temperature. 

Apparently,  it  appears  hardly  profitable  to  secure  a  little  greater  fire 
resistance  of  structural  steel  by  alloying  or  treatment,  as  heat-insulating 
protection  would  still  be  necessary,  unless  greater  fire  resistance  could  be 
attained  incidentally  with  greater  general  strength  and  uniformity.  If,  how- 
ever, the  working  unit  stresses  are  increased  in  proportion  to  the  resulting 
increase  in  elastic  limit  or  ultimate  strength,  the  gain  for  fire  resistance  would 
probably  be  small,  as  it  decreases  with  increase  of  load  imposed. 

In  contrast  to  the  quick  response  of  only  a  few  minutes  of  unprotected  steel 
to  fire  conditions,  it  may  be  noted  that,  for  the  reinforced  concrete  columns 
tested,  the  time  to  failure  averaged  more  than  8  hours. 

Expansion. — A  knowledge  of  change  in  length  with  rise  in  temperature  is 
of  considerable  importance  in  the  design  of  certain  structures.  The  TJ.  S. 
Bureau  of  Standards  is  equipped  for  determining  the  thermal  expansion  at 
high  and  low  temperatures,  and  the  expansion  coefficients  have  been  measured! 
by  Messrs.  Souder  and  Hidnert  for  a  number  of  steels,  a  few  of  which  are 
indicated  in  Table  5,  from  which  it  is  seen  that,  except  for  very  unusual  com- 
positions, the  expansion  coefficients  of  most  steels  do  not  differ  greatly. 

Painting  Structural  Steel. — The  question  of  the  protection  of  Structural 
steel  by  paint  has  received  considerable  attention  at  the  U.  S.  Bureau  of  Stand- 
ards and  specifications  have  been  published,  some  of  which  are  among  the  first 
to  be  promulgated  as  United  States  Government  specifications  by  the  recently 
organized  Federal  Si)ecifications  Board. 

After  thorough  mechanical  cleaning  to  remove  rust  and  scale,  the  Bureau 
recommends  protecting  structural  steel  with  at  least  two  and  preferably  three 
coats  of  red  lead,  linseed  oil  paint.  This  red  lead  paint  should  be  mixed  on 
the  job  and  used  within  24  hours  after  mixing.  Directions  for  mixing  red 
lead  for  three-coat  work  on  steel,  tinted  so  as  to  give  a  final  dark  brown  color, 
are  given  on  page  79  of  Circular  69,  Paint  and  Varnish.  Specifications  for 
red  lead  are  given  in  Circular  90,  for  linseed  oil,  in  Circular  82,  for  turpentine, 
in  Circular  86,  and  for  drier,  in  Circular  105. 

For  additional  color  coat,  paints  meeting  the  specification  of  Circular  9^, 
United    States   Government    specification    for   Black   Paint,    Semi-paste   and 

*  Technologic  Paper  205,  U.  S.  Bureau  of  Standards. 
t  Scientific  Paper  1,33,  U.   S.  Bureau  of  Standards. 
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Eeady  Mixed,  Circular  93,  United  States  Government  specification  for  Iron- 
Oxide  and  Iron-Hydroxide  Paints,  Circular  80,  United  States  Government 
specification  for  White  Paint  and  Tinted  Paints  Made  on  a  White  Base,  Semi- 
paste  and  Ready  Mixed,  and  Circular  97,  United  States  Government  specifica- 
tion for  Green  Paint,  Semi-paste  and  Ready  Mixed,  may  be  used.  Expense 
may  be  saved  with  no  very  great  decrease  in  the  quality  of  the  job  by  using 
one  of  these  paints  in  place  of  the  third  red  lead  coat,  but  other  paint  should 
not  be  substituted  for  the  first  and  second  red  lead  coats. 

TABLE  5. — Steels:  Average  Coefficients  of  Expansion  on  Heating.* 


Composition. 


Carbon. 


o.oa 

0.352 

0.41 

0.388 

0.326 

0.168 

0.a5 

o.er 

0.144 

8.08 
0.14 
0.35 


Manga- 

Silicon. 

nese. 

0.00 

0.006 

0.06 

0.007 

0.64 

0.086 

1.21 

1.04 

0.78 

0.094 

0.01 

0.135 

1.43 

0.20 

0.77 

0.19 

0.10 

0.034 

(?) 

1.68 

(?■) 

(?; 

(?) 

(?) 

Nickel. 


Chrom- 
ium. 


Copper. 


25  to 
lOO" 
cent. 


Co.  Cu.  Ni.  total  0.014 


3.67 

3.59 

3.94 

3.50 

1.00 

V±0  21 

1.15 

34.52 

13.0 

V=  0.39 
F=  0.11 


1.85 


12.0 
11.1 
11.1 
11.6 
10.9 
10.8 
12.4 
11.7 
11.3 
8.4t 
3.7 
10.0 


25  to 
300° 
cent. 


13.3 
12.5 
13.7 
12.3 
12.1 
12.1 
13.3 
13.0 
12.7 
11. 6t 
9.2 
11.0 


300  lo 
600" 
cent. 


15.9 
16.0 
15.8 
15.0 
15.3 
14.3 
15.6 


15. 1 


25  to 

eoo" 

cent. 


18.3 
13.3 


Grains 


14.7 
14.3 
14.3 
13.7 
13.8 
13.3 
14.5 

14.3 

'l3.6 

12.2 


*  The  values  of  the  coefficients  given  in  Table  5  should  be  divided  by  106. 
t  Approximate  only,  as  this  material  increases  permanently  in  length. 

Electrolytic  Deterioration. — From  time  to  time  there  have  been  reports  of 
serious  damage  to  structural  steel,  particularly  reinforcing  material  in  con- 
crete, in  the  footings  of  buildings,  bridges,  elevated  railways,  and  similar  struc- 
tures. A  few  years  ago,  this  hazard  was  thought  to  be  serious  and,  in  conse- 
quence of  this  fear,  Mr.  Burton  McCollum  and  his  associates  at  the  U.  S. 
Bureau  of  Standards  made  an  exhaustive  research  of  electrolysis  in  concrete 
and  electrolytic  damage  to  bridges,  steel  frame  buildings,  and  similar  struc- 
tures. The  net  result  of  this  investigation  was  that  in  very  extreme  cases 
some  damage  might  occur  from  this  source,  but  that  the  conditions  necessary 
for  any  serious  damage  to  result  were  far  more  extreme  than  those  likely  to 
be  found  in  practice.  Many  reports  of  alleged  damage  to  such  structures  were 
carefully  investigated,  and  it  was  found  that  in  all  cases  such  damage  was  due 
to  causes  other  than  electrolysis,  with  the  single  exception  of  the  corrosion  of 
the  bases  of  elevated  railway  structures  where,  for  obvious  reasons,  electrolytic 
conditions  were  particularly  severe.  If  the  most  obvious  and  elementary  pre- 
cautions are  taken,  such  as  avoiding  metallic  connection  with  power  circuits, 
in  the  case  of  the  building  foundations,  and  of  metallic  connection  with  rails, 
in  the  case  of  elevated  railway  structures,  no  trouble  from  this  source  is  to  be 
anticipated. 

Failures. — One  of  the  important  functions  of  the  U.  S.  Bureau  of  Stand- 
ards is  the  study  of  metal  failures.  As  illustrations  in  the  field  of  structural 
metals  may  be  mentioned  the  examination  of  the  parts  of  a  railroad  bridge  and 
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of  a  roof  truss.  Such  examinations  include  chemical  analysis,  tests  of  mechan- 
ical properties,  and  a  detailed  metallographic  study  of  the  material. 

The  bridge  material,  submitted  by  the  Board  of  Railroad  Commissioners 
of  the  State  of  Iowa,  was  of  wrought  iron  from  a  diagonal  member  of  a  single- 
system,  "Warren  truss  bridge  of  85  ft.  span,  that  failed  xmder  the  load  of  a 
locomotive  of  the  Pacific  type  and  a  tank  car.  A  study  of  the  failed  parts 
showed  inferior  material  laminated  to  an  excessive  degree,  with  evidences  of 
long  continued  over-stressings  of  the  material. 

The  roof  truss  was  taken  from  the  Knickerbocker  Theatre  after  the  disaster 
at  Washington,  D.  C,  and  submitted  by  the  Building  Inspector  of  the  District 
of  Columbia.  The  material  was  taken  from  Trusses  11  and  12,  one  of  which 
certain  of  the  interested  parties  had  claimed  to  be  of  defective  material.  The 
tests  at  the  U.  S.  Bureau  of  Standards  showed  this  material  to  be  well  within 
the  specifications  for  this  class  of  structural  steel  and  to  be  free  from  structural 
features  and  inclusions  which  would  lead  one  to  regard  the  steel  as  defective. 
Chemical  analysis  showed  carbon,  0.12%,  manganese,  0.55%,  phosphorus, 
0.014%,  sulphur,  0.046%,  and  silicon,  0.03%;  the  mechanical  properties  of 
the  several  parts  ranged  as  follows :  Tensile  stress,  51  200  to  56  100  lb.  per 
sq.  in. ;  yield  point,  33  200  to  36  300  lb.  per  sq.  in. ;  elongation  in  8  in.,  30  to 
36%;  reduction  in  area,  58  to  64%;  Charpy  impact  value,  105  ft-lb.;  and 
Izod,  79  ft-lb.  Thus,  this  material  apparently  failed  from  an  external  cause, 
such  as  a  blow  during  the  collapse  of  the  structure. 

Reinforcement  Bars. — Considerable  attention  has  recently  been  given  by 
specification-making  bodies,  such  as  the  American  Society  for  Testing  Mate- 
rials and  the  testing  laboratory  at  the  U.  S.  Bureau  of  Standards  under  the 
direction  of  W.  A.  Slater,  M.  Am.  Soc.  C.  E.,  to  the  question  of  the  determina- 
tion of  the  characteristics  of  concrete  reinforcement  made  from  salvaged  steel, 
such  as  re-rolled  rails.  Such  an  investigation  is  of  great  practical  importance 
in  view  of  the  large  available  quantity  of  such  material  and  the  fact  that  its 
use  is  quite  generally  prohibited  at  present,  on  account  of  alleged  brittleness, 
causing  breakage  in  handling,  and  the  uncertainty  of  its  behavior  in 
structures. 

The  U.  S.  Bureau  of  Standards  has  made  tests  on  bars  purchased  from  a 
number  of  warehouse  stocks.  From  these  tests,  it  appears  that  either  re-rolled 
or  new  billet  steel  with  yield  points  up  to  60  000  lb.  per  sq.  in.,  which  meet  the 
tension  and  bend  tests,  would  be  satisfactory  for  concrete  reinforcement.  From 
these  tests,  it  appears  doubtful  whether  steel  having  a  yield  point  greater 
than  60  000  lb.  per  sq.  in.  can  be  bent  to  meet  conditions  in  practice,  but 
reinforcement  that  does  not  require  bending,  should  be  satisfactory  if  it  meets 
the  tension  test  and  suitable  impact  or  bending  tests  to  detect  brittleness.  The 
brittleness  appears  to  be  associated  more  with  the  yield  point  of  the  material 
than  the  treatment  of  the  bars  in.  re-rolling  them.  It  is  important  that  this 
subject  be  investigated  adequately  in  view  of  the  possibility  of  salvaging  large 
quantities  of  old  rails  by  re-rolling  for  use  in  reinforcement  bars. 

This  question  is  closely  linked  with  the  subject  of  deformed  bars  and 
allowable  bond  stresses  between  concrete  and  steel.  Some  types  of  deformed 
bars  develop  weakness  on  bending,  due  to  more  or  less  sudden  changes  in  area 
of  section.     Present  practice  tends  toward  elimination  of  sudden  changes  in 
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section  for  that  reason,  but  the  efficiency  of  a  bar  in  resisting  the  tendency 
to  slip  is  involved  in  this  to  an  important  degree.  Tentative  standards  of  the 
Joint  Committee  on  Standard  Specifications  for  Concrete  and  Keinforced 
Concrete  permit  a  bond  stress  20%  greater  for  an  "approved"  deformed  bar 
than  for  a  plain  bar,  but  the  Committee  has  arrived  at  no  agreement  as  to 
the  shapes  of  deformed  bars  which  it  approves.  It  has  not  even  agreed  on 
the  form  of  test  specimen  which  will  give  the  proper  comparison  between 
plain  and  deformed  bars. 

The  divergencies  of  opinion  are  sharp  on  the  questions  involved  in  all  the 
reinforcement  bar  problems  and  further  extensive  investigation  of  the  entire 
problem  is  imperative. 

Permissible  Stresses  for  Steel  in  Buildings. — If  the  cost  of  steel  structures 
is  to  be  lowered,  it  can  be  done  most  eifectively  by  increasing  the  stress  and 
using  the  material  more  efficiently. 

The  increase  from  16  000  to  18  000  lb.  per  sq.  in.  for  the  new  Hotel  Statler 
in  Buffalo,  N,  Y.,  is  a  move  in  that  direction,  which  is  receiving  considerable 
consideration.  If  steel  is  to  hold  its  own  in  cost  with  other  structural  materials, 
particularly  reinforced  concrete,  the  stresses  must  be  increased. 

Mr.  H.  L.  Whittemore,  of  the  U.  S.  Bureau  of  Standards,  has  made  a  study 
of  the  present  status  of  this  subject,  based  on  ordinary  structural  steel,  taking 
account  of  conclusions  drawn  from  various  tests  on  solid  and  fabricated 
columns,  made  at  the  Bureau  and  elsewhere,  as  well  as  present  practice  as 
illustrated  in  manufacturers'  and  engineering  handbooks  and  as  formulated 
in  about  sixty-three  municipal  and  other  building  codes,  including  also  some 
foreign  specifications  and  those  proposed  by  various  American  committees 
and  prominent  structural  engineers.  It  is  expected  that  this  survey  will  be 
published  soon  in  full. 

In  that  study,  emphasis  is  laid  on  the  necessity  for.  inspecting  and  testing 
structural  steel  if  more  than  one  quality  is  commonly  used.  This  and  the 
obtaining  of  higher  strength  would  increase  the  cost  of  the  steel  somewhat. 
The  same  results  might  be  obtained  by  designing  structures  for  the  actual 
maximum  loads  they  would  carry.  Thus,  a  lightly  loaded  residence  would 
require  periodic  inspections  to  prevent  its  being  overloaded  if  a  change  in  the 
surroundings  made  it  desirable  to  use  it  for  manufacturing  purposes. 

If  the  load  is  constant  and  its  value  known,  it  is  probable  that  stresses  near 
the  yield  point  could  occur  before  failure.  The  greater  factor  of  safety 
required  by  most  city  building  codes  is  made  necessary  by  the  uncertainties 
of  the  properties  in  the  material  and  the  load  which  will  actually  occur.  Nearly 
all  codes  for  American  cities  limit  the  stresses  to  16  000  lb.  per  sq.  in.    The 

maximum  stresses  in  long  columns  |  —  =  90  | ,  as  given  b}'  any  formula  or  any 

building  code   (Buffalo,  N.  Y.),  is  11 970  lb.  per  sq.  in.     There  has  been 
no  tendency  to  increase  this  limit  in  recent  years,  but  rather  to  decrease  it  for 

large  ratios  of  — . 
°  r 

Even  German  specifications,  otherwise  more  liberal  than  American  specifi- 
cations, are  very  conservative  on  this  point.     Considering  the  damage  which 
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may  result  from  the  failure  of  a  column  and  the  uncertainties  in  regard  to 

actual  loading,  workmanship,  and  uniformity  of  the  material,  it  is  believed 

by  Mr.  Whittemore  that  the  values  given  by  the  formula  proposed  by  the  Special 

I 
Committee   on   Steel   Columns   and  Struts,*  namely  /S   =   20  000  — ■  100  — , 

r 

should  not  be  exceeded.     Possibly  higher  stresses  than  the  limiting  value  of 

12  000  lb.  per  sq.  in.,  given  by  the  Committee,  might  be  used  for  short  columns 

I 

-  =  40,  etc, 

r 

In  considering  this  matter,  it  should  also  be  borne  in  mind  that  it  appears 
to  be  the  opinion  of  some  of  the  most  eminent  American  engineers  that  it  is 
safe  to  raise  the  permissible  stresses  for  steel  in  buildings  from  16  000  to 
18  000  lb.  per  sq.  in.,  if  precautions  are  taken  to  check  the  grade  of  steel 
and  inspect  thoroughly  its  erection,  with  limitations  on  the  increase  of  the 
live  load.  This  subject,  of  such  great  complexity  and  economic  imiwrtance, 
is  now  in  the  hands  of  the  Special  Committee  on  Stresses  in  Structural  Steel 
of  the  Society.  The  speaker  ventures  the  suggestion,  which,  i>erhaps,  has 
already  been  considered,  that  procedure  under  the  rules  of  the  American 
Engineering  Standards  Committee,  with  the  Society  as  sponsor,  would  be  a 
most  efficacious  method  of  securing  co-operation  of  all  interested  bodies  and  of 
establishing  a  standard  American  practice  for  each  class  of  structure  and 
material. 

Riveting  and  Welding  of  Structures. — The  scope  of  this  paper  will  permit 
only  a  passing  reference  to  these  important  subjects.  Attention  might  again 
be  called  to  the  report  of  the  Joint  Committee  on  the  Effect  of  Sulphur  on 
Eivet  Steel  (Section  2).  Mention  has  also  been  made  (Section  3)  of  the  early 
use  of  nickel-steel  rivets  in  bridge  construction,  which  permits  rivets  of 
smaller  section.  In  spite  of  the  apparent  economy  and  advantages  to  be 
secured,  their  use  does  not  seem  to  have  increased  to  the  extent  that  might 
have  been  expected.  There  are  undoubtedly  outstanding  factors  yet  to 
be  considered;  thus,  the  nickel-steel  rivet  is  somewhat  harder  at  the  tem- 
perature at  which  it  is  di'iven  and  may  fail  to  fill  the  hole  as  thoroughly  as 
a  carbon-steel  rivet.  It  is  also  more  difficult  to  cut  out  cold  nickel-steel  rivets, 
owing  to  their  greater  hardness  and  toughness.  It  would  seem  that  these 
difficulties  were  not  hard  to  overcome;  thus,  use  of  the  newer  electric  rivet- 
heating  furnace  would  enable  the  operator  to  produce  a  higher  temperature 
and,  consequently,  the  softness  necessary  to  drive  the  rivet  satisfactorily,  and 
the  burning-off  method  could  readily  be  used  to  remove  cold  rivets. 

An  important  problem  in  engineering  design  planned  to  be  conducted  at 
the  U.  S.  Bureau  of  Standards  for  the  TJ.  S.  Navy  Department  concerns  the 
strength  of  riveted  connections,  and  is  of  especial  interest  not  only  for  the  com- 
pleteness of  the  contemplated  test  schedule  and  methods  of  test,  but  also 
because  the  riveted  joints  to  be  tested  are  the  largst  specimens  thus  far  sug- 
gested. The  test  specimens  vpill  be  22  in.  wide,  and  13  ft.  long,  will  contain  as 
many  as  twenty  1-in.  rivets  on  each  side  of  the  plate  joint,  and  with  supple- 

»  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXIII   (1919-20),  p.  1583. 
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mentary  pulling  grips  will  take  up  the  full  length  of  the  large  Emery  testing 
machine,  as  well  as  require  its  full  capacity  to  produce  joint  failure. 

Thorough  and  precise  exploration  of  stress  distribution,  of  frictional  failure, 
and  joint  strength  are  contemplated,  and  it  is  further  hoped  to  secure  valuable 
data  on  the  following  points: 

(a)  The  effect  of  plate  material  on  rivets.  (Three  grades  of  steel  plates, 
mild  steel,  high  strength  steel,  and  special  treatment  steel,  the  latter  possibly 
a  nickel  alloy  steel  and  two  grades  of  rivet  steel  are  now  proposed). 

(&)  Effect  of  rivet  size  (i-in.  and  1-in.  rivets).      , 

(c)  Effect  of  the  increase  in  the  number  of  rows  of  rivets  on  joint  strength 
and  the  distribution  of  the  load  between  the  rows  of  rivets. 

(d)  Effect  of  the  omission  of  alternate  rivets  in  the  outer  row. 

(e)  Study  of  the  strength  of  a  special  form  of  joint. 
(/)  Study  of  the  strength  of  joints  in  two-course  plating. 

The  joints  will  be  tested  in  triplicate  and  the  present  contemplated  pro- 
gram calls  for  sixty-six  specimens. 

Rapid  progress  is  being  made  in  the  welding  of  steel  structures,  about 
twenty  or  thirty  structures  of  note  having  been  constructed,  some  of  which 
are  very  large.  According  to  F.  P.  McKibben,  M.  Am.  Soc.  C.  E.,  most  of 
them  have  not  been  very  carefully  designed  with  welding  in  view.  Many,  in 
fact,  were  designed  as  riveted  structures,  but  were  changed  by  shopmen 
to  be  electrically  welded.  The  development  of  stresses  due  to  welding  is  not 
comparable  with  the  stress  conditions  of  riveting,  and  suitable  allowance  should 
be  made  in  design  and  erection  to  provide  for  these  differences.  There  is 
also  need  for  much  more  experimental  work  in  the  testing  of  welded  joints. 
Professor  McKibben  states  that  his  examination  of  welded  steel  structures 
shows  that  the  tension  tests,  as  ordinarily  made  on  butt  welded  specimens,  are 
not  of  much  value  in  giving  adequate  data  to  designers.  Tests  appear  to  be 
needed  on  the  shearing  strength  of  welded  joints.*  The  art  of  welding  is  still 
in  its  infancy  and  a  great  deal  is  yet  to  be  done  in  the  improvement  of  the  tech- 
nique of  the  various  methods  and  in  the  choice  of  welding  rods  to  produce  welds 
in  which  the  added  metal  is  of  satisfactory  quality.  The  U.  S.  Bureau  of 
Standards  has  done  some  work  along  these  lines,  particularly  with  reference  to 
studies  of  gas-welding  equipmentf  and  the  study  of  gas  content  of  welds  as 
affecting  physical  properties,:}:  and  the  American  Bureau  of  Welding  is  actively 
conducting  an  extensive  research  program  covering  many  problems  in  the 
development  and  use  of  welding. 

A  problem  relating  to  structures  in  the  comparison  of  welding  and  riveting 
is  being  studied  at  the  Bureau  with  the  American  Bridge  Company  which  has 
been  experimenting  with  a  new  process  of  resistance  electric  welding,  making 
use  of  pressed  or  inserted  buttons  to  localize  the  welding  action.  About  150 
comparative  tensile  tests  of  plain  plate-riveted  and  welded  joints  were  made. 
The  welded  joints  were  from  2  to  23%  stronger  than  the  riveted  joints,  the 

*  See  article  by  A.   S.  Humphreys,  Jr.,   in  Iron  Age,  May   25,   1922. 
t  Technologic  Paper  200,  U.   S.  Bureau  of   Standards. 
t  Technologic  Paper  179,  U.  S.  Bureau  of  Standards. 
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average  being  about  15  per  cent.  In  no  case  did  the  welded  joint  show  a  lower 
strength  than  the  corresponding  riveted  joint. 

In  addition,  comparative  tests  were  made  on  three  riveted  and  three  welded 
girders  in  cross-bending,  and  three  riveted  and  three  welded  columns,  with  slen- 
derness  ratio  of  120,  with  flat  ends,  under  axial  load.  None  of  these  girders 
failed  due  to  either  rivet  or  weld  failure.  The  welded  girders  averaged  1% 
stronger  than  the  riveted  girders  and  the  welded  columns  average  13%  weaker 
than  the  corresponding  riveted  columns.  Supplementary  coupon  tests  showed 
that  this  difference  could  not  be  ascribed  to  differences  in  the  material.  In 
all  cases,  the  welded  girdfers  deflected  more  under  load  than  the  corresponding 
riveted  specimens,  the  average  being  6  per  cent.  It  is  highly  probable  that 
the  differences  in  column  strength  are  due  to  this  greater  flexibility  which 
could  be  overcome  by  more  closely  spaced  or  larger  welds. 

The  general  conclusion  is  that,  in  structural  members,  welding  shows  suffi- 
cient promise  of  becoming  an  economical  substitute  for  riveting  to  warrant 
the  extensive  series  of  tests  which  would  be  necessary  to  establish  the  limita- 
tions of  its  usefulness. 

5. — Experimental  Studies  of  Structural  Parts 
In  the  structural  engineering  field  there  are  many  unsolved  problems  con- 
cerning the  distribution  of  stress  in,  and  the  strength  of,  various  structural 
members  and  their  connections.  Many  of  the  rules  governing  designs  are 
based  on  the  results  of  theoretical  analysis,  or  exchange  of  thought  by  discus- 
sion, or  are  the  summation  of  constructional  experience.  Some  of  these  rules 
are  obviously  empirical,  others  have  been  founded  on  relatively  meager  experi- 
mental data,  and  many  of  them  lack  experimental  proof.  Engineers  do  not 
always  know,  therefore,  whether  they  are  just  within  the  safe  limit  in  their 
practice  or  whether  they  are  far  too  conservative.  As  the  magnitude  and 
importance  of  structures  have  increased,  the  rules,  at  times,  have  proved 
inadequate.  At  other  times,  some  of  the  limitations  accepted  being  the  rela- 
tive economy  of  various  designs  to  the  fire,  decisions  of  the  latter  type  need  to 
be  verified  by  data  in  order  to  allow  correct  appraisal. 

The  equipment  available  for  investigations  in  this  field  at  the  U.  S. 
Bureau  of  Standards  consists  of  an  Olsen  vertical  machine  of  10  000  000  lb. 
capacity,  in  which  columns  up  to  24  ft.  in  length  can  be  tested  in  compression; 
an  Emery  horizontal  machine  with  a  load  capacity  of  2  300  000  lb.  in  com- 
pression and  1 150  000  lb.  in  tension  for  lengths  up  to  33  ft. ;  and  several  smaller 
machines.  These  machines  are  now  in  laboratories  at  Washington.  To  meet 
the  demand  for  tests  at  higher  loads,  the  Bureau  would  like  to  be  able  to 
acquire  a  machine  of  the  Emery  type  with  a  capacity  of  20  000  000  lb.,  and 
tentative  plans  for  such  a  machine  have  been  prepared. 

Tests  of  Columns. — One  of  the  most  important  investigations  on  columns 
conducted  at  the  U.  S.  Bureau  of  Standards  was  made  under  the  jurisdiction  of 
the  Special  Committee  on  Steel  Columns  and  Struts  of  the  Society.*  This 
investigation,  which  consisted  of  a  series  of  tests  of  180  columns  of  various 
sizes,  design,  and  material,  has  been  very  thoroughly  discussed,  although  it  is 

•Transactions,  Am.  Soe.  C.  E.,  Vol.  LXXXIII   (1919-20),  p.  1583. 
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possible  that  the  data  available  from  these  tests  have  not  been  utilized  to  their 
fullest  extent.  The  program  was  much  more  elaborate  than  was  actually 
completed,  and  in  its  Final  Eeport  the  Committee  expressed  disappointment 
at  the  reception  of  the  report  by  the  Profession. 

It  might  be  wise  to  extend  the  work  of  this  Committee,  and  in  that  con- 
nection the  speaker  wishes  to  suggest  that  if  svieh  a  committee  on  column 
tests  is  again  organized  that  it  include,  as  in  the  Joint  Committee  for  the 
Investigation  of  Sulphur  and  Phosphorus  in  Steel  (see  Section  2),  represen- 
tatives from  all  interested  groups,  such  as  structural  engineers,  steel  and 
structural  manufacturers  and  consumers,  independent  metallurgists,  best  ac- 
credited through  technical  organizations  and  the  Government  laboratories,  by 
which  procedure  it  seems  certain  that  the  various  aspects  of  the  problem  will 
receive  due  consideration.  It  is  not  a  reflection  on  a  committee  of  civil  engi- 
neers to  state  that  some  of  the  metallurgical  and  manufacturing  aspects  of 
their  problem  were  not  adequately  considered  in  planning  these  column  tests. 

Another  series  of  tests  on  forty-two  columns  was  made  for  the  American 
Railway  Engineering  Association,  the  results  of  which  have  been  published 
by  that  Association.* 

A  third  series  was  made  of  eighteen  large  bridge  columns  described  by 
J.  H.  Griffith,  M.  Am.  Soc.  C.  E.,  and  Mr.  J.  G.  Bragg,t  including  items  for 
the  St.  Louis  Municipal  Bridge,  the  Chicago,  Burlington  and  Quincy  Bridge, 
at  Metropolis,  111.,  and  the  Memphis  Bridge.  It  is  perhaps  worthy  of  remark 
that  some  of  these  tests  were  the  first  and  only  tests  that  have  been  made  of 
alloy  steel  columns  of  large  size.  These  alloy  steels  included  nickel,  Mayari, 
and  silicon  steels. 

At  the  request  of  the  American  Bridge  Company  a  comparison  was  under- 
taken of  solid  columns  of  various  thicknesses  with  corresponding  fabricated 
columns,  a  total  of  thirty-nine  columns.  This  is  being  supplemented  with 
tests  now  in  progress  on  material  furnished  by  the  Bethlehem  Steel  Company. 
The  latter  program  comprises  seventy-two  coltimns,  submitted  with  the  object 
of  rounding  out  more  conclusively  the  comparison  of  the  behavior  of  the  solid 
and  fabricated  column  tyi)es.  Several  auxiliary  matters  are  also  being  con- 
sidered, such  as  the  effect  of  variation  in  size  and  location  of  test  coupons, 
comparison  of  thin  and  thick  sections,  and  the  effect  of  change  in  yield  point 
of  material  on  test  results  of  columns.  It  is  hoped  to  be  able  to  complete  and 
publish  this  series  of  tests  soon. 

Structural  Steel  Angles. — The  U.  S.  Bureau  of  Standards  has  recently  pub- 
lished,:}: from  material  furnished  by  the  American  Bridge  Company,  a  series 
of  compression  tests  on  170  standard  rolled  structural  steel  angles,  of  various 
design,  made  from  low-carbon  steel.  The  specimen  which  sustained  the 
greatest  unit  load  for  a  given  slenderness  ratio  and  method  of  fastening,  in 
most  cases,  suffered  the  least  lateral  deflection,  and  the  angle  which  bent  most, 
sustained  the  lowest  unit  load  at  failure,  the  deflection  being  measured  at 
four-ninths  of  the  theoretical  maximum  load. 


*  Bulletin  21  (No.  223),  pp.  474-501,  January,  1920. 
t  Technologic  Paper  18Ji,  U.  S.  Bureau  of  Standards. 
t  Technologic  Paper  218,  U.  S.  Bureau  of  Standards. 
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For  large  slenderness  ratios,  the  average  values  are  well  represented  by 
Euler's  formula  for  long  columns,  calculated  for  different  values  of  the 
end  fixation  factor. 

The  Karman  curves,  re-calculated  for  a  yield  point  of  37  000  lb.  per  sq. 
in.  and  a  modulus  of  elasticity  of  30  000  000  lb.  per  sq.  in.,  represent  the 
average  results  for  small  slenderness  ratios  for  several  methods  of  end  fixa- 
tion, except  for  —  =  80  to  85,  where  the  effect  of  eccentricity   was  greatest. 

For  angles  with  ends  folded,  the  column  formulas  considered  do  not  rep- 
resent the  results  found  in  this  series  of  tests. 

Short  Column  Sections. — In  the  cellular  construction  of  the  towers  of  the 
Delaware  River  Suspension  Bridge,  the  speaker  understands  that  there  were 
questions  relating  to  the  best  distribution  of  metal  in  the  several  parts  of 
the  I-sections  to  be  used,  that  required  further  experimental  study.  Accord- 
ingly, further  I-shaped  column  sections  of  silicon  steel,  10  ft.  in  length,  of 
constant  depth,  and  35J  in.,  back  to  back  of  angles,  have  been  prepared  for 
test  purposes  by  the  Bethlehem  Steel  Company  for  the  Delaware  River  Bridge 
Joint  Commission,  and  such  tests  are  now  under  way  at  the  Bureau. 

The  flanges  of  these  columns  are  similar  throughout,  being  6  by  4-in.  by 
|-in.  angles,  the  variable  element  being  the  web  thickness  and  its  concomitant 
variation  of  ratio  of  web  thickness  to  unsupported  transverse  width.  The 
web  thicknesses  vary  from  |  in.  to  li  in.,  giving  a  ratio  of  thickness  to  unsup- 
ported width  of  61  to  15,  the  total  areas  of  the  sections  varying  from  40  to 
80  sq.  in.  The  four  heavier  sections  have  webs  composed  of  two  i-in.,  or  two 
|-in.  plates,  stitch  riveted.  The  details  of  the  methods  of  the  tests  have  been 
briefly  summarized  and  published.*  About  one-half  the  tests  have  been 
completed,  and  it  is  hoped  that  the  results  of  this  investigation  will  be  avail- 
able in  the  near  future. 

Inferences  from  Column  Tests. — The  major  column  investigations  at  the 
U.  S.  Bureau  of  Standards,  in  addition  to  furnishing  much  valuable  informa- 
tion about  the  individual  columns  under  test,  have  indicated  the  possibility  of 
one  general  conclusion  of  great  importance.    Within  the  slenderness  range  of 

ordinary  commercial  construction,  say,  from  values  of  —  between  30  and  90, 

r 

the  major  factor  in  determining  the  strength  of  sturdy  columns  is  the  physical 
character  of  the  material  of  which  they  are  constructed  and,  in  particular, 
the  behavior  of  this  material  near  the  yield  point  stress.  As  a  striking 
example  of  this  fact  may  be  mentioned  two  columns,  of  identical  construc- 
tion, tested  in  the  same  manner  in  the  same  machine.  One  carried  a  load 
of  about  3  500  000  lb.  and  the  other  only  about  2  400  000  lb.  Coupons  cut 
from  the  two  columns  showed  that  the  yield  point  of  the  steel  in  them  was 
nearly  in  the  same  ratio  as  these  loads. 

Dr.  Tuckerman  who  is  working  on  this  problem  at  the  Bureau  of  Stand- 
ards, considers  that  the  general  laws  of  column  action,  therefore,  can  only  be 
worked   out    when    the   relationship   between    column   strength   and   physical 
•  Engineering  News-Record,  Vol.  89,  p.  986,  December  7.  1922. 
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properties  of  the  material  have  been  thoroughly  studied.  A  sufficient  theo- 
retical foundation  seems  to  have  been  laid  in  the  work  of  Engesser,  Considere, 
Jasinsky,  Meyer,  Karman,  Southwell,  and  others,  but  there  are  very  few 
experimental  investigations  in  which  the  results  of  column  tests  are  cor- 
related with  thorough  coupon  tests  of  the  material.  The  preliminary  experi- 
mental work  in  this  field  must  almost  of  necessity  be  made  on  small  speci- 
mens, as  the  technical  difficulties  of  producing  large  columns  with  a  fine 
gradation  of  physical  properties  are  great  and  the  cost  would  be  excessive. 

The  Bureau  has  in  progress  an  investigation  of  this  kind  covering  small 
specimens  of  materials  of  widely  differing  yield  points  and  different  moduli 
of  elasticity.  The  results  of  this  series  of  tests  should  help  to  make  clear  the 
way  for  a  better  understanding  of  the  general  laws  of  column  action. 

In  addition  to  this  study  of  general  laws  of  column  action,  there  is  a 
wide  field  of  usefulness  in  particular  tests  of  particular  structures.  In  this 
field,  because  of  its  equipment  of  large  testing  machines,  the  U.  S.  Bureau  of 
Standards  can  perform  a  very  useful  service.  As  an  illustration  of  this 
type  of  research,  the  testing  of  143  duralumin  girders  for  the  new  Navy 
dirigible,  Z-Rl,  has  already "  been  mentioned.  The  work  at  present  being 
conducted  for  the  Delaware  Eiver  Bridge  Joint  Commission  is  another  illus- 
tration. These  tests  will  enable  the  engineers  to  proceed  with  the  construc- 
tion of  the  towers  with  an  added  feeling  of  security  in  the  design. 

There  evidently  is  much  work  of  this  kind  of  immediate  value  to  structural 
engineers,  which  could  profitably  be  done  at  the  U.  S.  Bureau  of  Standards, 
and,  in  the  speaker's  opinion,  the  main  problems  of  this  nature  should  be 
attacked  with  the  co-operation  of  a  representative  committee,  as  outlined 
previously. 

6. — ISTew  Testing  DE\acEs 

The  speaker  wishes  to  call  attention  to  two  new  testing  devices  recently 
developed  at  the  U.  S.  Bureau  of  Standards.  These  impravements,  one  of  which 
is  a  method  of  visual  examination  of  stresses  in  metal  structures  as  the  yield 
point  is  attained  and  the  other  an  instrument  for  measuring  variations  in 
strains  or  stresses  of  materials  or  structures  under  load,  give  promise  of 
great  usefulness  in  engineering. 

Method  of  Mr.  B.  S.  Johnston  for  Detecting  Liider  Lines. — In  the  early 
stages  of  the  investigation  of  the  members  for  the  Delaware  Bridge,  it  was 
apparent  that  the  so-called  Liider  lines  which  appear  under  certain  condi- 
tions, after  the  material  has  been  stressed  to  the  yield  point,  would  offer 
valuable  data  on  the  distribution  of  stress  in  the  test  specimen.  A  study  of 
this  question  led  to  the  development  of  a  simple  method  of  making  these 
Liider  lines  readily  observable,  which  permits  of  photographic  recording  of 
the  development  of  stress.  The  method  consists  in  applying  a  thin  wash  of 
Portland  cement. 

It  is  believed  that  this  development  at  the  Bureau  is  the  first  time 
visualized  stress  distribution  has  been  exhibited  so  clearly  on  other  than 
laboratory  test  specimens,  and  being  adaptable  to  such  large  test  members  as 
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TABLE  6. — Publications  of  the  U.  S.  Bureau  of  Standards  Kelating  to 

Structural  Steels. 


Title. 


Melting  Points  of  thelrop  Group  Elements 
by  a  New  Radiation  Method 


Critical  Ranges  A2  and  As  of  Pure  Iron... . 

Correlation  of  the  Magnetic  and  Mechan 
ical  Properties  of  Steel 


Notes  on  the  Mierostructure  of  Iron  and 
Mild  Steel  at  High  Temperatures 

The  Strength  of  Reinforced  Concrete 
Beams,  Results  of  Tests  of  333  Beams 
(First  Series) 


Surface  Insulation  of  Pipes  as  a  Means  of 
Preventing  Electrolysis 

The  Determination  of  Phosphorus  in  Steels 
Containing  Vanadium 

Earth  Resistance  and  Its  Relation  to  Elec- 
trolysis of  Underground  Structures. . 

Temperature  Measurements  in  Bessemer 
and  Open-Hearth  Practice 

Effect  of  Temperature,  Deformation,  and 
Rate  of  Loading  on  ttie  Tensile  Proper- 
ties of  Low-Carbon  Steel  Below  the 
Thermal  Critical  Rangre 

Preparation  and  Properties  of  Pure  Iron 
Alloys  ;  1.  Effect  of  Carbon  and  Mangan- 
ese on  the  Mechanical  Properties  of  Pure 
Iron 


Result    of   Some    Compression    Tests   of 
Structural  Steel  Angles 


Effect  of  Heat-Treatment  on  the  Mechani- 
cal Properties  of  One  Per  Cent.  Carbon 
Steel 

Manufacture  and  Properties  of  Steel  Plates 
Containing  Zirconium  and  Other  Ele- 
ments  


Thermal    Stresses 
Wheels 


in   Chilled   Iron    Car 


Standard  Gauge  for  Sheet  and  Plate  Iron 
and  Steel 

Metaliographic  Testing 

The  Testing  of  Materials 

Invar  and  Related  Nickel  Steels 

Some  Unusual  Features  in  the  Microstruc- 
ture  of  Wrought  Iron 


Observations  on  Finishing  Temperatures 
and  Properties  of  Rails 


Tests  of  Large  Bridge  Columns 

Tests  of  Eighteen  Concrete  Columns  Rein- 
forced with  Cast  Iron 


Metaliographic  Features  Revealed  by  the 
Deep  Etching  of  Steel 


Tests  of  Bond  Resistance  Between 
Crete  and  Steel 


Con- 


Five  Tests  of  Building  Columns. 


Influence  of  Phosphorus  upon  the  Micro- 
structure  and  Hardness  of  Low-Carbon, 
Open-Hearth  Steels 

Tensile  Properties  of  Some  Structual  Alloy 
Steels  at  High  Temperatures 

Physical  Properties  of  Materials  :  I— 
Strengths  and  Related  Properties  of 
Metals  and  Certain  Other  Engineering 
Materials 

The  Structure  and  Related  Properties  of 
Metals 
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are  here  discussed,  seems  to  offer  a  new  and  interesting  field  in  structiiral 
engineering  research. 

Electric  Telemeter. — The  development  of  a  carbon-resistance  type,  remote 
reading  and  remote  recording  device  for  the  moasurcment  of  stresses,  strains, 
and  forces,  has  been  brought  to  a  point  where  satisfactory  practical  applica- 
tion in  field  and  laboratory  work  is  being  made.  The  operation  of  the  device 
depends  on  the  fact  that  a  stack  of  carbon  disks,  when  subjected  to  pres- 
sure, undergoes  a  change  of  length  as  well  as  a  change  of  electrical  resistance, 
and  means  have  been  devised  to  make  these  changes  reproducible  with  suffi- 
cient accuracy  for  many  engineering  instruments.  The  apparatus  has  been 
used  for  making  photographic  records  of  stresses  in  the  stay  cables  in  aero- 
planes during  flight,  of  strains  in  steel  bridge  members  while  trains  were 
passing,  and  for  various  laboratory  purposes,  including  the  testing  of  struc- 
tural members,  such  as  duralumin  girders  for  the  Navy  Department  and 
cellular  members  of  the  Delaware  lliver  Bridge  towers.  It  has  the  advantage 
that  simultaneous  records  can  be  made  of  the  strains  in  different  parts  of  a 
structure,  the  recording  apparatus  being  placed  at  a  convenient  point  while 
the  elements  that  are  attached  to  the  members  are  placed  as  desired,  the 
necessary  electrical  connection  between  them  being  made  by  three  conductor 
leads  which  may  be  several  hundred  feet  in  length  if  necessary.  A  forth- 
coming Technologic  Paper  by  Messrs.  B.  McCollum  and  O.  vS.  Peters  will 
describe  the  apparatus  and  its  applications  in  detail. 

7. — Conclusions 

The  speaker  has  not  attempted  to  discuss  exhaustively  the  subject  of  steel 
for  engineering  structures.  The  object  has  been  twofold:  First,  to  emphasize 
somewhat  the  metallurgical  features  of  some  of  the  broader  aspects  of  the 
problem  and  the  importance  of  associating  the  metallurgist  with  the  engineer 
in  the  solution  of  problems  dealing  with  steel  for  structures;  and,  second,  to 
outline  briefly  a  statement  concerning  some  of  the  investigations  in  this  field 
recently  completed  or  in  progress  at  the  IT.  S.  Bureau  of  Standards.  An  oppor- 
tunity has  not  been  given  to  verify  all  the  historical  statements  and  they  are 
set  forth  with  reserve.  In  Table  6  is  given  a  list  of  publications  of  the 
Bureau  of  Standards  relating  to  structural  steels. 

In  the  short  time  available  for  the  preparation  of  this  paper,  the  speaker 
has  had  the  co-operation  of  several  of  his  colleagues,  as  mentioned  previously. 
He  is  also  indebted  to  Messrs.  P.  D.  Merica  and  H.  T.  Morris  for  information 
on  alloy  steels,  and  to  Messrs.  W.  Spraragen  and  F.  P.  McKibben  for  certain 
facts  relating  to  welding. 
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DISCUSSION 


Clemens  Herschel,-'  Past-PhesidExNT,  Am.  Soc.  C.  E. — The  speaker  has 
considered  himself,  in  some  respects,  a  little  out  of  tune  with  some  parts  of 
what  is  called  research;  and,  therefore,  the  following  ideas  are  stated  diffi- 
dently and  for  consideration.  He  has  always  been  guided  in  his  work  by 
aiming  at  engineering  utility. 

There  is  a  distinction  between  research  merely  for  the  sake  of  research 
and  engineering  research,  so  much  so  that  the  speaker  fears  there  has  been 
a  misuse  of  the  word,  "research".  There  is  a  difference  between  making  ex- 
periments of  a  kind  that  may  be  likened  to  amusing  oneself,  and  an  engineer's 
work  in  that  line,  which  aims  at  a  definite  object.  This  may  be  illustrated  by 
the  work  of  Pasteur,  who  was  recently  commemorated  on  the  occasion  of  the 
100th  anniversary  of  his  birth.  Pasteur  was  a  man  whose  life  work  was  far 
removed  from  engineering,  and  although  called  a  scientist,  and  essentially 
living  the  life  of  a  scientist,  with  his  whole  career  devoted  to  science,  he  never 
did  a  thing  that  had  not  a  definite,  useful  object  for  its  aim.  At  one  time, 
it  was  the  cure  of  rabies;  at  another  time,  it  was  the  prevention  and  cure  of 
anthrax,  in  order  to  save  the  lives  of  sheep ;  or,  again,  it  was  the  removal  of  a 
pestilential  parasite  from  the  vineyards  of  France,  as  well  as  a  great  many 
other  such  kinds  of  work.  For  years,  his  aim  invariably  was  toward  a  definite 
object,  and  one  that  was  useful  to  mankind. 

It  has  always  seemed  to  the  speaker  that  every  investigator,  every  one 
working  in  the  so-called  line  of  research,  should  criticize  himself  or  question 
himself,  and  in  this  way  endeavor  to  follow  aims  of  the  kind  referred  to.  The 
speaker  does  not  propose  to  sit  in  judgment  on  the  work  of  those  who  are  acting 
as  investigators;  he  wants  them  to  do  it  themselves  to  themselves,  to  feel  that 
what  they  do  is  for  the  purpose  of  advancing  the  cause  of  mankind,  not  merely 
to  find  out  something  new  and  record  it  in  a  scientific  paper  or  in  a  book. 
That  kind  of  work  was  useful  in  its  time;  but  it  has  been  multiplied;  it  has 
increased  to  such  an  extent,  and  there  is  so  much  buried  in  those  books  and 
in  the  transactions  of  so-called  learned  societies  that  if  a  man  wants  certain 
knowledge  to-day,  it  is  just  as  easy,  or  easier,  to  go  out  in  Nature  and  by 
experiment,  seek,  and  thus  get  it,  as  it  is  to  search  for  it  in  the  libraries. 

What  the  speaker  has  said  tends  to  distinguish  the  work  of  engineers  from 
what  is  mellifluously  called  research  in  "pure  science"  and  is  claimed  as  the 
only  original  source  of  advance  in  the  arts  and  sciences.  He  is  questioning 
the  validity  of  this  claim.  It  may  surprise  many  to  be  told  (it  is  not  the 
commonly  accepted  or  popular  creed,  indeed  it  goes  against  it)  that  useful 
inventions  frequently,  perhaps  generally,  precede  their  scientific  explanation, 
or  alleged  foundation.  For  instance,  the  speaker  has  doubts  whether  Marconi 
reasoned  from  Hertzian  waves  to  wireless  telegraphy.  It  is  much  more  likely 
that  he  experimented  with  electrical  apparatus,  succeeded  in  sending  messages 
through  the  air,  and,  later,  had  all  this  explained  and  computed  by  a  cou- 
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sideratioii  of  Hertzian  waves.    It  is  cei'tain  that  all  the  beneficent  inventions 
of  Edison  were  made  without  a  knowledge  of  "pure  science". 

The  engineers  of  America  have  had  a  great  opportunity  for  the  advance- 
ment of  engineering  knowledge  afforded  them  by  the  foresight  and  generosity 
of  an  eminent  member  of  their  profession,  when  he  created  Engineering 
Foundation.  Let  it  not  disappoint  the  cherished  hopes  of  the  engineers  of 
the  country,  by  a  perversion  of  its  funds,  in  doing  work  other  than  that  of 
engineering.  The  scientists  of  the  country  have  had  their  particular  work 
amply  endowed.  Some  years  ago  one  of  them,  in  charge  of  a  huge  endowment 
of  this  kind,  laid  down  the  rule  and  criterion  that  the  funds  of  which  he 
had  charge  should  not  be  used  for  anything  that  had  a  useful  end  for  its 
aim  and  object.  Engineers  should  be  prepared  to  accept  his  challenge  and  are 
already  stating  that  Engineering  Foundation  should  have  for  its  rule  and 
criterion  the  opposite  view,  and  should  support  nothing  that  has  not  some 
object  that  is  directly  intended  to  be  useful  to  mankind.  Thus  will  be  main- 
tained the  engineer's  desire  to  be  of  service,  rather  than  to  follow  only  a 
more  or  less  selfish  quest  of  pleasurable  emotions. 

William  G.  Atwood,*  M.  Am.  Soc.  C.  E. — The  various  research  projects 
have  been  outlined  quite  fully  by  Mr.  Flinn,  but  it  may  be  possible  to  add 
a  little  information  concerning  the  work  of  the  Committee  on  Marine  Piling 
Investigations.  This  Committee  was  organized  as  a  result  of  the  recom- 
mendations of  the  San  Francisco  Committee  which  was  formed  on  account 
of  the  total  destruction  by  marine  borers  of  many  harbor  structures  in  Upper 
San  Francisco  Bay  during  1919  and  1920.  The  San  Francisco  Committee 
found  that  the  field  of  investigation  could  not  be  covered  adequately  by  a 
local  committee  and,  to  be  successful,  the  work  must  be  done  on  a  National 
scale.  The  problem  was  to  devise  means  for  protecting  wooden  structures 
from  marine  borers  and  to  find  the  causes  and  remedy  for  the  deterioration 
of  concrete  in  and  near  sea  water. 

The  most  urgent  phase  of  the  problem  seemed  to  be  a  study  of  marine 
borers,  and,  therefore,  this  was  the  first  to  be  investigated.  It  was  found  that 
there  was  little  knowledge  of  the  distribution  of  the  various  species  of  borers 
or  of  their  capacity  for  destruction.  In  order  to  obtain  accurate  information 
along  these  lines,  test  boards  were  placed  and  are  being  maintained  by  the 
railroads,  various  Government  bureaus,  municipal  bodies,  and  industries  own- 
ing property  on  salt  water.  The  first  of  the  boards  was  placed  in  June,  1922, 
and  the  last  one  early  in  1923,  and  they  have  already  yielded  so  much  infor- 
mation that  within  a  short  time  it  wall  be  possible  to  discontinue  a  num- 
ber of  them.  Many  new  species  of  borers  have  been  discovered,  some  of  them 
with  great  power  of  destruction,  and  some  previously  known  species  have  been 
found  to  have  a  capacity  for  living  under  conditions  which  had  been  thought 
would  prevent  their  existence. 

Good  creosoting  has  long  been  recognized  as  the  best  method  of  protecting 
timber,  but,  in  some  localities,  even  well  creosoted  timber  seems  to  have  com- 
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paratively  short  life.  The  U.  S.  Forest  Products  Laboratory  and  the  Chemical 
Department  of  the  University  of  California  are  both  making  chemical  studies 
of  creosote  and  methods  of  impr^nation,  hoping  thereby  to  enable  the  quality 
of  the  oil  to  be  improved  and  the  impregnation  to  be  made  more  thorough. 
The  University  of  California  is  also  experimenting  with  several  metallic  salts 
which  are  locked  in  the  wood  by  a  process  developed  in  the  laboratory. 

The  Assistant  Secretary  of  the  U.  S.  Department  of  Commerce,  by  des- 
ignation of  the  President,  has  become  a  member  of  the  Committee,  and 
arrangements  have  been  made  for  a  study,  under  the  direction  of  the  Chemical 
Warfare  Service,  of  an  entirely  new  series  of  poisons  which  may  be  injected 
into  the  timber.  The  Chemical  Warfare  Service  will  also  endeavor  to  develop 
a  method  of  poisoning  the  water  somewhat  in  the  same  general  manner  that 
a  gas  barrage  is  placed  on  land.  If  this  process  can  be  developed,  it  will  be 
possible  to  protect  existing  structures  built  of  untreated  timber  when  they 
are  threatened  by  attack,  and  it  may  also  make  it  economical  to  build  structures 
of  unprotected  timber  in  places  where  borers  are  known  to  exist.  Some  of  the 
methods  for  poisoning  the  water  suggested  will  be  practicable  and  inexpensive, 
if  their  efficiency  is  demonstrated  by  the  proposed  tests.  The  cost  of  this  study, 
about  $20  000  per  year,  will  be  paid  by  allocations  from  the  funds  of  the  various 
Federal  Bureaus  owning  and  maintaining  structures  in  sea  water. 

The  deterioration  of  concrete  is  as  great  a  source  of  loss  to  property 
owners  as  the  marine-borer  damage  to  wood — if  not  greater — and  because  the 
use  of  concrete  is  increasing,  the  prevention  of  the  deterioration  is  becoming 
of  greater  and  greater  importance.  The  records  collected  by  the  Committee 
indicate  that  there  are  few  concrete  structures  in  salt  water,  which  do  not  show 
deterioration  after  a  life  of  ten  to  fifteen  years.  Many  of  them  show  serious 
deterioration  in  even  less  time.  The  causes  for  this  action  are  not  known, 
but  it  appears  that  methods  and  materials  that  will  give  good  results  in  fresh 
water,  will  not  do  so  in  salt  water. 

It  seems  probable  that  the  use  of  unsuitable  aggregates,  too  much  or  too 
little  gauging  water,  and  improper  mixing  and  handling,  have  been  partly 
responsible  for  many  failures,  but  careful  study  shows  that  chemical  changes 
in  the  concrete  are  probably  the  principal  causes  of  deterioration.  These  chem- 
ical changes  may  be  greatly  accelerated  by  the  use  of  unsuitable  construction 
methods  or  aggregates.  Certain  investigations  of  the  Geo-physical  Laboratory 
of  the  Carnegie  Institution  and  of  the  U.  S.  Bureau  of  Standards  seem  to 
indicate  the  possibility  of  improving  the  cement  itself.  The  Committee  is 
planning  a  series  of  experiments  based  on  the  information  gained  from  exist- 
ing structures  and  previous  laboratory  studies,  with  the  hope  of  finding  the 
real  causes  of  failure.  After  the  causes  are  found,  the  remedies  should  easily 
be  developed. 

Both  phases  of  the  investigation  are  being  based  on  the  best  scientific 
advice  obtainable,  as  it  is  the  feeling  of  the  Committee  that  the  solution  of 
both  must  be  based  on  pure  science.  For  that  reason,  the  membership  of  the 
Committee  includes  chemists  and  biologists  as  well  as  engineers,  with  the 
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idea  that  only  by  the  co-operation  of  pure  science  and  applied  science,  repre- 
sented by  the  engineers,  a  satisfactory  solution  can  be  found. 

The  Committee  has  had  the  enthusiastic  support  of  the  American  Railway 
Engineering  Association  and  the  financial  backing  of  the  railroads.  The 
Government  support  is  coming  largely  from  the  Navy  and  Army  Departments 
and  from  the  Department  of  Commerce.  The  work  thus  far  accomplished, 
has  cost  about  $25  000  in  cash  and  probably  twice  that  amount  in  contributed 
services.  During  1923,  the  cash  expenditure  will  probably  be  $50  000  to 
$60  000,  including  the  Government  appropriations,  and  the  contributed  ser- 
vices will  amount  to  at  least  one-third  more  than  the  cash  expenditures. 

The  first  preliminary  report  of  the  Committee  covering  only  a  part  of  the 
marine-borer  phase  of  the  study  will  appear  in  a  Bulletin  of  the  American 
Railway  Engineering  Association.  Further  reports  will  be  published  as  rap- 
idly as  the  information  developed  will  permit,  so  that  engineers  who  are 
designing  and  building  structures  in  salt  water  may  have  the  latest  informa- 
tion available. 

H.  H.  Rousseau,*  M.  Am.  Soc.  C.  E. — The  speaker  is  in  entire  sympathy 
with  Mr.  Atwood  and  Mr.  Herschel  on  this  subject.  From  engineering  research 
come  progress  and  growth,  and  any  means  of  furthering  the  ends  of  engineer- 
ing science  by  promoting  engineering  research  should  hold  a  high  place  in 
the  mind  and  attention  of  every  engineer.  The  day  has  passed  when  civiliza- 
tion should  be  obliged  th  trust  to  the  supplying  of  its  daily  increasing  needs 
through  the  research  work  of  individuals  working  separately,  each  with  more 
or  less  limited  knowledge,  resources,  and  facilities.  This  is  the  age  of  special- 
ization and  organization ;  it  is  very  fitting,  and  accords  with  present-day 
thought  and  practice,  that  vmited  and  co-operative  effort  should  be  directed 
toward  increasing  the  production  of  new  ideas  and  processes  in  the  practice 
of  engineering,  and  accelerating  the  rate  of  development  in  all  lines  of  engi- 
neering science — all  for  the  betterment  and  advancement  of  the  human  race. 

It  is  often  claimed  that  military  science  and  the  implements  of  warfare 
develop  during  war  at  a  rate  one  hundred  times  faster  than  during  peace.  Is 
not  this  a  striking  example  of  what  can  be  accomplished  by  intensive,  co-opera- 
tive, research  work  under  the  urge  of  necessity?  And  who  can  say  that  man- 
kind itself  is  not  confronted  to-day  with  a  contest  with  Nature  of  an  urgency 
akin  to  an  actual  state  of  warfare,  the  outcome  of  which,  ultimately,  may 
possibly  determine  man's  very  existence?  Every  day  sees  a  diminution  of  our 
natural  resources,  many  of  which  can  never  be  replenished,  and  most  of  the 
activities  of  our  every-day  life  are  accompanied  by  glaring  wastes  that  might 
be  avoided.  On  every  side  we  are  aware  of  operations  being  performed  at 
efficiencies  that  should  be  many  times  greater.  The  necessity  for  conserva- 
tion and  economy,  by  the  human  race  as  a  whole,  and  for  the  adaptation  and 
use  of  new  methods  and  materials,  is  growing  constantly  greater.  Should  not 
the  problem  of  providing  for  the  manifold  requirements  of  an  ever-increasing 
population  with  diminishing  resources  be  a  spur  as  effective  as  a  state  of 
actual  warfare  to  a  realization  of  the  necessity  of  a  permanent  campaign  for 
•  Rear-Admlral   (C.  E.  C).  U.   S.   N.,  Washington,  D.  C. 
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carrying  on  intensive,  organized,  engineering  research  work  in  all  its  branches? 
And  may  not  the  results  of  such  a  campaign,  directed  by  intelligent  efiFort, 
and  availing  itself  of  100%  of  the  united  ability,  energy,  knowledge,  and  re- 
sources of  the  engineers  of  the  country,  be  similarly  a  hundred-fold  greater 
than  any  progress  that  could  be  made  by  engineers  working  merely  as  indi- 
viduals? No  one  would  claim  in  war  that  soldiers  fighting  as  individuals, 
even  though  much  superior  in  numbers  and  equipment,  could  hope  for  any- 
thing like  the  measure  of  success  that  comes  only  through  organization  and 
discipline.  Nature  is  jealous  of  her  secrets,  and  organization  and  a  well- 
directed  plan  of  campaign  are  necessary  to  attain  victory  over  her. 

The  Navy  Department  has  been  very  glad  to  assist  with  all  its  resources 
the  work  of  Engineering  Foundation  in  investigating  the  attacks  of  the 
teredo  on  piling  and  timber,  and  in  determining  the  best  methods  of  securing 
immunity  therefrom,  as  well  as  the  deterioration  of  concrete  by  the  action  of 
sea  water.  Both  these  subjects  are  of  much  interest,  and  any  solution  of  these 
problems  will  be  of  great  value  to  the  Government. 

W.  C.  Gushing,*  M.  Am.  Soc.  G.  E. — Kailroad  engineers  are  much  inter- 
ested in  almost  any  line  of  engineering  research,  and  as  far  as  the  speaker's 
connection  with  the  Gommittee  on  Research  is  concerned,  he  does  not  know 
of  any  proposed  research  work  that  is  not  needed  by  the  Engineering  Profes- 
sion. Such  researches  are  not  being  conducted  for  the  purpose  of  furnishing 
interesting  study,  but  for  the  ultimate  practical  use  which  can  be  made  of 
the  work.  The  speaker,  therefore,  does  not  altogether  understand  the  distinc- 
tion between  the  two  lines,  that  has  been  mentioned,  and  he  certainly  hopes 
that  the  opportunities  for  this  kind  of  work  will  increase. 

Charles  Eufus  Harte,!  M.  Am.  Soc.  G.  E. — Engineers,  particularly  those 
who  are  in  active  work,  are  too  apt  to  forget  that  what  are  called  the  laws  of 
Nature  are  merely  statements  of  what  has  been  observed  under  certain  cir- 
cumstances, and  though  such  laws  may  state  exactly  what  occurs,  they  exist 
because  of  the  occurrence ;  the  occurrence  does  not  follow  because  of  the  exist- 
ence of  the  so-called  laws,  and,  in  many  instances,  owing  to  the  fact  that  the 
observations  have  not  covered  all  the  factors,  the  so-called  "laws"  are  them- 
selves incomplete  or  inaccurate. 

As  any  line  of  investigation,  whether  it  is  investigation  in  the  sense  used 
in  the  laboratory  or  is  what  is  no  less  investigation,  develops  the  continued 
production  of  something,  there  are  found  at  all  stages  occurrences  of  various 
kinds  which  often  seem  to  have  no  pai'ticular  relation,  or  certainly  no  important 
relation,  to  the  main  work,  but  as  the  development  is  carried  on,  it  almost 
invariably  results  that  new  troubles  or  peculiarities  are  encountered,  the 
explanation  of  which,  in  part  or  in  whole,  is  found  in  this  apparently  unim- 
portant and  previously  neglected  occurrence. 

Nothing  illustrates  this  more  clearly  than  the  development  of  radio.  The 
curiosity  of   Thomas  Edison  compelled  him  to   ask   why  there  should  have 
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occurred  such  an  apparently  inconsequential  thing  as  the  blackening  of  the 
tube  of  an  incandescent  lamp,  not  uniformly  but  locally;  and  it  was  the 
investigation  of  this  which,  to  his  mind  accustomed  to  see  in  everything 
an  indication  of  an  underlying  cause,  resulted  in  the  development  of  the 
thermionic  bulb  and  all  that  depends  on  it. 

Engineers  should  rid  themselves  of  any  mistaken  idea  that  research  is 
merely  the  closet  pastime  of  the  "theoretical  college  professor",  using  this 
expression  in  the  mistaken  sense  that  is  attached  so  often  to  the  word  "the- 
oretical". Research  is  "finding  out",  and  it  is  of  the  utmost  importance  to 
the  working  engineer  that  every  assistance  be  given  to  research  work  because, 
on  the  one  hand,  by  the  study  of  difficulties  it  serves  to  find  the  answer,  and, 
on  the  other,  by  the  study  of  peculiarities  which  are  not  at  once  referable 
to  known  facts,  it  serves  to  broaden  knowledge,  both  in  the  working  and  the 
purely  intellectual  fields. 

F.  E.  ScHMiTT*  M.  Am.  Soc.  C.  E.— Professor  Talbot  and  Mr.  Flinn 
seem  to  have  covered  the  subject  very  fully.  One  little  difficulty,  however, 
might  well  be  examined  and  borne  in  mind.  The  essence  of  research,  as  the 
speaker  sees  it,  is  the  discovery  of  something  that  we  did  not  know  before. 
On  the  other  hand,  engineering  work  is  essentially  a  matter  of  working  with 
tools  that  we  have  and  that  we  consider  satisfactory,  and  the  common  attitude 
of  the  practicing  engineer  toward  his  work  and  his  problems  is  that  the  means 
at  hand  are  ample — he  is  bound  to  take  that  view,  or  he  cannot  have  con- 
fidence in  the  results  of  his  work.  The  beginning  of  research  is  doubt  as  to 
whether  the  available  means  are  ample.  It  is  difficult  for  engineers — 
speaking  primarily  of  civil  engineers — to  put  themselves  into  that  doubting 
frame  of  mind,  and  the  speaker  thinks  that  we  must  charge  to  this  phase  of 
the  matter — in  part  at  least — the  difficulty  of  collecting  the  problems  which 
face  every  engineer  in  his  work,  and  of  bringing  them  to  a  focus  so  that 
research  can  begin. 

One  associated  point  may  be  worthy  of  mention :  Mass  research  is,  in  a 
certain  measure,  applicable  to  civil  engineering  problems;  but  it  has  always 
seemed  to  the  speaker  that  the  majority  of  these  problems  relate  to  matters 
that  individually  are  easily  investigated.  All  over  the  United  States  we  have 
many  laboratories  and  many  keen  and  enthusiastic  men  who,  if  they  can  be  put 
into  contact  with  worth-while  problems,  will  set  to  work  to  solve  them.  Re- 
search, however,  is  discovery.  One  cannot  hire  it,  but  must  depend  for  it  on 
spontaneous  activity;  and  so  the  problem  of  stimulating  a  spirit  of  research 
in  the  Society,  and  thereby  galvanizing  its  membership  into  a  desire  to 
advance  the  scientific  knowledge  of  the  Profession,  depends  on  enlisting 
the  individual  effort  of  members  all  over  the  country,  on  stimulating  a  wish 
to  join  in  the  work  of  discovering  new  things  and  to  put  their  individual 
abilities  and  powers  into  the  general  service.  For  that,  again,  it  is  necessary, 
first,  to  determine  the  individual  questions  calling  for  research,  and  then  to 
bring  them  to  the  born  investigators,  those  who  have  the  capacity  and  the 
facilities.  In  this  direction  little  has  yet  been  done;  and  not  much  can  be 
•  Associate  Editor,  Engineering  News-Record,  New  York  City. 
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done  unless  the  members  generally  appreciate  the  importance  of  this  work  and 
give  it  their  co-operation. 

Henry  Goldmark,*  M.  Am.  Sue.  C.  E. — Relative  to  the  admirable  paper 
by  Mr.  Burgess,  on  the  work  that  has  been  done  and  is  being  done  by  the  U.  S. 
Bureau  of  Standards,  the  speaker  recently  had  occasion  to  witness  some  of  that 
work,  particularly  the  tests  in  welding,  and  also  the  large  number  of  tests  on 
the  duralumin  columns  used  in  the  airship,  Z  R-1,  now  under  construction  by 
the  U.  S.  Navy  Department.  The  Bureau  of  Standards  is  not  sufficiently  sup- 
ported; it  is  cramped  by  a  lack  of  clerical  assistance,  and  its  work  is  limited  by 
a  lack  of  funds.  Just  what  the  Society  as  a  whole,  or  its  members  individually, 
can  do  to  induce  Congress  to  make  larger  appropriations,  the  speaker  does  not 
know,  but  the  members  should  use  every  opportunity  afforded  them  to  educate 
public  opinion  to  the  necessity  of  research  activities,  particularly  those  which 
are  so  admirably  conducted  by  the  U.  S.  Bureau  of  Standards. 

W.  A.  Slater,!  M.  Am.  Soc.  C.  E. — The  speaker  is  glad  to  know  that  the 
U.  S  Bureau  of  Standards  has  been  able  to  help  in  some  of  the  work  of 
engineering  research,  and  that  the  IT.  S.  Department  of  Commerce  has  been 
able  to  contribute  in  a  substantial  way. 

If  engineers  would  make  more  use  of  some  of  the  Government  institutions 
for  research,  the  speaker  believes  that  it  would  make  those  institutions  much 
more  useful  than  they  are  at  present.  Engineers  and  industries  would  make 
the  Bureau  of  Standards,  for  instance,  feel  that  it  was  needed,  if  they  would 
bring  ijressure  from  the  outside  to  get  done  that  which  is  needed,  and  the 
Bureau  would  be  able  to  do  this  work  much  more  effectively. 

A  great  deal  of  attention  has  recently  been  given  in  the  search  for  laws 
governing  the  strength  of  concrete.  The  problem  has  been  studied  from  many 
angles;  the  search  has  been  made  in  as  great  detail  as  the  facilities  available 
in  the  different  laboratories  have  permitted.  Some  investigations  have  been 
made,  which  might  appear  like  a  misdirection  of  effort,  but  all  the  serious 
work  that  has  been  done  is  contributing  toward  the  solution  of  the  problem. 
All  the  laws  have  not  been  established,  but  it  seems  that  there  has  been  very 
little  really  wasteful  research  on  the  subject  of  the  strength  of  concrete. 

Another  phase  of  research  that  has  not  been  discussed  is  that  of  making 
available  in  English  the  literature  in  foreign  languages.  The  speaker  knows 
of  no  organization  in  the  United  States  that  is  doing  such  work.  Foreign 
technical  papers  discuss  in  more  detail  the  results  of  research  than  American 
technical  papers.  No  technical  paper*  in  this  country  seems  to  feel  that  it  can 
afford  the  space  or  the  expensive  work  that  a  great  deal  of  this  kind  of  publica- 
tion would  involve;  and  the  speaker  would  inquire  whether  there  is  any  place 
for  such  a  publication  in  the  work  of  Engineering  Foundation,  or  any  of  the 
affiliated  organizations  that  have  been  mentioned.  A  number  of  valuable 
researches  published  in  the  German  language,  for  instance,  could  be  cited, 
that  are  not  available  in  English,  and  the  speaker  believes  that  their  transla- 
tion would  assist  greatly  in   avoiding  duplication  in  the  United  States  of 

*  Cons.   Engr.,   New  York  City. 
t  Urbana,  111. 
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work  already  done  abroad,  in  helping  to  interpret  work  done  in  this  country, 
and  in  furnishing  data  that  otherwise  may  never  be  obtained. 

Alfred  D.  Flinn,*  M.  Am.  Soc.  C.  E.  (by  letter). — Engineering  research 
is  so  comprehensive  a  subject  that  much  relating  to  it  might  be  written.  In 
closing  this  discussion,  a  few  words  should  be  added  about  Engineering 
Foundation.  In  its  few  years,  the  Foundation  has  been  an  instrumentality 
for  accomplishing  certain  notable  things,  mentioned  in  the  x>aper.  It  has 
recently  commenced  a  new  era  in  its  development.  Having  aided  substantially 
in  establishing  National  Research  Council,  and,  particularly,  the  Division 
of  Engineering,  it  has  discontinued  its  financial  contributions,  in  order  that 
its  resources  may  be  devoted  more  directly  to  the  researches  and  investigations 
of  its  Founder  Societies.  It  continues  cordial  relations  with  all  the  divisions 
of  National  Research  Council. 

Important  facts  to  bear  in  mind  concerning  Engineering  Foundation  are 
that  it  is  the  joint  instrumentality  of  the  Founder  Societies  for  research  and 
investigation,  and  that,  no  matter  how  great  its  funds  may  become,  its  greatest 
asset  will  always  be  the  mental  resources  of  technical  men  associated  in  these 
great  National  engineering  societies. 

The  term,  Engineering  Foundation,  has  three  meanings : 

First. — A  body  of  educated  men  associated  with  the  intent  of  fostering 
researches  and  investigations  to  apply  "for  the  good  of 
mankind"  the  sciences  related  to  engineering. 
Second. — An  endowment  fund  held  in  perpetuity  by  United  Engineer- 
ing Society,  as  trustee  for  the  Founder  Societies. 
Third. — The  department  of  United  Engineering  Society  based  on  the 
mental  resources  of  the  Founder  Societies  and  the  endow- 
ment fund,  comprising  men,  means,  and  activities. 
Engineering  Foundation  is  a  body  representative  of  the  great  National 
engineering   societies   as   contrasted   with   the   usual   self-perpetuating   board 
placed  in  charge  of  a  great  fund  for  public  purposes.     It  serves  the  Founder 
Societies  in  numerous  ways,  and  is  one  of  their  joint  instrumentalities  for 
advancing  the  Profession  of  Engineering  and  promoting  the  welfare  of  the 
Nation. 

*  Secy.,   United   Eng.    Sec,   and   Director,    Engineering   Foundation,   New   York   City. 
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REGIONAL  PLANNING 

ByTSTelson  p.  Lewis,*  M.  Am.  Soc.  C.  E. 


Early  attempts  at  city  planning  were  very  limited  in  scope,  having 
been  confined  almost  entirely  to  projects  for  civic  centers,  many  of  which 
were  ambitious,  but  few,  if  any,  ever  were  completed.  Subsequently,  plans 
were  made  for  particular  and  restricted  areas  of  cities,  most  of  them  hav- 
ing been  for  new  suburban  real  estate  developments.  In  very  few  cases, 
even  yet,  have  plans  been  made  for  the  more  orderly  development  of  towns 
or  cities  as  a  whole,  including  an  effort  to  correct  some  of  the  obvious  mistakes 
due  to  the  haphazard  growth  of  the  older  built-up  portions,  as  well  as  those 
where  development  could  still  be  directed  along  more  rational  lines,  with  better 
adaptation  to  topography. 

Most  of  these  plans  have  been  the  results  of  efforts  of  groups  of  private 
citizens,  or  of  civic  or  commercial  organizations,  and,  lacking  formal  adoption 
by  competent  municipal  authorities,  they  have  not  been  translated  into  official 
and  binding  plans.  Many  planning  commissions  and  boards  have  been  created, 
some  to  be  starved  by  inadequate  appropriations,  some  to  be  abolished  by  the 
local  authorities  which  created  them.  Others  are  functioning  and  rendering 
valuable  service,  especially  in  controlling  the  character  of  new  developments, 
both  within  and  without  the  city  limits.  Emphasis  shojild  be  placed  on  the 
words,  "without  the  city  limits",  as  indicating  a  new  and  growing  realiza- 
tion, in  many  instances  taking  the  form  of  statutes,  of  the  fact  that  it  is 
useless  to  talk  about  correcting  defects  in  the  existing  city  if  this  same  lack 
of  intelligent  planning  is  allowed  to  proceed  in  the  territory  which  will  soon 
become  part  of  the  city.  Many  cities,  in  their  special  charters,  or  by  general 
city  law,  have  been  given  the  power  to  control  the  subdivision  of  property 
not  only  within,  but  for  some  miles  beyond,  their  corporate  limits. 

Even  the  most  intelligent  planning  has  been  predicated  on  the  idea  that 
the  city  is  to  extend  outward  and  ever  outward,  that  it  will  continue  to  absorb 
one  suburb  after  another,  or  if  it  cannot  annex  and  assimilate  them,  that  it 
will  spread  over  the  unoccupied  land  between  it  and  them.  The  result  of 
the  decennial  enumeration  is  awaited  with  eagerness  and  if  it  does  not  meet 
the  expectations  and  gratify  the  ambition  of  the  town  for  bigness,  a  recount 
is  demanded.  This  unbroken  expansion,  although  jealously  maintaining  the 
old  centers,  results  in  the  most  serious  difficulties  in  supplying  transit  within 
the  city  and  in  accommodating  those  whose  occupation  requires  them  daily 
to  enter  and  leave  the  business  district.  The  transit  system  is  likely,  as  in 
New  York  City,  to  be  developed  in  such  a  manner  as  to  aggravate  these  con- 
ditions still  further,  so  that  the  concentration  of  population  in  all  large  cities 
is  getting-  to  be  a  serious  menace,  and  the  problem  is  fast  becoming  one  of 
decentralization. 

How  are  the  cities  trying  to  cure  the  conditions  resulting  from  the  un- 
wholesoraely  rapid  growth  of  the  past  few  decades,  a  growth  for  which  they 

*  Cons.   Engr.,   New   York   City. 
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were  not  prepared  and  which  has  brought  with  it  great  congestion  in  housing 
and  traffic,  so  that  in  the  homes,  especially  those  of  the  poor,  conditions  are 
unfavorable  to  health  and  morals,  and  the  use  of  the  streets  involves  serious 
risk  of  physical  injury?  Scarcely  a  week  passes  without  some  new  proposal 
for  relieving  not  only  existing  congestion,  but  also  for  meeting  that  which 
will  come  with  further  increase  in  numbers,  accompanied,  doubtless,  by  furtlier 
development  of  nervous  excitability  and  further  decline  in  health  and  morals. 
New  streets,  over  or  beneath  those  existing,  or  even  cut  through  intensively 
built  blocks  at  enormous  cost,  are  proixjsed  to  care  for  existing  and  future 
traffic.  New  rapid  transit  lines  are  urged,  located  so  as  to  bring  more  and 
more  people  to  existing  centers  of  finance,  business,  and  amusement.  These 
proposed  changes  are  doubtless  necessary  to  meet  or  to  cure  existing  condi- 
tions, but  the  arguments  in  their  favor  nearly  always  refer,  with  more  or  less 
pride,  to  the  increase  in  population,  in  business,  and  in  wealth,  which  future 
years  will  bring.  There  is  almost  always  an  unconcealed  conviction  of  the 
glory  of  mere  bigness.  There  is  seldom  a  suggestion  of  the  need  of  trying  to 
prevent  the  further  development  of  conditions  which  render  the  problems 
still  more  difficult  of  solution.  Larger  areas  must  be  studied  and  instead  of 
beginning  with  present  centers  and  providing  for  expansion  outward,  absorb- 
ing one  after  another  of  outlying  towns  and  villages,  it  is  time  to  begin  at 
the  outer  edges  of  a  great  metropolitan  district,  to  study  existing  communities 
and  strive  to  encourage  the  development  of  their  centers,  to  create  new  social, 
commercial,  and  industrial  centers,  and  strive  to  protect  what  is  worth  saving 
from  being  drawn  into  the  vortex  at  the  big  center  and  absorbed  bodily  by  it, 
with  no  line  of  demarcation  and  with  no  barrier  to  the  steady  outward  move- 
ment of  population. 

This  is  what  the  speaker  has  in  mind  when  he  refers  to  Regional  Planning. 
The  idea  is  not  new.  Under  quite  a  different  name,  the  need  of  such  planning 
was  emphasized  by  Ebenezer  Howard  at  the  close  of  the  Nineteenth  Century, 
especially  in  his  book  on  "Garden  Cities  of  To-morrow".  This  was  soon  fol- 
lowed by  the  establishment  of  the  first  "garden  city"  at  Letchworth,  England, 
about  thirty  miles  from  London.  The  idea  appealed  strongly  to  the  English 
people  w^ho  have  created  a  number  of  new  municipal  units  which,  although 
within  a  metropolitan  territory,  are  designed  to  be  largely  self-contained,  not 
having  one  industry,  but  a  variety  of  different  industrial  establishments,  which 
tends  to  insure  against  the  serious  situation  likely  to  develop  in  a  single- 
industry  town  as  the  result  of  a  bad  depression  or  the  cessation  of  activity  in 
its  particular  industry.  The  avowal  of  such  a  purpose  may  cause  protest,  the 
kind  of  protest  voiced  by  certain  municipal  officers  or  by  local  boosters  already 
referred  to,  who  protest  the  results  of  the  Federal  census. 

The  establishment  of  such  new,  self-contained,  centers,  however,  will  fail 
of  its  purpose  unless  they  are  protected  not  only  against  their  own  over-growth. 
but  also  against  the  encroachment  of  other  similar  centers  or  of  the  great  city 
of  which  they  may  be  satellites.  The  British  garden  cities  have  insured  them- 
selves against  such  a  fate  by  acquiring  rings  or  zones  of  wooded  or  agricul- 
tural land  which,  owned  by  the  town,  can  be  made  revenue-producing  by 
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scientific  forestry  or  through  leasing  or  can  be  devoted  to  public  recreation. 
The  British  Town  Planning  Act,  applying  to  the  entire  Kingdom  and  ad- 
ministered by  one  central  authority,  affords  an  excellent  medium  through 
which  such  a  policy  can  be  carried  out  by  those  towns  that  wish  to  adopt  it, 
even  though  there  is  a  noisy  minority  in  opposition. 

Another  conspicuous  feature  and  advantage  of  regional  planning  is  the 
opportunity  that  it  offers  to  co-ordinate  principal  highways  or  traffic  routes 
so  that  communication  with  the  big  center  and  between  the  subordinate  centers 
may  be  direct  and  of  ample  capacity.  In  developing  such  a  comprehensive  sys- 
tem, the  time  has  come  when  account  must  be  taken  of  the  extraordinary 
development  of  the  transportation  of  goods  and  passengers  on  public  highways, 
by  means  of  motor  trucks  and  motor  stages.  This^  development  will  force 
the  provision  of  separate  routes,  or,  at  least,  of  separate  roadways,  for  vehicles 
of  this  kind. 

The  idea  of  regional  or  metropolitan  planning  has  been  very  slow  in 
developing  notwithstanding  the  object  lessons  which  have  been  afforded  by 
other  municipal  undertakings  in  which  co-operative  action  proved  to  be  nec- 
essary. Perhaps  this  is  nowhere  more  forcibly  illustrated  than  in  the  Metro- 
politan District  of  Boston,  Mass.,  where,  years  ago,  what  are  now  nearly  two 
score  cities  and  towns,  found  it  necessary  to  create  Metropolitan  Commissions 
for  the  development  of  their  water  supply,  their  main  drainage,  and  their 
park  systems.  In  the  case  of  planning  for  more  orderly  growth,  however,  more 
convenient  means  of  communication  between  different  parts  of  the  District, 
and  for  some  means  of  controlling  the  use  of  private  property  which  will  be 
fair  to  each  municipal  unit,  no  machinery  has  yet  been  devised. 

In  New  York  State,  Buffalo,  the  Tonawandas,  Niagara  Falls,  and  other 
near-by  towns  are  trying  to  work  out  a  regional  plan  for  the  Niagara  Frontier 
District,  which  will  involve  even  international  problems,  as  the  plans  must 
necessarily  include  connections  with  the  Canadian  side  of  the  Niagara  River. 
In  California,  a  Los  Angeles  County  Regional  Planning  Conference  has  been 
organized  through  which  it  is  hoped  that  the  group  of  towns  in  the  Los  Angeles 
District  and  the  territory  lying  between  them  may  be  considered  as  a  whole. 
At  the  fourth  meeting  of  the  Conference,  held  on  September  16,  1922,  what 
were  designated  as  specifications  for  a  regional  plan  were  agreed  on,  in 
which  some  of  the  fundamentals  of  such  a  plan  are  tersely  expressed.  Among 
other  things,  emphasis  was  placed  on  the  need  of  locating  regional  highways 
which  would  by-pass  congested  business  centers  so  that  through  travel  should 
not  be  subjected  to  the  congestion  of  local  business,  nor  should  a  large  volume 
of  through  travel  add  to  local  business  congestion ;  there  should  be  a  minimum 
of  cross  streets  along  main  traffic  arteries,  long  blocks  along  principal  thorough- 
fares being  encouraged;  local  roads  should  not  cross  parkways  and  boulevards 
at  grade,  if  this  could  be  avoided;  population  centers  and  sub-centers  should  be 
connected  so  as  to  permit  rapid  movement  of  passengers  and  freight  between 
them;  railroad  grade  crossings  should  be  eliminated  as  rapidly  as  economic 
conditions  permit,  etc. 
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By  far  the  most  comprehensive  project  for  regional  planning  which  has 
yet  been  undertaken  is  "The  Plan  of  New  York  and  Its  Environs",  in  which 
it  is  proposed  to  include  an  area  of  no  less  than  5  500  sq.  miles,  located  in 
three  States,  with  a  population  of  approximately  9  000  000,  according  to  the 
census  of  1920.  It  will  include,  in  addition  to  the  present  City  of  New  York, 
with  its  five  counties,  five  additional  counties  and  parts  of  two  others  in  New 
York  State,  eight  counties  and  part  of  a  ninth  in  New  Jersey,  and  a  part  of 
one  large  county  in  Connecticut.  The  special  difiiculty  and  the  delicacy  of 
the  problem  are  largely  due  to  the  fact  that  there  are  within  the  area  under  con- 
sideration nearly  400  different  political  units — States,  counties,  cities,  towns, 
villages,  boroughs,  and  townships.  No  one  municipal  corporation  could  under- 
take the  preparation  of  a  plan  for  such  an  extensive  area  without  arousing 
jealousies  and  the  suspicion  of  imperialistic  designs  on  its  smaller  neighbors. 
It  follows  that  a  project  of  this  magnitude  can  be  undertaken  only  by  an 
institution  or  a  group  of  individuals  which  has  no  official  connection  with 
any  of  the  political  units  which  would  be  affected.  The  Trustees  of  the 
Russell  Sage  Foundation,  which  was  established  for  the  express  purpose  of 
"the  improvement  of  social  and  living  conditions",  concluded  that  one  of  the 
most  effective  ways  in  which  this  object  could  be  promoted  would  be  through 
the  preparation  of  a  com.prehensive  plan  for  the  future  development  of  the 
district  of  which  New  York  City  is  the  center.  A  Committee  on  Plan  of  New 
York  and  Its  Environs  was  appointed  under  the  Chairmanship  of  Mr.  Charles 
D.  Norton.  At  a  meeting  held  in  the  Engineering  Societies  Building,  at 
which  the  first  announcement  of  this  plan  was  made,  the  justification  for 
ignoring  political  boundaries  in  such  a  study  was  admirably  stated  by  Mr. 
Elihu  Boot,  one  of  the  speakers,  as  follows: 

"A  city  is  a  growth.  It  is  not  the  result  of  political  decree  or  control. 
You  may  draw  all  the  lines  you  please  between  counties  and  States,  a  city  is 
a  growth  responding  to  forces  not  at  all  political,  quite  disregarding  political 
lines.  It  is  a  growth  like  that  of  a  crystal  responding  to  forces  inherent  in 
the  atoms  that  make  it  up." 

There  is  probably  no  precedent  for  the  manner  in  which  the  work  of  this 
Committee  was  organized  under  four  separate  divisions : 

(1)  The  Physical  Survey,  which  first  undertakes  to  visualize  the  problem, 
mapping  existing  topographical  conditions,  showing  all  transportation  facili- 
ties, public  utilities  already  developed,  the  density  and  distribution  of  popula- 
tion, provisions  for  recreation,  and  all  local  schemes  of  improvement  in 
progess,  or  contemplated. 

(2)  The  Economic  and  Industrial  Survey,  analyzing  the  fundamental  rea- 
sons for  the  existence  of  this  great  center  of  industry  and  commerce,  with 
an  inquiry  into  the  economic  and  occupational  activities  creating  populous  dis- 
tricts and  following  population. 

(3)  A  Legal  Survey,  including  the  study  of  existing  laws  in  the  several 
States  or  their  subdivisions,  which  control  or  affect  a  plan  for  the  area. 

(4)  A  Survey  of  Social  and  Living  Conditions,  which  would  bring  out 
clearly  those  factors  having  a  direct  bearing  on  human  values  and  making  for 
health  and  satisfactory  surroundings. 
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The  great  concentration  of  population  about  New  York  City  may  be  a 
source  of  pride  to  those  who  like  to  think  and  talk  of  it  as  the  largest  city 
in  the  world,  but  it  involves  many  serious  physical,  economic,  and  social  prob- 
lems. In  studying  the  past  and  probable  future  population,  the  total  area  has 
been  divided  into  three  districts,  designated  as:  (1)  the  Urban  District, 
consisting  of  the  present  City  of  New  York,  with  Hudson  County  and  the 
City  of  Newark,  in  New  Jersey,  having  an  area  of  about  360  sq.  miles  and  a 
population  of  6  700  000;  (2)  the  Suburban  District,  including  all  of  Nassau 
and  Westchester  Counties  in  New  York  State,  all  of  Union  County,  Essex 
County  (outside  of  Newark),  and  parts  of  Passaic  and  Bergen  Counties,  in  New 
Jersey,  and  the  eastern  part  of  Fairfield  County,  Connecticut,  having  a  com- 
bined area  of  about  1  170  sq.  miles  and  a  population  of  1  360  000;  and  (3)  the 
remainder  of  the  total  area,  comprising  about  3  970  sq.  miles,  which  is  called 
the  Rural  District,  with  a  population  of  940  000. 

The  increases  in  population  during  the  census  periods  since  1850  have  been 
plotted  for  each  of  these  districts  and  the  curves  projected  forward  to  the  end 
of  the  Twentieth  Century.  From  them,  it  appears  that  at  the  close  of  the 
Twentieth  Century  the  Urban  District  will  contain  20  000  000  people,  the 
Suburban  District  13  000  000,  and  the  Rural  District  4  000  000.  The  total  pop- 
ulation for  the  entire  area  will  reach  20  000  000  in  1960  and  37  000  000  in 
2  000.  It  is  interesting  to  note  that  the  last  named  total  is  equal  to  that  of  the 
present  combined  population  of  all  the  Atlantic  Seaboard  States  from  Maine 
to  North  Carolina,  inclusive.  If  these  forecasts  should  be  verified,  the  average 
density  of  population  in  the  Urban  and  Suburban  Districts  combined  would 
be  equal  to  the  present  density  in  the  Department  of  the  Seine,  but  it  makes 
a  great  difference  whether  such  density  extends  over  an  area  of  1  530  sq.  miles 
or  over  a  restricted  area  of  185  sq.  miles,  which  is  that  of  the  Department  in 
which  the  City  of  Paris  is  located.  The  speaker  hopes  that  these  estimates 
will  prove  to  be  incorrect,  but  they  appear  to  have  been  confirmed,  at  least  for 
the  next  two  decades,  by  estimates  of  future  population  of  the  present  City 
of  New  York  made  by  the  New  York  Telephone  Company,  the  careful  fore- 
casts of  which  heretofore  have  been  found  to  be  quite  accurate.  The  Com- 
pany's estimate  for  1930  is  slightly  less  than  that  shown  by  the  curves  referred 
to,  and  that  for  1940  is  slightly  greater.  Although  the  uneven  distribution  of 
population  in  the  large  atea  is  striking,  the  same  holds  true,  to  a  remarkable 
degree,  in  the  present  City  of  New  York.  The  New  York  Census  Committee 
has  called  attention  to  the  fact  that  22.6%  of  the  city's  population  lives  on 
1.6%  of  its  area  and  that  68.8%  lives  on  10%  of  its  area. 

The  purpose  of  this  paper  is  simply  to  emphasize  the  need  of  regional  plan- 
ning. It  would  be  impossible,  within  reasonable  limits  of  time  and  space,  to 
describe  the  studies  thus  far  made  and  those  proposed  in  connection  with  the 
Physical  Survey  with  which  the  speaker  is  more  particularly  concerned,  to  say 
nothing  of  the  other  divisions  of  the  work.  The  general  scope  of  the  investi- 
gations, and  the  manner  in  which  the  results  are  portrayed,  will  be  indicated 
by  the  following  brief  list  of  the  maps  and  plans  completed  and  in  progress : 
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I. — Five  maps  of  the  entire  area,  on  a  scale  of  1  mile  =  1  in.,  showing 
(a)  general  topographic  features;  (&)  arterial  highways,  existing  and  proposed; 
(c)  present  and  suggested  parks  and  parkways;  (d)  railroads  serving  the  dis- 
trict; and  (e)  sources  of  water  supply  and  methods  of  sewage  disposal.  These 
maps  are  supplemented  by  twelve  sectional  maps,  on  the  same  scale,  showing  the 
principal  highways,  parks,  and  other  open  spaces. 

II. — A  series  of  maps  and  charts  indicating  the  distribution  and  the  rela- 
tive densities  of  population  throughout  the  entire  area,  with  forecasts  to  the 
end  of  the  Twentieth  Century.  These  maps  and  charts  indicate  how  unevenly 
the  population  is  distributed,  even  within  the  central  area. 

III. — Maps  showing  the  principal  improved  roads ;  the  trunk-line  highways, 
as  located,  and  reduced  to  a  theoretical  diagram;  the  proposed  motor-truck 
routes  and  the  possible  stages  in  their  development  from  or  in  connection  with 
existing  roads;  and  the  traffic  density  on  present  highways,  the  result  of 
counts,  showing  to  scale  the  maximum  number  of  vehicles  per  hour. 

IV. — Transportation,  including  city  transit:  The  trunk-line  railroads 
serving  the  district ;  the  passenger  service,  as  indicated  by  the  number  of  trains 
daily;  the  time  zones  at  intervals  of  15  min.  from  New  York  terminals;  the 
commuting  zones  for  6-cent  differences  in  one-way  trips  at  commuting  rates, 
based  on  300  round  trips  per  year;  and  the  transit  system  of  New  York  City 
and  contiguous  territory,  showing  subway  and  elevated  lines,  surface  railroads, 
and  bus  lines. 

V. — Park  and  recreation  facilities:  The  existing  public  parks  and  sug- 
gested additions;  the  lakes  and  reservoirs  which  under  proper  sanitary  control 
could  be  made  available  for  recreation;  the  canals  and  waterways  which  could 
serve  the  same  purpose;  the  wooded  areas  available  for  wild  parks  or  forest 
reserves;  the  areas  suitable  for  public  camping  grounds;  diagrams  showing 
park  areas  in  relation  to  total  areas  and  to  population;  and  maps  showing  areas 
held  privately  as  golf  and  country  clubs  in  comparison  with  those  free  to  the 
public. 

VI. — Port  and  industrial  development  plans  showing  existing  facilities  and 
projects  under  consideration;  areas  zoned  for  industrial  use;  maps  showing,  for 
each  county,  the  number  of  power  plants  and  their  average  capacity. 

VII. — Map  showing  incorporated  places,  mapped  and  zoned  areas,  indi- 
cating the  extent  to  which  the  zoning  idea  has  spread. 

VIII. — Maps  showing  pollution  of  harbor  waters  in  the  central  area  and 
the  location  of  sewer  outlets  and  of  sewage  disposal  plants. 

IX. — A  series  of  plans  and  sketches  showing  possible  methods  of  traffic 
relief  and  additional  traffic  facilities  in  the  most  congested  areas. 

X. — A  series  of  aerial  maps  and  of  oblique  aeroplane  views  which  portray 
existing  conditions  and  are  an  invaluable  aid  in  regional  planning  work. 

An  attempt  has  already  been  made  to  indicate  the  purpose  of  regional  plan- 
ning, especially  where  there  are  great  centers  of  population.  This  purpose  may 
be  briefly  summarized  as  follows :  To  counteract  the  tendency  to  excessive  con- 
centration of  population  and  industrial  activity  in  certain  spots;  to  simplify 
the  problem  of  transit  between  different  parts  of  the  area;  to  bring  facilities 
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for  receiving  and  shipping  goods  to  all  parts  of  the  region;  to  establish  a 
method  of  controlling  the  use  of  private  property,  consistently  and  equitably 
applied  through  the  entire  district,  by  the  adoption  of  what  might  be  called 
regional  zoning ;  to  locate  places  of  public  recreation  so  that  they  will  be  within 
easy  reach  of  all;  and  to  relieve  present  congestion  which  has  been  aptly 
described  as  "the  crowding  of  streets  by  traffic,  the  crowding  of  lots  by  struc- 
tures, and  the  crowding  of  rooms  by  people".  If  these  results  can  be  attained,  it 
seems  reasonable  to  predict  that  general  health  will  be  improved,  a  spirit  of 
neighborliness  will  be  promoted,  the  nervous  strain  due  to  tiresome  journeys  to 
work  and  back,  under  conditions  often  indecent,  will  be  abated,  children  and 
adults  will  acquire  that  wholesome  zest  coming  from  closer  contact  with 
Nature,  political  dangers  of  revolutionary  temper  and  mass  action  will  be 
lessened,  and  much  of  the  present  economic  waste  will  be  avoided. 
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THE    ENGINEER    AND    CITY    PLANNING 

By  George  H.  Norton,*  M.  Am.  Soc.  C.  E. 


It  has  long  been  accepted  that  the  engineer  is  essential  to  the  planning  of 
certain  phases  of  community  development.  For  sewerage,  drainage,  and  water 
supply,  his  services  have  been  indispensable,  even  from  the  earliest  develop- 
ments. As  a  surveyor  he  has  had  influence,  at  times,  in  the  laying  of  the  general 
plan  of  highways,  which  has  directed  the  future  development  of  a  city  street 
system.  His  position  has  been  essentially  that  of  a  hired  man  assigned  for  spe- 
cific purposes,  with  little  diiferentiation  between  his  highest  professional  skill 
and  his  ability  as  a  surveyor. 

In  Government  surveyed  areas,  the  rectangular  system  has  imposed  endur- 
ing hardships  on  many  cities,  ameliorated,  in  some  fortunate  circumstances, 
by  the  imposition  of  diagonals  where  topographic  conditions  had  induced  the 
aborigines  to  establish  reasonable  trails,  later  followed  by  the  pack  train  and 
the  pioneer  wagon,  until  they  were  so  well  established  as  highways  as  to  main- 
tain their  integrity.  In  some  of  the  older  Eastern  cities,  devoid  of  dominating 
topographic  conditions,  too  often  this  casual  development,  through  trail  and 
road  to  street,  has  been  without  control  by  features  warranting  the  devious 
street  plan  for  a  modern  city.  However,  there  are  excellent  examples  of  sound 
judgment  and  foresight  in  the  original  plans  of  some  cities.  Perhaps,  to-day, 
there  is  not  a  proper  appreciation  of  the  skill  and  courage  of  those  who  more 
than  a  century  ago  went  into  the  practical  wilderness  and  prepared  the  ground 
plans  of  cities,  which  have  reasonably  sufficed  until  such  cities  have  grown  in 
size  far  beyond  that  of  any  city  existing  on  the  American  continent  at  the  time 
of  the  original  platting. 

If  there  had  been  adequate  means  for  the  dissemination  of  engineering 
knowledge,  the  broad  ideals  of  the  Washington  plan  might  have  been  extended 
beyond  the  moderated  application  to  Buffalo,  'N.  Y.  This  influence  probably 
came  to  Joseph  Ellicott  who  was  in  charge  of  the  Buffalo  improvement, 
through  his  brother  who  was  engaged  with  Pierre  L'Enfant  in  planning  the 
Citj'^  of  "Washington.  As  has  been  stated,  this  failure  in  dissemination  of 
advanced  planning  was  due  to  the  lack  of  engineering  publications  and  of  that 
personal  contact  so  valuable  in  this  and  other  similar  societies. 

Having  in  mind  this  unfortunate  past  condition,  it  is  encumbent  on  the 
Profession  to  review  the  situation  and  meet  the  modern  planning  problem  as  it 
has  met  others. 

Large  numbers  of  the  older  generation  of  engineers  have  been  associated  at 
some  time,  and  in  some  way,  with  railroad  location,  construction,  or  subsequent 
operation.  They  developed  a  high  engineering  conception  of  the  problems 
involved  and  created  standards  which  may  guide.  Much  of  this  development 
came  after,  or  perhaps  more  properly,  was  the  larger  element  in  creating  litera- 
ture and  associations  for  the  dissemination  and  discussion  of  the  problems 
involved.  When  these  or  other  engineers  have  entered  municipal  service,  their 
♦  city  Engr.  and  Chairman,  City  Planning  Coram.,  Buffalo,  N.  Y. 
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immediate  and  pressing  duties  have  been  the  providing  of  sewerage,  drainage, 
water  supply,  and  pavements  suitable  for  the  existing  areas  and,  perhaps,  to 
look  forward  to  the  provision  of  such  for  adjacent  territory.  Assistance  is 
seldom  provided  beyond  that  necessary  to  meet  pressing  demands,  and  more 
seldom  is  it  realized  that  the  field  of  the  engineer  should  be  wider. 

The  growing  sentiment  of  a  few  decades  ago,  that  American  cities  as  munic- 
ipal machines  were  not  at  par  with  other  American  achievements,  led  the 
ever-present  reformers  to  demand  changes  in  organization  and  administra- 
tion. After  having  run  the  gamut  of  charters  and  methods  to  find  that  they 
do  not  change  human  nature,  there  has  been  a  sudden  awakening  to  the  fact 
that  municipal  structures  have  simply  grown  from  the  demands  of  commerce, 
industry,  and  transportation  along  lines  dictated  by  the  especial  needs  or  con- 
venience of  each  and  without  thought  of  the  mutual  relations  between  them. 
They  have  grown  under  the  stimulus  of  varied  business  impulses,  not  always 
harmonious  in  needs,  and  without  definite  plan  or  guidance.  This  realization 
apparently  came  first,  not  to  the  engineer,  but  rather  to  the  artist  and  the 
architect  who  sensed  the  lack  of  harmonious  development  and  the  unneces- 
sary clash  and  ugliness  of  many  elements.  Hence,  it  was  only  natural  that 
the  earlier  movements  in  city  planning  were  more  along  the  line  of  the  "City 
Beautiful". 

The  general  awakening  has  disclosed  the  most  necessary  things  for  a  well 
ordered  city  to  be  definite  knowledge  of  its  actual  physical  condition  and  a 
definite  plan  for  its  further  development.  The  ills  of  the  municipal  body  lie 
in  its  deformed  and  unguided  growth  rather  than  in  its  charter  or  ordinances, 
and  its  beautification  should  be  in  ordered  arrangement  and  growth  more  than 
in  surface  embellishments.  These  fundamentals  are  fairly  well  accepted,  but 
the  details  of  development  are  without  accepted  standards. 

The  complex  problems  of  arrangement  and  co-ordination  of  the  varied  and 
often  conflicting  interests  are  so  great  as  to  demand  the  united  wisdom  of 
those  versed  in  all  their  phases.  There  has  been  developed,  therefore,  the  usual 
form  of  planning  commissions,  composed  of  representative  citizens  whose 
united  intelligence  should  cover  the  wide  field,  and  to  their  assistance  has  been 
brought  available  engineering  or  other  professional  advice.  Where  such  tech- 
nical advisers  have  not  been  overshadowed  by  the  so-called  practical  element, 
scope  for  excellent  results  has  been  given,  the  balance  of  judgment  of  those 
representing  the  complicated  interests  formulating  a  policy  which  would  give 
reasonable  results  when  technically  applied. 

The  alternative  method  of  approach  in  making  the  engineer  the  domi- 
nating factor  in  the  development  of  a  plan,  with  the  representatives  of  varied 
interests  acting  as  advisers,  has  had  less  general  application.  Results  alone  can 
determine  the  relative  advantages  and  much  will  depend  on  the  wisdom  and 
judgment  of  the  engineer.  He  must  have  the  support  of  the  profession  not  only 
in  sympathy,  but  more  in  the  development  of  standards  of  this  comparatively 
new  field.  This  can  be  done  only  through  discussion  in  engineering  bodies 
and  dissemination  through  the  technical  press. 
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Although  the  formulation  of  a  definite  plan  for  the  guidance  and  orderly 
development  of  a  city  may  have  the  highest  talent  and  devotion  in  its  prepa- 
ration, such  a  plan  will  avail  but  little,  unless  it  can  be  established. 

The  successful  engineer  has  had  his  experience  in  presenting  plans  to  the 
chief  executive.  Usually,  the  plans  have  been  authorized  by  the  directors  who 
feel  assured  of  the  backing  of  the  stockholders.  The  only  questions  for  con- 
sideration are  the  fitness  of  the  plan  and  the  financial  elements.  In  a  city 
plan,  however,  there  is  the  element  of  broad  practical  politics,  not  of  the  par- 
tisan kind,  but  in  the  truest  sense.  Municipal  governments  are  most  highly 
representative.  The  elected  representatives  in  whom  the  ultimate  authority 
lies  may  be  ever  so  broad-minded  and  ready  to  assist  in  the  development  of  a 
plan,  but  they  cannot  carry  out  any  comprehensive  iilan  unless  it  is  the  will 
of  a  decided  majority  of  their  constituency. 

The  problem  before  the  engineer  entrusted  with  any  planning  project, 
therefore,  is  threefold :  To  prepare  a  plan  which  has  features  such  as  to  appeal 
to  the  sound  judgment  of  a  large  part  of  the  citizens;  to  co-operate  with  the 
ever-present  public-spirited  citizens  who  are  ready  to  assist  in  laying  the  matter 
fully  before  the  whole  electorate  in  such  manner  as  to  win  their  approval ;  and 
with  such  public  approval,  to  go  before  the  constituted  authorities  with  the 
plan  and  a  reasonable  program,  the  most  essential  features  of  which  may  be 
adopted  and  carried  out  by  the  legislative  and  executive  authorities.  With 
the  plan  thus  established  in  the  minds  of  the  people,  there  should  be  no 
reasonable  fear  that  it,  as  a  whole,  will  perish.  Any  live  city  has  enough  citi- 
zens of  public  spirit  and  foresight  to  see  that  the  matter  is  brought  to  suc- 
cessive administrations,  with  public  approval  assured. 

It  is  feared  that  some  worthy  plans  made  possible  by  the  endeavor  of  the 
few,  without  general  public  acceptance,  through  publicity,  may  fail  of  achiev- 
ing the  early  results  which  their  intrinsic  merit  really  warrants.  Having  in 
mind  the  essentials  to  the  success  of  any  city  plan,  the  engineer  interested  in 
such  is  brought  squarely  to  face  the  modern  conception  of  his  profession.  He 
must  realize  that  his  function  is  not  merely  that  of  the  trained  investigator 
and  establisher  of  fundamental  facts,  but  rather  that  it  has  the  wider  limits 
of  the  human  element.  Assured  in  his  own  conclusions,  he  must  be  able  to 
lay  the  reasons  for  such  before  the  public  in  a  manner  to  show  their  sound- 
ness and  be  able  and  willing  to  meet  all  objections  with  the  convincing  facts 
at  his  disposal. 

The  phases  of  city  planning  particularly  adapted  to  engineering  analysis 
are  many.  The  first  step  in  any  general  plan  may  be  designated  as  recon- 
naissance, or  the  broad  survey  of  the  resources  and  probable  line  of  development 
of  the  city  and  its  environs.  Such  a  survey  is  necessary  to  the  formvdation  of 
any  comprehensive  plan.  The  whole  range  of  transit  and  transportation  facili- 
ties, terminals,  harbor  development,  and  many  other  such  questions  will 
intrude  themselves  into  any  broad  study,  and,  even  if  not  directly  included  in 
the  designation,  must  be  given  weight. 

To-day,  the  most  pressing  demand  for  immediate  consideration  is  apt  to  be 
for  improvement  of  streets  and  the  street  plan  to  accommodate  the  traffic  of 
motor  vehicles.     The  civil  engineers  of  a  previous  generation  developed  the 
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lines  of  transportation  by  the  construction  of  railroads  along  carefully  surveyed 
routes.  To-day,  although  1  000  000  freight  cars  may  be  loaded  each  week  to 
pass  over  these  lines,  10  000  000  motor  vehicles  are  daily  passing  over  streets 
and  roads  that  were  mostly  laid  out  and  determined  before  the  construction 
of  an  automobile.  There  has  been  developed  an  entirely  new  mode  of  con- 
veyance fitted  for  travel  on  highways  which  were  laid  out  for  other  vehicles. 
The  flexibility  and  adaptability  of  these  modern  vehicles  is  such  that  they  may 
use  the  rural  highways  and  many  urban  streets  if  only  a  reasonably  hard  and 
smooth  surface  is  provided.  Such  a  condition  has  forced  on  the  whole  country 
a  road-building  and  paving  industry  and  has  developed  new  engineering  stand- 
ards in  paving  design.  Except  in  the  territory  adjacent  to  large  cities  and  on 
main  connecting  thoroughfares,  the  roadway  wide  enough  for  vehicles  to  pass 
safely  provides  accommodation  for  its  traflSc.  Within  the  cities  and  on  their 
converging  highways,  however,  the  newly  developed  transportation  has  been 
imposed  on  a  street  plan  not  designed  for  such  purpose  and  bounded  and  lim- 
ited by  costly  land  and  improvements  which  make  difficult  any  material  altera- 
tions. This  condition  now  imposes  on  the  engineer  the  more  serious  problem, 
not  to  design  a  thoroughfare  system  for  specific  needs,  but  to  adapt  the  exist- 
ing facilities  to  present  demands  so  as  to  require  a  minimum  of  expansive 
changes. 

It  is  not  intended  to  enter  into  a  discussion  of  the  problems  of  street 
design,  but  rather  to  outline  a  few  of  them  as  typical  of  the  engineering 
phases  of  city  planning.  No  standard,  as  yet,  may  be  considered  established 
and  cannot  be  until  it  is  perfected  through  experience  and  analysis. 

Widening  Main  Thoroughfares  vs.  Providing  Parallels. — Most  direct  thor- 
oughfares in  cities  have  been  occupied  by  surface  traction  lines  with  conse- 
quent business  development.  The  location  is  such  as  to  invite  motor  traffic 
with  consequent  congestion.  Although  surface  traction  cars  interfere  with  the 
easy  operation  of  thousands  of  motor  cars,  the  latter  delay  thousands  of  pas- 
sengers on  the  former.  Diversion  of  traffic  from  such  streets  may  be  considered 
detrimental  to  the  developed  business  interests.  The  cost  of  widening  by  land 
acquisition  would  generally  be  excessive. 

Should  these  throughfares  be  widened  or  should  parallels  be  developed 
to  divide  traffic? 

Will  such  diversion  injure  adjacent  business  or  endanger  residence  prop- 
erty on  the  parallels? 

If  such  parallels  for  vehicular  traffic  are  provided,  should  they  preferably 
be  immediately  adjacent  to  developed  main  traveled  streets  or  should  they  be 
intermediate  between  such? 

Intersecting  Streets. — Many  cities  have  abolished  at  large  expense  railroad 
crossings  at  grade.  To-day,  at  intersections  of  heavy-traffic  streets,  more  acci- 
dents occur  and  more  delays  to  traffic. 

Are  we  to  look  forward  to  grade  separation  at  such  important  points  ? 

Where  we  continue  to  operate  at  grade,  must  we  continue  the  alternate 
"stop-and-go"  system  or  can  the  rotary,  continuous  system  be  developed  with 
reasonable  land  acquisition? 
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Can  the  rotary  continuous  plan  be  adopted  in  preference  to  the  reservoir 
system  for  holding  the  waiting  vehicles? 

In  design  of  a  rotary  intersection  requiring  a  material  slowing  dowTi  of 
traffic,  can  safety  elements  be  introduced  by  the  modification  of  grades  or  ver- 
tical irregularities? 

Must  separate  provision  be  made  for  passage  of  long  fire  apparatus? 

Vehicles  and  the  Pedestrian. — What  relative  weights  should  be  given  pedes- 
trian traffic  and  vehicular  traffic  when  in  conflict? 

What  is  the  effect  on  pedestrian  traffic  of  long-radius  intersection  corners? 

Is  there  a  practical  limit  to  the  widths  of  pavements  due  to  difficulty  of 
maintaining  parallel  traffic  lines  and  danger  to  pedestrians? 

Are  two  parallel  roadways  preferable  to  a  single  one  of  their  combined 
width? 

Diagonals. — Are  diagonals  as  essential  to  motor-vehicle  traffic  as  they  were 
formerly  thought  to  be  for  mixed  traffic  ? 

Are  not  the  complicated  diagonal  crossings  often  as  much  of  a  detriment  to 
traffic  as  the  longer  routes  of  a  rectangular  system  ? 

Do  the  advantages  of  radiating  diagonals  outweigh  their  tendency  to  traffic 
concentration  ? 

These  random  problems  arising  in  one  phase  of  city  planning  are  herein 
noted  as  illustrative  of  the  character  of  those  details  which  demand  engineering 
solution.  To-day,  engineers  are  becoming  alive  to  them  and  will  solve  them  as 
they  have  solved  others. 

When  the  engineer  is  brought  face  to  face  with  city  planning,  he  must 
not  only  "be  able  to  master  the  technical  details,  as  he  has  in  other  lines,  but 
he  must  realize  in  the  broader  way  that  he  serves,  not  a  definite  executive, 
but  a  complex  public.  He  must  have*  the  wider  vision  clearly  before  himself 
and,  with  it,  the  courage  and  ability  to  impress  these  visions  on  the  minds 
of  the  public.  The  line  of  reasoning  with  which  he  reaches  conclusions  must 
be  so  clear  that  it  appeals  to  the  average  citizen.  No  plan  may  stand  this  test 
unless  it  is  based  on  sound  engineering  fundamentals.  No  plan  can  come  to 
execution  unless  it  is  understood  and  appreciated  by  the  public.  No  plan  can 
die,  which  has  been  accepted  by  the  citizens  as  sound  and  practicable. 

The  engineer  who  enters  on  city  planning  must  realize  that  his  work  is 
not  confined  to  office  detail,  but  that  he  must  enter  that  broader  field  of  the  man 
among  men.  No  other  field  to-day  offers  a  fairer  range  for  the  highest  devel- 
opment of  engineering  perspective  or  the  formulation  of  new  standards,  and 
certainly  none  promises  a  fuller  opportunity  for  the  engineer  to  take  his  place 
as  a  leader  of  pviblic  thought,  qualified  to  guide  the  development  of  those 
greatest  institutions,  the  cities. 
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PARKS  AND  PARKWAYS 

By  Linn  White,*  Esq. 


The  original  definition  of  a  park  was  "a  large  piece  of  ground  enclosed 
by  the  Monarch's  grant,  or  by  prescription."  The  word  later  came  to  be 
applied  to  grounds  about  the  homes  of  the  nobility — a  gentleman's  estate. 
Thus,  the  earlier  conception  of  a  park  implied  restraint — exclusiveness.  At 
present,  particularly  in  America,  it  suggests  the  opposite — the  sense  of  free- 
dom— a  heritage  of  the  people. 

In  the  history  of  the  development  of  the  park  and  the  park  idea,  the 
course  of  freedom  can  be  traced.  In  Paris,  France,  the  city  of  parks  and  park- 
ways (boulevards),  the  ancient  walls  around  the  fortified  city  were  leveled 
to  the  ground  in  1670  and  what  are  now  the  principal  boulevards  were  formed 
on  their  site.  The  Bastille  was  literally  torn  to  pieces  in  1789  by  the  people, 
and  in  its  stead  there  is  now  the  Place  de  la  Bastille  with  its  ''Column  of 
July"  marking  the  beginning  of  the  French  Eevolution.  So  it  is  throughout 
Europe,  in  all  the  countries  where  the  development  of  freedom  can  be  traced, 
the  evolution  of  the  park  from  a  closed  possession  of  the  few  to  an  open 
place  of  recreation  for  all  the  i>eople,  may  be  noted. 

In  the  United  States,  where  the  rights  of  the  people  are  paramount,  the 
greatest  development  of  the  public  park  would  be  expected — and  this  is  the 
case.  American  landscape  engineers  may  go  to  the  older  countries  for  inspira- 
tion, but  they  do  not  go  there  to  learn  how  the  parks  should  be  situated 
convenient  to  the  people  who  need  them  most,  or  how  the  lines  of  trans- 
portation are  best  planned  to  get  to  the  parks,  what  recreational  facilities 
are  most  practical,  or  how  community  health,  morals,  and  respect  for  law  are 
affected  by  the  proper  administration  of  parks. 

Public  parks  may  naturally  and  properly  be  placed  in  two  general  divisions, 
Natural  Parks  and  City  Parks,  and  these,  in  turn,  may  be  subdivided  according 
to  development  and  use.  As  custom  and  the  scarceness  of  park  literature  have 
not  established  a  definite  park  nomenclature,  other  names  may  be  found  for 
these  divisions.  One  might  say  Natural  Parks  and  Artificial  Parks,  but  this 
would  be  bad,  as  all  successful  parks,  even  formal  public  gardens,  must  follow 
the  bent  and  teachings  of  Nature.  Natural  parks  have  been  called  Wild  Parks 
or  Rural  Parks.  City  Parks,  also,  may  be  Natural  Parks  in  the  sense  that  the 
natural  conditions  and  contours  may  be  preserved,  although  the  park  is  situ- 
ated within  a  city. 

The  City  Park  may  be  developed  and  adapted  to  the  highest  needs  of  the 
community  from  most  unpromising  beginnings.  Barren  sand  lots,  marshy 
wastes,  shallow  waters  of  lakes  and  rivers,  even  forbidding  city  dumps,  may 
be  the  ground  on  which  the  park  builder  practices  his  art,  in  fact,  often  must 
be,  because  he  seldom  enters  the  field  until  the  choice  has  been  made  to  satisfy 
industrial  and  residential  needs. 


*  Chf.    Engr.,    South    Park    Comnirs.,    Chicago,    III. 
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Natural  Parks,  however,  are  generally  situated  where  Nature  has  moulded 
the  landscape  and  the  best  that  man  can  do  is  to  preserve  what  he  finds  and 
make  it  accessible. 

The  writer  will  attempt  to  classify  the  more  obvious  sub-divisions  of  the 
two  general  divisions  of  parks,  but  this  classification  is  by  no  means  conclusive 
and,  in  fact,  probably  none  can  be  made  conclusive,  as  there  are  too  many  com- 
mon and  overlapping  characteristics: 

Natural  Parks : 

National  Parks,  National  Monuments,  and  Battlefield  Parks ; 

State  and  Interstate  Parks ;  and 

Forest  Preserves  and  other  Rural  Parks. 

City  Parks: 

Large  parks  within  city  limits  or  improved  to  meet  city  conditions ; 

Parkways  and  Boulevards; 

Public  Squares  and  Gardens. 

Arboretums. 

Zoological  Gardens. 

Recreation  Parks  (Park  Social  Centers). 

In  this  list,  the  first  and  last  items — National  Parks  and  Recreation  Parks — 
represent  two  extremes  of  the  development  of  the  park  idea,  both  of  which  are 
essentially  American. 

There  are  eighteen  National  Parks,  with  a  total  area  of  10  739  sq.  miles. 
They  extend  from  Lafayette  Park  on  Mt.  Desert  Island,  off  the  coast  of  Maine, 
to  Hot  Springs,  Ark.,  and  the  great  Yellowstone  Park  in  Northwestern 
Wyoming.  Rather  unfortunately,  most  of  the  National  Parks  are  in  the  West, 
because  most  of  the  suitable  territory  in  the  Eastern  States  had  passed  into 
other  uses.  The  first  National  Park  was  established  in  1832  at  Hot  Springs, 
Ark. 

At  Concord  Bridge,  the  beautiful  statue  of  the  Minute  Man  is  standing 
isolated  in  restricted  and  insufiicient  surroundings.  The  writer  remembers 
finding  along  an  almost  deserted  byway  in  the  hills  of  Massachusetts,  with 
woods  on  one  side  and  a  briar-grown  fence  on  the  other,  a  gray  moss-grown 
stone  with  crude  carving  commemorating  some  tragedy  of  the  earlier  Indian 
wars.  Perhaps  it  is  not  yet  too  late  to  accomplish  something  better  in  this 
historical  section  of  the  country. 

There  are  thirty-six  National  Monuments,  such  as  the  Petrified  Forest  of 
Arizona  and  the  Muir  Woods  of  California.  The  Battlefield  Parks,  such  as 
Gettysburg,  Chickamauga,  and  Vicksburg,  are  similar  in  certain  characteristics 
to  the  National  Parks,  and  are  to  be  distinguished  mainly  by  differences  in 
administration. 

In  some  respects,  the  Battlefield  Parks  resemble  the  improved  City  Parks  in 
that  a  large  number  of  monuments  and  markers  are  erected  and  numerous 
roads  built,  but,  in  other  respects,  the  original  character  and  contour  of  the 
groiind  is  preserved.    Forest  Preserves,  such  as  those  at  Chicago,  111.,  and  other 
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Kural  or  Wild  Parks  are  of  a  different  character  and  might  be  classed  as  City 
Parks,  although  situated  outside  the  city  limits,  except  that  the  general  idea 
is  to  preserve  natural  conditions,  which  seldom  can  be  done  to  any  great  extent 
in  tinily  city  parks, 

A  brief  description  of  the  Forest  Preserve  of  Cook  County,  in  which  the 
City  of  Chicago  is  situated,  should  be  of  interest,  as  it  is  one  of  the  largest  and 
most  recent  enterprises  of  this  kind  to  be  started,  although  it  is  by  no  means 
complete. 

The  Forest  Preserve  District  of  Cook  County  was  organised  by  an  Act  of 
the  Illinois  Legislature,  and  was  ratified  by  popular  vote  of  the  County  in 
1914.  The  Board  of  County  Commissioners  administers  the  affairs  of  the 
Forest  Preserve,  and  funds  are  provided  by  county  bond  issues.  The  lands 
are  acquired  by  purchase  or  condemnation,  the  area  now  comprising  24  806 
acres,  stretching  in  irregular  tracts  from  the  southern  to  the  northern 
boundaries  of  the  County,  a  distance  of  a  little  more  than  60  miles. 

As  the  name  would  imply,  the  intention  is  to  take  principally  wooded  tracts, 
although  incidentally  some  open  ground  is  acquired.  Southwest  of  the  city  lie 
the  Palos  Hills  which  are  an  irregular  group  of  hills  and  ravines,  a  glacial 
terminal  moraine,  well  wooded,  but  not  especially  good  land  for  agriculture. 
Here,  the  largest  tract  of  land,  6  688  acres,  has  been  acquired.  Most  of  the 
other  tracts  border  on  streams  like  the  Desplaines  River,  and  include 
numerous  places  of  historical  interest  associated  with  the  early  settlement  of  the 
country,  which  are  being  properly  marked  and  preserved.  Other  activities  of 
the  Forest  Preserve  are  the  construction  of  roads  connecting  with  county  high- 
ways, re-establishment  of  old  trails,  preparation  of  public  golf  courses,  shelters, 
{)reservation  of  springs,  establishment  of  camp  gi-ounds,  etc.  The  Board 
publishes  maps  and  folders  showing  motor  roads  and  car  lines  reaching  differ- 
ent parts  of  the  Preserve,  and  offers  special  opportunities  for  the  establishment 
of  Slimmer  camps.  Thousands  of  city  dwellers  have  availed  themselves  of  these 
camping  facilities,  not  only  for  vacations,  but  for  the  entire  summer,  and  the 
enterprise  is  still  in  its  infancy. 

Some  of  the  larger  projects  of  the  Forest  Preserve  District  are  the  establish- 
ment of  a  great  arboretum  and  a  zoological  garden  which  will  be  one  of  the 
greatest  in  the  United  States. 

At  Riverside,  111.,  about  three  miles  outside  the  western  limits  of  the  City 
of  Chicago,  300  acres  of  land  have  been  donated  by  a  public-spirited  citizen  for 
this  purpose.  The  Chief  Engineer  of  the  Forest  Preserve  has  recently  returned 
from  a  trip  of  inspection  of  the  principal  Zoological  Gardens  of  the  old  world, 
and  active  work  of  construction  will  begin  soon.  It  will  be  the  intention  to 
give  every  animal  as  nearly  as  possible  its  natural  environments. 

The  organization  of  the  Chicago  Park  System  doubtless  appears  to  be  quite 
complicated,  as  indeed  it  is  in  some  respects,  but  it  is,  nevertheless,  a  workable 
plan. 

There  are  three  large  Park  Districts  in  the  city,  the  South,  West,  and 
Lincoln  (North),  whicli  include  about  four-fifths  of  the  incorporated  area  of 
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the  city.  Besides  these  districts,  there  are  fourteen  small  districts,  some  of 
which  maintain  only  one  or  two  neighborhood  parks  or  playgrounds. 

There  is  also  a  Bureau  of  Park?,  Playgrounds,  and  Bathing  Beaches,  under 
the  direct  control  of  the  City  Council,  which  directs  and  administers  sixty- 
five  small  parks,  four  public  natatoriums,  and  four  bathing  beaches.  Most  of 
the  parks  under  the  jurisdiction  of  this  Bureau  are  small,  and  many  of  them 
might  be  classed  as  squares,  as  they  differ  in  size  from  a  few  acres  to  a  fraction 
of  an  acre. 

The  number  and  area  of  the  parks  and  boulevards  controlled  by  the  three 
large  systems  are  as  given  in  Table  1. 

TABLE  1. 


South  Parks.                    West  Parks. 

Lincoln  Park. 

Number. 

Acres.          Number. 

Acres. 

Number. 

Acres. 

6 

15 

4 

32. 9S  miles 

1  702.61                 4 
3.^0.68                 11 
67.50                  5 
448.07    1    32.5  miles 

719.55 
60.15 
39.71 

457.9 

i'275!3i 

1 
4 
2 
11.75  miles 
2 

517.59 

Recreation  parks 

Other  small  parks 

24.36 

8.63 

92.05 

Bathing  beaches 

3 

2  .W8.86          

642.63 

1     

All  the  Park  Districts  exercise  their  functions  under  certain  Acts  of  the 
State  Legislature,  either  general  or  special,  and  are  independent  of  the  Mayor 
and  Council. 

The  organization  of  the  South  Park  District  by  special  Act  of  the  Legis- 
lature is  as  follows :  Five  members  of  the  Board  control  the  affairs  of  the  Dis- 
trict under  the  corporate  name  of  the  South  Park  Commissioners.  These 
Commissioners  are  appointed  by  the  twenty  Circuit  Court  Judges  of  Cook 
County,  one  Commissioner  being  appointed  each  year  to  serve  for  a  term  of  five 
years.  Thus,  it  is  practically  a  continuing  body  and  is  able  to  formulate  a 
definite  policy  with  a  practical  certainty  of  its  being  continued  from  year 
to  year.  The  jurisdiction  of  the  South  Park  Commissioners  extends  over  prac- 
tically all  the  corporate  territory  south  of  the  Chicago  River,  92.65  sq.  miles, 
which  includes  the  Loop,  or  central  business  district,  and  the  south  and  south- 
west residence  and  industrial  districts. 

The  Recreation  Park  has  had  its  fullest  development  in  the  South  Park  Sys- 
tem of  Chicago,  in  fact,  the  Recreation  Park  of  Chicago  is  often  referred  to  as 
the  model  for  the  world.  The  City  of  Chicago  cannot  claim  the  honor  of  having 
originated  the  public  playground  or  the  social  center,  but  it  remained  for  that 
city  to  combine  these  two  ideas  with  others  to  form  a  new  and  unique  munic- 
ipal feature  in  the  Recreation  Park. 

Playgrounds  are  often  rather  barren  enclosures  with  certain  stereotyped 
play  apparatus,  perhaps  a  sand  court  and,  sometimes,  a  wading  pool.  Social 
centers  generally  convey  the  idea  of  a  somewhat  plain,  often  unattractive 
building,  administered  with  the  uplift  idea  in  the  foreground.  The  Chicago 
Recreation  Park  is  first  of  all  a  small  park  with  trees,  lawns,  shrubbery,  and 
many  of  the  features  of  the  formal  park — balustrades,  cement  vases,  sunken 
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areas,  etc.  Each  park  has  a  substantial  building,  generally  of  concrete  with 
tile  roof,  of  rather  broad  and.  rambling  design,  as  much  unlike  a  conventional 
schoolhouse  or  institutional  building  as  possible.  Each  building  contains  an 
assembly  hall,  clubrooms,  library  and  reading  room,  gymnasiums  for  men  and 
women,  with  showers,  locker  rooms,  and  the  usual  conveniences  of  a  public 
building.  In  some  of  the  larger  and  more  recent  buildings  there  is  a  lounging 
room  for  men,  and  bowling  alleys  in  the  basement;  in  fact,  the  arrangements 
are  desig-ned  to  be  as  much  like  a  club  as  possible. 

The  Public  Library  maintains  a  branch  in  most  of  the  buildings  with  a 
trained  librarian  in  charge.  Outside  the  building,  but  in  close  connection 
therewith,  is  an  open-air  swimming  pool  of  concrete  which,  in  the  later  pools, 
is  lined  with  terra  cotta.  There  are  also  outdoor  gymnasiums  for  men  and 
women  (or  boys  and  girls),  with  fully  equipped  playgrounds  for  children,  and 
as  large  a  ball  field  as  space  will  permit.  All  these  features  are  situated  in  a 
park  setting,  often  with  pools,  lagoons,  and  bridges. 

A  director  is  in  charge  of  each  building,  with  athletic  directors  of  both 
sexes  in  charge  of  the  social  and  athletic  activities.  The  buildings  are  open 
evenings  and  Sundays.  The  assembly  halls  are,  by  assignment,  used  for 
dances,  lectures,  educational  pictures — anything  except  for  religious  and 
political  discussion. 

Regular  gymnasium  classes  are  conducted,  all  clean  sports  are  encouraged 
and  taught,  all  kinds  of  contests  are  arranged,  leagues  formed,  and  trophies 
given.  Events,  such  as  kite  tournaments,  lantern  parades,  artificial  flower 
shows,  etc.,  are  continually  being  devised  and  given  a  definite  place  in  the  sea- 
son's program.  By  a  cumulative  system  of  marking  in  all  contested  events,  the 
crippled  boy  who  can  make  and  fly  the  most  successful  kite,  or  the  little  girl 
with  a  knack  of  dressing  her  doll  above  the  mediocre,  is  taught  to  feel  as  much 
pride  and  personal  responsibility  in  the  standing  of  the  park  organization  as 
the  athlete  who  wins  the  wrestling  event.  Clean  sportsmanship,  with  the  deter- 
mination to  win,  is  always  the  slogan.  There  is  even  more  in  wise  administra- 
tion of  the  Recreation  Park  than  in  skillful  designing. 

The  South  Park  System  of  Chicago  may  be  said  to  be  entering  on  a  third 
stage  of  park  building.  The  first  stage  was  the  establishment  of  the  original 
system  of  large  parks  and  connecting  boulevards ;  the  second  was  the  construc- 
tion of  recreation  parks;  and  the  third  is  the  reclamation  of  the  Lake  Front 
of.  the  southern  half  of  the  city  and  the  building  of  a  great  parkway,  or  chain 
of  parks,  along  this  shore  line,  extending  from  the  mouth  of  the  Chicago  River 
southward  to  the  Indiana  State  line,  a  distance  of  nearly  14  miles,  from  which 
should  be  deducted  2.5  miles  where  the  water-front  is  occupied  by  the  steel 
mills. 

The  part  of  this  work  now  under  way  is  the  7-mile  stretch  from  Randolph 
Street,  the  northern  limit  of  Grant  Park,  to  57th  Street,  joining  there  the 
shore  line  of  Jackson  Park ;  also  1  mile  of  lake  front  from  95th  to  102d  Streets, 
south  of  the  steel-mill  district. 

The  project  has  often  been  alluded  to  as  the  "Outer  Boulevard"  or  "Lake 
Front  Drive."  These  terms  are  not  correct,  as  the  territory  to  be  reclaimed  from 
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the  waters  of  Lake  Michigan  is  more  than  3  000  ft.  wide  in  some  places.  There 
will  be  1  600  acres  included  in  the  project  between  Kandolph  and  57th  Streets, 
of  which  1  200  acres  will  be  land  and  400  acres  lagoon.  Between  95th  and  102d 
Streets,  there  will  be  108  acres  of  new  made  land.  When  these  two  sections 
are  complete,  the  area  of  the  South  Park  System  will  be  increased  60  per  cent. 

From  57th  to  79th  Street  is  a  third  section  of  the  lake  shore,  part  of  which 
is  Jackson  Park  frontage,  which  is  not  included  in  the  plans  for  the  imme- 
diate future,  but  is  reserved  for  later  consideration. 

For  many  years  the  tracks  of  the  Illinois  Central  Railroad  occupied  the 
immediate  lake  shore  from  Randolph  Street  to  about  50th  Street  and,  by  rea- 
son of  the  possession  of  riparian  rights,  no  other  use  of  that  part  of  the  shore 
was  possible. 

In  1895,  after  a  long  period  of  litigation  and  negotiation,  the  limits  of  the 
rights  of  the  Railroad  Company  between  Randolph  and  12th  Streets  were 
fixed  by  agreement,  and  the  right  of  the  City  of  Chicago  was  established  to  fill 
an  area  east  of  the  railroad  tracks  to  a  harbor  line  defined  by  the  Secretary  of 
War.  In  1896,  the  control  of  this  area,  then  named  Grant  Park,  was  vested 
in  the  South  Park  Commissioners. 

Filling  progressed  for  several  years,  partly  with  city  wastes  and  partly 
with  material  dredged  from  the  Chicago  River  and  Harbor.  In  this  manner, 
in  a  period  of  about  12  years,  164  acres  of  land  were  made  for  park  purposes, 
filled  to  elevations  7  to  28  ft.  above  water  level,  where  the  water  was  formerly 
10  to  15  ft.  deep. 

For  various  reasons,  like  many  other  public  improvements,  the  finishing 
of  Grant  Park  has  been  delayed  through  a  period  of  years,  although  plans 
have  been  made  and  changed  from  time  to  time  as  new  conditions  arose.  In 
spite  of  its  somewhat  barren  condition,  many  uses  have  been  made  of  it,  from 
year  to  year,  for  military  spectacles,  camping  ground  during  the  World  War, 
aviation  field,  etc.  It  is  now  well  under  way  to  completion  as  a  somewhat 
elaborate  formal  park  suitable  as  a  front-door  yard  of  a  great  city. 

In  1912,  another  agreement  was  made  between  the  South  Park  Commis- 
sioners and  the  Illinois  Central  Railroad  Company,  whereby,  in  exchange  for 
certain  definite  increase  in  width  of  right  of  way,  the  Railroad  Company  con- 
veyed to  the  Park  Commissioners  all  its  somewhat  intangible  riparian  rights 
from  12th  Street  to  50th  Street.  At  the  same  time,  the  Railroad  Company 
desired  a  permit  from  the  City  authorities  to  erect  a  new  passenger  terminal  at 
12th  Street,  and  the  City  authorities  desired  the  electrification  of  the  railroad. 
As  all  these  matters  were  closely  related,  the  Park  Commissioners  were  unable 
to  realize  at  once  their  plans  of  building  a  new  shore  line  to  Lake  Michigan. 
Other  negotiations  followed,  political  strings  had  to  be  pulled,  and  the  whole 
matter  was  delayed. 

Finally,  in  1919,  all  parties  reached  an  agreement,  and  an  ordinance  was 
passed  in  the  City  Council  and  accepted  by  the  South  Park  Commissioners  and 
the  Illinois  Central  Railroad  Company,  providing  for  the  erection  of  a  new 
passenger  station,  electrification  of  all  Illinois  Central  Lines  within  the  city  by 
a  certain  time,  and  confirming  the  agreement  between  the  Railroad  Company 
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and  the  Park  Commissioners.  The  assent  of  the  Federal  Government  was  given 
to  the  combined  project  by  a  permit  issued  to  the  South  Park  Commissioners 
to  fill  in  the  shallow  waters  of  Lake  Michigan  along  the  shore  from  12th  Street 
to  57th  Street,  a  distance  of  6  miles,  and  to  a  width  of  from  1  500  to  3  000  ft. 
Thus,  the  people  of  the  south  half  of  Chicago  came  again  into  possession  of 
their  lake  shore  which  had  been  given  away  75  years  earlier  to  secure  the  entry 
of  a  railroad.  The  railroad  would  probably  have  entered  in  any  case,  and  the 
City  Council  considered  it  was  driving  a  sharp  bargain  to  allow  the  new  rail- 
road to  build  along  the  shifting  line  of  the  lake  shore  to  serve  as  a  kind  of 
barrier  for  the  lowlands  behind. 

It  will  cost  $50  000  000  or  $60  000  000  to  rebuild  the  shore  line  as  planned, 
only  $50  apiece  for  every  present  inhabitant  of  the  South  Side,  and  the  Illinois 
Central  Eailroad  Company  will  spend  another  $50  000  000  or  $60  000  000  to 
complete  its  part  of  the  closely  related  improvements.  The  general  plan  of 
the  South  Shore  Park  improvement  is  to  extend  the  present  shore  line  400  to 
600  ft.  in  width,  and  leave  there  a  waterway,  400  to  600  ft.  in  width,  the  entire 
length  of  the  improvement,  and  build  another  strip  of  land  on  the  outer  side 
of  the  lagoon. 

All  the  shore  lines  of  the  newly  made  land  will  be  formed  by  bulkheads  to 
retain  the  fill.  As  far  as  planned  and  constructed  to  date,  the  bulkheads  are 
of  the  so-called  "pile  pier"  type,  consisting  of  two  rows  of  closely  driven  piling 
with  wales  and  tie-rods,  varied  in  detail  according  to  conditions,  filled  between 
with  stone.  Details  differ  in  various  parts  of  the  work  as  the  finish  of  the 
shore  line  varies.  At  some  places  retaining  walls  will  be  built  on  the  bulk- 
heads, whereas,  at  others,  low  concrete  docks  will  be  built  for  boat  landings,  or 
beaches  will  be  paved  to  the  water  line,  or  the  banks  rip-rapped,  stony  prom- 
ontories, etc.  Where  walls,  concrete  docks,  or  pavements  are  supported  on 
the  bulkheads,  a  line  of  Wakefield  sheeting  is  incorporated  in  the  structure  to 
prevent  leakage  of  the  earth  or  sand  filling  through  the  bulkhead. 

Untreated  piles  and  timber  are  used,  as  the  plans  require  the  cutting  of  all 
woodwork  to  the  water  level,  when  finished.  To  retain  the  fill  temporarily, 
the  piling  and  stone-fill  are  left  at  an  elevation  of  5  ft.  above  low  water.  Large 
blocks  of  rough  stone,  not  less  than  1  cu.  yd.  in  size,  are  used  to  top  off  the 
stone-fill  within  the  bulkhead.  This  stone  will  be  removed  and  re-adjusted  to 
the  final  grade  or  used  elsewhere  as  the  shore  line  receives  its  final  finish.  The 
water  along  the  line  of  the  outer  bulkhead,  permanently  exposed  to  the  lake,  is 
16  to  20  ft.  deep.  At  exposed  points  and  where  the  bottom  of  the  lake  is  soft, 
banks  of  heavy  rip-rap  are  used  to  reinforce  the  piling. 

The  piles  are  from  35  to  50  ft.  in  length,  according  to  the  depth  of  the 
water  and  other  conditions.  Where  the  depth  of  water  is  16  ft.  or  more,  the 
bed  of  the  lake  is  generally  clay  which  becomes  gradually  stifFer  and  harder 
with  depth,  until  hardpan  or  boulders  are  found  overlying  solid  rock  at  a  depth 
of  from  70  to  90  ft.  Sand  lies  along  the  undisturbed  shore  lines  above  a  16-ft. 
depth  of  water.  The  conditions  differ  according  to  location,  very  soft  clay 
streaks  being  found  in  some  places,  whereas,  in  others,  particularly  between 
39th  and  50th  Streets,  reefs  of  rock  extend  too  near  the  bed  of  the  lake.    It  may 


Fig.   1. — Air  View  of  Grant   Park,   F'ieljj  Museum,   and  Stadium,   Chicago,   III,. 
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be  necessary  to  change  the  type  of  bulkhead  at  such  places,  possibly  to  cribs  or 
stone  mounds.  As  no  construction  has  been  undertaken  where  rock  lies  at  such 
shallow  depths,  and  as  the  investigation  of  the  lake  bottom  is  not  complete,  no 
other  design  of  bulkhead  has  yet  been  adopted.  Many  suggested  designs  for 
bulkheads  involving  the  use  of  concrete  piles,  steel  sheeting,  concrete  caissons, 
etc.,  have  been  examined,  but  as  yet  no  plan  has  been  developed,  which  can 
compete  with  the  wooden-pile,  stone-filled  structure  in  cost  or  flexibility  of 
design  for  the  purpose.  Wood  beneath  water  will  resist  the  action  of  the 
elements  indefinitely,  and  there  are  no  organisms  in  the  waters  of  the  Great 
Lakes,  that  will  attack  wood. 

About  20  000  lin.  ft.  of  bulkhead  has  been  constructed  in  three  separated 
sections,  the  plans  being  to  conduct  the  work  from  as  many  different  points. 
During  1922,  1  500  000  cu.  yd.  of  filling  were  deposited  by  contract,  and  each 
year,  at  the  present  rate,  about  1  000  000  cu.  yd.  are  received  from  city  wastes, 
miscellaneous  excavations,  etc.  Filling  from  the  latter  sources  is  obtained  at 
no  cost  to  the  Park  Commissioners,  except  that  of  maintaining  dumps  and 
dressing  to  grade.  Most  of  the  filling  required,  however,  will  be  obtained  by 
dredging  operations  from  the  bed  of  the  lake.  After  the  filling  has  been  com- 
pleted, many  details  remain  to  be  done  to  produce  a  finished  park  territory.  A 
number  of  farms  will  be  stripped  of  top  soil  to  cover  the  new  made  land  to 
support  trees,  shrubbery,  and  lawns. 

Besides  the  usual  functions  of  a  city  park,  this  great  Parkway  under  con- 
sideration wiU  serve  the  people  in  many  unusual  ways.  The  lagoon  or  enclosed 
waterway  is  6  miles  long  from  Jackson  Park  to  Grant  Park,  400  ft.  wide  at  the 
narrowest  places,  spanned  by  numerous  bridges,  and  will  afford  unrivaled 
opportunities  for  boating,  canoeing,  and  other  aquatic  sports;  sites  will  be 
provided  for  boat  clubs  and  public  boat-houses  will  be  erected.  The  carrying  of 
passengers  to  and  from  the  city  by  barges  will  be  encouraged.  What  can 
be  more  invigorating  than  to  travel  to  and  from  business  and  shopping  by  such 
means  of  transportation,  unless  it  is  by  motor  along  one  of  the  two  main  drive- 
ways bordering  the  open  lake,  where  there  are  no  crossings  or  business  traffic? 
The  time  by  motor  car  from  the  Hyde  Park  residential  district  to  the  business 
center  will  be  cut  almost  in  half  when  these  drives  are  completed. 

There  will  be  at  least  four  large  bathing  beaches  established  along  this 
stretch  of  new  lake  shore,  the  first  of  which,  at  the  southern  end  in  Jackson 
Park,  containing  in  the  beach  house  6  000  lockers,  is  already  in  use.  To  insure 
purity  of  water,  it  was  determined  that  all  bathing  beaches  must  be  entirely 
open  to  the  lake,  without  any  obstructions  or  barriers  whatever  in  front. 

To  build  a  beach  to  meet  these  conditions  in  20  ft.  of  water  was  a  new 
problem  in  engineering ;  in  fact,  bathing  beaches  are  generally  not  built.  The 
plan  adopted,  after  much  study  of  natural  and  accidental  conditions  along  the 
lake  shore,  is  to  construct  the  main  bulkhead  along  the  outer  shore  line  so  that, 
after  the  general  fill  is  completed,  it  may  be  cut  down  to  2  or  3  ft.  below  water 
for  a  length  of  1  000  or  1  200  ft.,  to  serve  as  a  submerged  reef  and  barrier  to 
retain  the  sand  slope  of  the  artificial  beach. 

The  waves  will  trip  over  the  submerged  barrier,  perhaps  dig  to  a  depth  of  5 
or  6  ft.  behind  it.  and  expend  their  remaining  energy  as  on  all  natural  beach 
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slopes.  Below  water  level,  the  average  slope  of  the  sand  on  Lake  Michigan 
beaches  is  about  1  on  40.  On  this  basis,  the  water-line  at  the  proposed  beaches 
should  be  from  200  to  250  ft.  back  of  the  bulkhead  line. 

None  of  the  proposed  beaches  has  been  built  according  to  this  plan,  but  a 
contract  including  the  first  one  will  be  awarded  early  in  1923.  Although  there 
may  be  unexpected  results,  careful  studies  have  been  made,  and  it  is  believed 
the  plan  is  sufficiently  flexible  to  meet  all  contingencies. 

The  time  required  to  complete  the  entire  project  as  described  can  scarcely  be 
stated,  as  so  much  depends  on  the  financial  arrangements.  Legislative  author- 
ity has  been  obtained  for  the  issuance  of  bonds  to  cover  the  entire  estimated 
cost,  and  they  will  be  issued  from  time  to  time,  according  to  the  needs  of  the 
work,  each  issue  being  submitted  to  a  vote  of  the  Park  District.  The  first  issue 
was  for  $8  000  000,  which  will  be  nearly  expended  by  the  end  of  1923.  No 
estimate  of  the  time  required  to  complete  the  project  has  been  made  less  than 
fifteen  years.    Two  years  have  already  been  actively  spent. 

The  first  objective  to  be  attained  is  to  provide  a  new  route  from  the  central 
south  side  to  the  down-town  district  by  a  new  drive  on  the  new  made  land 
from  23d  Street  to  Grant  Park.  This  involves  the  construction  of  a  viaduct 
634  ft.  long  between  abutments  (about  1  600  ft.  long,  including  approaches) 
and  120  ft.  wide,  across  the  tracks  of  the  Illinois  Central  Railroad  at  23d  Street ; 
also,  the  widening  of  South  Park  Avenue  to  198  ft.  from  23d  Street  to  a 
junction  with  Grand  Boulevard  at  35th  Street.  The  cost  of  the  viaduct  and 
approaches  is  estimated  roughly  at  $1  250  000  and  that  of  widening  South  Park 
Avenue,  $1 000  000,  exclusive  of  the  cost  of  property  to  be  acquired. 

It  is  exi>ected  that  the  viaduct  and  widened  South  Park  will  be  ready  for 
use  in  the  latter  part  of  1924.  By  that  time,  the  filling  and  driveway  on  the 
new  fill  will  be  complete  from  23d  Street  to  Grant  Park. 

Other  prominent  features  connected  with  the  Lake  Shore  project  are  the 
Field  Museum  at  12th  Street,  built  with  funds  provided  by  the  will  of  the  late 
Marshall  Field,  and  the  Chicago  Stadium  now  being  erected  by  the  South  Park 
Commissioners,  just  south  of  the  Field  Museum.  Both  these  structures  are  on 
filled  ground.  The  Field  Museum  has  been  open  to  the  public  for  more  than  a 
year.  It  is  built  of  white  marble,  and  is  one  of  the  largest  structures  of  the 
kind  in  the  world.    Fig.  1  is  an  air  view  of  Grant  Park  and  its  surroundings. 

The  Stadium  is  of  reinforced  concrete  with  artificial  stone  exterior  walls. 
Its  arena  is  1  000  ft.  long  and  300  ft.  wide,  and  the  seating  capacity  when 
finished  will  be  60  000. 

An  interesting  feature  of  the  Lake  Front  project  is  that  this  is  the  first 
time  in  the  history  of  park  building  that  plans  have  been  especially  made  for 
the  entry  of  street-car  lines  into  the  park.  Provision  is  made  to  carry  all  cross- 
town  lines  over  the  Illinois  Central  Railroad  and  the  lagoon  on  viaducts. 

Car  lines  have  been  carried  into  or  through  other  parks  by  force  of  circum- 
stances, but  not  as  a  part  of  deliberately  made  plans. 
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ZONING— ITS  PROGRESS  AND  APPLICATION 

By  Morris  Knowles,*  M.  Am.  Soc.  C.  E. 


Synopsis 

The  object  of  this  paper  is  to  show  the  engineer  the  scope  and  effect  of  this 
relatively  new  method  of  control  of  the  development  of  private  property.  Zoning 
is  really  an  important  part  of  city  planning.  Just  as  city  planning  is  not  a 
single  profession,  neither  is  zoning,  but  rather  the  result,  where  best  worked 
out,  of  the  co-operative  effort  of  a  number  of  professions  under  wise  leadership. 

Like  city  planning,  however,  it  is  of  the  greatest  importance  and  interest, 
particularly  to  the  municipal  engineer.  He  is  concerned  with  the  backbone  of 
city  planning,  that  is,  the  street  layout,  thoroughfares,  block  arrangements, 
utilities  of  all  kinds,  and  planning  of  houses,  stores,  and  factories.  Thus,  he  is 
especially  to  be  active  when  it  is  planned  to  control,  regulate,  and  even  fix  some 
of  this  development  by  man-made  laws. 

This  paper  outlines  the  rapid  growth  of  zoning,  since  its  introduction  in 
New  York  City  in  1916.  Next,  the  dangers  that  may  result  from  its  evident 
popularity  are  mentioned.  A  definition  of  zoning  and  statements  of  what  can 
and  can  not  be  accomplished  by  it  are  next  presented.  The  need  of  the  trained 
legal  mind  i*  apparent  throughout  all  steps,  both  in  the  preliminary  legisla- 
tion and  in  the  enactment  and  enforcement  of  the  ordinances. 

The  work  of  the  Hoover  Zoning  Committee,  in  collating  present  legisla- 
tion, is  stated  briefly,  together  with  the  outline  of  the  Standard  Enabling  Act, 
recommended  for  the  consideration  of  all  Legislatures  when  contemplating 
such  laws.  The  need  of  information  on  present  conditions,  in  the  attempt  to 
plan  wisely  for  the  future  development  of  the  municipality,  leads  to  a  realiza- 
tion that  city  planning  is  the  main  purpose,  of  which  zoning  is  only  a  part; 
zoning  is  the  attempt  to  render  the  whole  a  stable  creation. 

The  types  of  regulations  and  subjects  covered,  although  of  varying  detail, 
can  be  classified  generally  under  three  main  headings :  Use  of  property  and 
structures;  heights  to  which  buildings  may  be  built;  and  areas  of  lots  which 
may  be  occupied.  Such  kinds  of  drastic  legislation  need  safety  valves.  One  is 
provided  by  a  Board  of  Adjustment  or  Appeal  and  another  by  the  means  for 
making  necessary  amendments,  with  such  safeguards  as  experience  has  shown 
to  be  wise. 

The  summary  next  follows,  with  the  conclusion  that  the  proper  aim  of 
zoning  is  usefulness,  and  that  education  and  publicity  are  needed,  in  order  that 
the  demand  may  be  general  and  result  from  popular  appeal.  Finally,  the  real 
test  is  the  approval  of  all  the  people  that  it  is  worth  while. 


Progress 
New  Yorh  City  Example. — It  is  peculiarly  appropriate  that  this  subject 
should  be  discussed  in  the  great  city  where  it  originated.    The  first  complete 

•  Cods.  Engr.  ;  Pres.,  Morris  Knowles,  Inc.,  Pittsburgh.  Pa. 
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zoning  plan  in  the  United  States — embodying  all  the  general  features  as  they 
are  now  understood — was  adopted  in  New  York  City  in  1916.  This  was  made 
possible  by  legislative  amendment  of  the  New  York  Charter  in  1914.  Addi- 
tional amendments  were  made  in  1916  and  1917,  and  zoning  was  made  of  gen- 
eral application  in  the  State  by  later  Acts.  Prior  to  this  time,  under  the  Acts 
of  various  States,  only  the  less  complete  kinds  of  zoning  were  possible. 

The  New  York  story  of  how  zoning  has  developed  and  how  the  interest  has 
grown  is  perhaps  a  most  striking  example  of  the  influence  of  the  popular  will, 
urgently  and  eifectively  presented.  Before  the  passing  of  the  zoning  law,  there 
was  great  agitation  because  of  lack  of  regulation  of  congestion  and  the 
encroachment  of  industry  in  neighborhoods  thought  to  be  desirable  for  other 
uses.  There  was  a  realization  that  something  must  be  done.  Such  interest 
centered  around  Fifth  Avenue — the  brightest  business  street  in  New  York 
City — as  it  was  on  the  way  to  ruin  because  of  the  invasion  of  workshops  for 
garment  and  millinery  workers,  and  similar  industries.  Many  such  establish- 
ments were  drawn  to  this  Avenue  because  of  the  attractiveness  of  its  buildings, 
nearness  to  the  department  stores,  for  which  the  goods  were  being  made,  and  the 
advantage  of  a  Fifth  Avenue  address.  The  result  was  that  crowds  of  garment 
workers  thronged  the  Avenue,  morning,  noon,  and  evening,  crowding  out  the 
shoppers  and  the  hotel  population. 

This  resulted  in  the  formation  of  a  protective  association,  comprised  of  the 
owners  of  the  leading  department  stores,  businesses,  and  hotels.  Long  before 
there  was  a  zoning  ordinance  in  New  York  City,  there  was  an  edict  from  the 
Executive  Group  of  this  Association,  to  the  effect  that  preference  in  purchases 
would  be  made,  by  the  department  stores  and  members  of  the  organization,  of 
goods  manufactured  outside  a  given  area  or  zone.  This  zone  extended  from 
Third  to  Seventh  Avenues,  and  from  33d  to  59th  Streets.  Manufacturers  who 
were  within  this  zone  were  given  eleven  months  to  withdraw,  and  at  the 
end  of  that  time  it  was  evident  that  business  would  not  flow  to  those  who 
stayed.  Two  full-page  notices  appeared  in  the  New  York  daily  papers  in 
March  and  April,  1916.     The  first  was  the  edict,  as  follows: 

(From  The  Evening  Post,  New  York,  March  6,  1916.) 

"SHALL  WE  SAVE  NEW  YORK? 
"A  Vital  Question  to  Every  One  Who  Has  Pride  In  This  Great  City 
"Shall  we  save  New  York  from  what?  Shall  we  save  it  from  unnatural 
and  unnecessary  crowding,  from  depopulated  sections,  from  being  a  rity 
unbeautiful,  from  high  rents,  from  excessive  and  illy  distributed  taxation? 
We  can  save  it  from  all  of  these,  so  far  at  least  as  they  are  caused  by  one 
specified  industrial  evil — the  erection  of  factories  in  the  residential  and 
famous  retail  section." 


The  second,  showing  a  significantly  willing  compliance  therewith,  was  as 
follows : 
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(From  The  New  York  Times,  Sunday,  April  2,  1916.) 
"SHALL  WE  SAVE  NEW  YORK? 

"The  co-operative  movement  to  preserve  the  heart  of  the  City, 
from  33rd  to  59th  Streets  and  from  Third  to  Seventh  Avenues,  from  de- 
struction by  factories  and  to  rehabilitate  the  lower  and  deserted  part  of 
New  York  City,  has  met  with  an  unprecedented  response  from  citizens, 
business  firms  and  other  organizations,  not  only  from  every  part  of  this 
city  but  from  all  over  the  United  States.  The  public  has  put  itself 
squarely  behind  this  great  civic  movement.  One  of  the  most  significant 
evidences  of  the  general  acceptance  of  the  plan  is  illustrated  by  the  unsel- 
fish and  public=spirited  attitude  of  the  cloak  and  suit  manufacturers." 

(Then  followed  a  petition  by  the  Cloak,  Suit  and  Skirt  Manufacturers' 
Association,  signed  by  the  leading  firms  of  the  city,  endorsing  the  movement 
and  requesting  all  citizens  to  support  it.) 

The  effect  was  even  as  marked  as  the  result  of  formal  legislation,  and  the 
prohibition  thus  started  was  soon  made  effective  in  ordinance  form,  after  the 
report  of  the  New  York  "Heights  of  Buildings  Commission"  and  another  one 
on  the  "Congestion  of  Population".  There  is  now  a  new  center  of  clothing  and 
similar  industries  on  the  West  Side,  in  convenient,  conmaodious  buildings, 
suitably  planned  and  adapted  for  these  purposes  and  without  detriment  to  other 
city  facilities.  This  is  a  wonderful  example  of  bringing  about,  by  public 
sentiment  first,  and  later  by  the  same  principles  being  enacted  into  law,  the 
regulation  and  control  of  the  use  and  development,  of  property  in  the  greatest 
metropolis  of  the  world. 

Growth. — Since  the  enactment  of  the  New  York  law,  zoning  legislation  has 
been  passed  in  twenty-seven  States  and  the  District  of  Columbia.  In  twelve 
of  these  States  the  Enabling  Act  is  comprehensive  and  permits  zoning  of  all 
forms  in  all  municipalities.  One  hundred  and  fourteen  cities,  ranging  in 
population  from  nearly  6  000  000  to  a  few  thousands,  have,  to  a  greater  or  less 
extent,  established  zoning  plans.  Eighty-one  cities  have  comprehensive  ordi- 
nances, of  which  thirty-one  relate  to  use  and  two  to  height.  In  the  States 
where  zoning  is  possible,  many  more  cities  are  preparing  to  take  advantage  of 
the  opportunity  thus  offered;  and  in  the  States  where  zoning  is  not  possible, 
preparations  are  being  made  for  the  introduction  of  the  necessary  legislation. 
It  would  seem,  therefore,  that  experience  thus  far  is  demonstrating  the  value 
of  zoning;  that  the  idea  is  steadily  growing  in  popularity;  is  more  or  less 
general  throughout  the  country;  and  the  indications  are  that  it  will  become 
more  so. 

A  word  of  caution,  however,  may  be  advisable  lest  its  popularity  be  the 
means  of  obstructing  its  true  progress,  through  well-meaning  but  too  hasty 
action.  Zoning  of  real  value  cannot  be  done  hastily  and  without  adequate 
study  and  investigation;  consideration  must  be  given  to  local  physical  con- 
ditions, opinions,  and  usage,  and  to  all  the  surrounding  circumstances.  These 
factors  are  important  in  determining  what  will  be  useful — what  kind  and 
degree  of  protection  is  needed  and  how  it  shall  be  applied.    Wliat  is  good  for 
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one  city  may  not  be  suitable  for  another,  even  if  the  general  principles  of  zon- 
ing are  the  same.  Advantage,  of  course,  should  be  taken  of  the  experience  of 
other  cities  and  the  opportunity  to  review  ordinances,  but  such  study  must 
recognize  the  reasons  that  have  prompted  the  different  methods  in  different 
places.  A  plan  for  one  city  cannot  be  adopted  intact  for  another,  and  any 
attempt  to  do  so  may  prove  to  be  disastrous  and  a  serious  set-back  to  true 
progress. 

Definition. — Technically,  zoning  is  "the  creation  by  law  of  districts  in 
which  regulations,  differing  in  different  districts,  prohibit  injurious  or  un- 
suitable structures  and  uses  of  structvires  and  land." 

Practical  Purpose. — Practically,  the  aim  of  a  zoning  plan  is  to  establish  a 
basis  for  constructive  city  growth.  All  cities  have  the  same  general  features. 
They  are  made  up  of  streets,  parks,  and  other  public  places,  and  of  land  devoted 
to  houses,  stores,  factories,  and  similar  private  uses.  Unity  in  construction, 
however,  is  not  possible  unless  there  is  some  measure  of  control  over  all  land, 
whether  publicly  or  privately  owned;  and  the  only  practical  method  of  acquir- 
ing such  control  is  through  a  zoning  law. 

Such  control  will  promote  greater  economy,  convenience,  safety,  health,  and 
comfort  in  industrial,  business,  and  housing  conditions.  It  will  guarantee  a 
definite  and  safe  place  for  industrial  investment,  will  protect  home  neighbor- 
hoods, stimulate  home  ownership,  and  assure  more  contented  labor  conditions. 
It  will  stabilize  property  values,  afford  greater  security  for  mortgage  loans, 
and  a  surer  basis  for  assessment. 

What  Zoning  Does  not  Do 

A. — Zoning   does   not   endanger   or   retard   the   progress   and   general 

development  of  any  community,  large  or  small. 
B. — It  does  not  discontinue  or  annul  private  restrictions  and  deeds. 
C. — It  is  not  discriminatory,  and  does  not  infringe  on  constitutional 

guaranties. 
D. — It  does  not  change  existing  conditions.    It  is  not  retro-active  and 

does  not  prevent  the  continuance,  under  present  conditions,  of 

existing  non-conforming  uses  or  structures. 
E. — It  does  not  establish  permanent  and  inflexible  provisions  that  cannot 

be   changed  later   if  necessitated  by   normal   development   and 

growth. 

What  Zoning  Will  Accomplish 

A. — Zoning  encourages  prosperous  and  well-organized  community 
growth. 

B. — It  makes  possible  a  practical  program  for  future  street  development 
and  for  all  public  utilities,  by  determining  in  advance  the  future 
use  and  requirements  of  all  districts. 

C— It  prevents  too  sudden  changes  or  conversions  in  the  character  of 
districts. 

D. — It  prevents  the  intrusion  of  inappropriate  buildings  or  uses  in  dis- 
tricts where  such  buildings  and  use  would  injure  established 
improvements. 
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E. — It  stabilizes  and  protects  values  and  investments  by  determining  in 
advance  the  uses  to  which  property  may  be  put. 

F. — It  simplifies  the  problem  of  traffic  by  regulating  the  height  and 
bulk  ot  buildings,  and  the  consequent  street  congestion. 

G. — It  prevents  undue  congestion  of  population  by  regulations  to  pre- 
vent overcrowding  of  land. 

H. — It  insures  better  conditions  for  health  and  sanitation  in  offices  and 
factories,  and  minimum  requirements  for  light  and  air. 

Interest  of  the  Engineer 

Many  interests  are  concerned  in  the  development  of  a  modern  city — the 
politician,  the  lawyer,  the  engineer,  the  architect,  the  landscape  designer, 
the  business  man,  the  representative  of  industry  and  labor,  the  economist,  the 
student  of  social  problems,  the  builder,  the  real  estate  broker  and  owner, 
the  banker,  the  insurance  man,  and  others.  Each  has  his  place  and  his  par- 
ticular point  of  view  in  shaping  public  policy. 

It  is  the  function  of  the  engineer,  however,  to  plan  the  physical  features 
of  development :  The  transit  lines,  the  transportation  facilities,  the  public  util- 
ities, the  housing  and  sanitary  features.  He  plans  the  industrial  and  busi- 
ness features  as  well  as  the  physical  future  of  the  town.  To  do  this  efficiently 
there  must  be  available  a  predetermined  general  scheme  or  arrangement — one 
that  will  remain  reasonably  permanent.    The  importance  of  this  is  self-evident. 

A  zoning  plan,  then,  is  the  basis  on  which  all  other  plans  should  be  con- 
ceived ;  and  it  may  be  said  that  the  zoning  plan  is  primarily  an  engineering 
problem.  No  wonder,  then,  that  the  engineer  is  interested.  This  is  true, 
however,  only  in  so  far  as  its  essential  features  are  concerned;  the  plan  will  be 
of  no  avail  unless  established  on  a  firm  legal  basis ;  it  will  be  acceptable  only  if 
the  point  of  view  of  all  other  public  and  private  interests  has  been  considered 
in  its  preparation. 

Assurance  that  the  plan  will  stand  the  test  of  Court  review  can  be  had  only 
through  co-operation  with  attorneys  capable  of  interpreting  the  meaning  of 
provisions  and  legal  decisions  made  thereon.  Fine  distinctions,  that  escape 
all  but  those  specially  adapted  to  perceive  such  refinements,  are  often  made. 
These  distinctions  are  influenced  many  times  by  special  circumstances  sur- 
rounding a  particular  case,  and  may  have  a  different  interpretation  under 
different  conditions. 

The  zoning  plan  can  be  conceived  with  sufficient  breadth  of  view  only 
through  counsel  with  and  co-operation  from  all  interests  affected. 

Legal  Aspects 

Zoning  is  possible  under  the  exercise  of  the  "police  power"  of  the  State. 
In  a  broad  sense,  the  police  power  of  the  sovereign  authority  embraces  what- 
ever may  be  best  for  the  general  public  welfare  of  the  Commonwealth.  An- 
other name — an  easily  understood  equivalent — is  "community  power". 

Police  Power. — No  attempt  has  been  made  by  the  Courts  to  define  the 
limits  of  the  police  power — it  cannot  be  done  adequately — necessarily,  what  is 
for  the  public  advantage  may  vary  according  to  location,  local  customs  and 
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usage,  physical  conditions,  etc.  The  influence,  therefore,  of  public  opinion 
on  what  is  for  the  general  welfare  is  recognized  by  the  Courts.  An  examina- 
tion of  the  various  Court  decisions  will  show  this  to  be  true,  and  also  that  the 
police  power  has  been  extended  so  as  to  sanction  its  application  beyond  former 
limits.  In  the  case  of  the  Noble  State  Bank  v.  Haskell,  219  U.  S.,  104  (1911), 
the  following  statement  by  the  Supreme  Court  of  the  United  States  is  made: 

"It  may  be  said  in  a  general  way  that  the  police  power  extends  to  all  the 
great  public  needs.  It  may  be  put  forth  in  aid  of  what  is  sanctioned  by  usage, 
or  held  by  the  prevailing  morality  or  strong  and  preponderant  opinion  to  be 
greatly  and  immediately  necessary  to  the  public  welfare." 

Again,  in  the  case  of  Eubank  v.  Eichmond,  110  Va.,  749  (1910),  226  U.  S., 

137  (1912),  the  following  statement  is  made: 

"That  power  [the  police  power]  we  have  defined,  as  far  as  it  is  capable  of 
being  defined,  by  general  words,  a  number  of  times.  It  is  not  susceptible  of 
circumstantial  precision.  It  extends,  we  have  said,  not  only  to  regulations 
which  promote  the  public  health,  morals  and  safety,  but  to  those  which  promote 
the  public  convenience  or  the  general  prosperity." 

In  the  application  of  zoning  regulations,  more  restrictive  measures  in 
single-family  residence  districts  than  in  general  residence  districts  (containing 
apartment  houses  and  similar  structures)  may  not  be  solely  justified  on  the 
grounds  that  the  former  are  more  certain  to  insure  public  health,  safety, 
welfare,  etc.,  than  the  latter.  It  is  evident  that  the  measures  designed  and 
suitable  for  the  single-family  residence  districts,  if  applied  to  the  general 
residence  districts,  would  interfere  seriously  with  existing  development  and 
would  set  up  such  a  discrimination,  between  property  already  improved  and 
that  to  be  improved,  that  their  wisdom  or  expediency  would  be  doubtful.  On 
the  other  hand,  more  lax  regulations,  suitable  for  the  general  residence  dis- 
tricts, if  applied  to  the  single-family  residence  district  would  be  useless  and 
would  permit  of  great  depreciation  of  property  values,  that  is,  "general 
prosperity". 

The  application  of  restrictions,  to  be  justified,  must  be  reasonable,  and 
districts  of  each  type  or  character,  as  determined  by  their  development,  are 
treated  according  to  their  particular  needs.  In  more  general  terms,  regula- 
tions, to  be  equitable  and  to  be  acceptable  or  to  come  within  the  scope  of  the 
I)olice  power,  must  affect  all  similar  properties  or  similar  districts  throughout 
the  city  in  a  similar  manner. 

Enabling  Act. — As  a  general  rule,  cities  are  not  able  to  establish  zoning 
regulations  without  some  si)ecial  grant  of  the  police  power  from  the  State. 
Such  acts  usually  prescribe  the  character  and  extent  of  the  regulations  which 
may  be  imposed  by  the  municipality,  the  limitations  of  power,  the  imposition 
of  penalties,  and  provisions  for  appeal  and  amendment. 

Some  cities  have  what  is  called  a  "Home  Eule  Charter" ;  this  is  particularly 
true  in  some  of  the  Western  States.  Such  charters  sometimes  give  the  city  the 
authority  to  zone,  by  virtue  of  the  grant  of  charter  powers,  and  special 
legislation  may  not  be  needed  for  this  particular  purpose.  However,  in  such 
circumstances,  it  is  wise  to  make  sure  that  the  city  possesses  the  police  power 
to  regulate  the  height,  bulk,  area,  and  use  of  buildings  and  proj)erty,  and  the 
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right  to  impose  different  regulations  in  different  districts  of  a  different 
character. 

The  Standard  Enabling  Act,  as  recommended  by  the  Hoover  Committee 
of  the  United  States  Department  of  Commerce,  provides  a  complete  example 
of  the  legislation  necessary  to  delegate  police  power  to  the  municipality,  in 
order  to  regulate  the  uses  and  development  of  proi)erty  and  provide  all  the 
machinery  for  doing  so. 

Section  1  recites  the  grant  of  power,  with  definite  limitations  and  expres- 
sion of  purpose.  Section  2  permits  the  division  of  the  municipality  into  dis- 
tricts, providing  that  regulations  throughout  each  district  shall  be  uniform, 
but  the  r^ulations  in  one  district  may  differ  from  those  in  others.  Section 
3  expresses  the  general  purpose  of  such  legislation,  and  makes  clear  the  estab- 
lishment of  the  "atmosphere"  under  which  zoning  is  to  be  done. 

Section  4  provides  for  the  manner  of  the  creation  of  the  districts  and, 
together  with  Section  5,  the  method  of  making  changes  and  amendments,  and 
the  provision  that  certain  percentages  of  interested  persons  may  necessitate  a 
vote  of  three-quarters  of  the  municipal  l^islative  body  in  order  to  amend. 
Section  6  provides  for  the  creation  of  a  special  body  to  be  known  as  a  Zoning 
Commission  (or  its  equivalent),  working  as  a  City  Planning  Commission,  for 
the  puri)ose  of  making  the  original  study,  holding  hearings,  and  presenting  a 
report  to  the  municipal  legislative  body  on  the  subject  of  a  zoning  ordinance. 

Section  7  provides  for  a  Board  of  Adjustment  or  Appeal,  its  member- 
ship, rules  of  procedure,  machinery  of  appeal,  and  further  appeal  to  the  Courts. 
It  is  provided  that  the  Board  of  Appeals  shall  review  any  act  of  the  adminis- 
trative oflBcer  on  alleged  error.  There  are  also  certain  listed  exceptions  from 
the  terms  of  the  ordinance  which  such  Board  may  permit. 

The  Board  also  has  the  power  to  vary  the  terms  of  the  ordinance  where, 
owing  to  special  conditions,  the  literal  enforcement  will  result  in  unnecessary 
hardship,  but,  at  the  same  time,  the  spirit  of  the  ordinance  shall  be  observed 
and  substantial  justice  done. 

Section  8  provides  the  remedies  and  penalties  for  violation  of  the  ordinance. 
Section  9  states  that  where  there  is  conflict  with  other  laws,  the  higher  stand- 
ards and  restrictions  shall  govern. 

Ordinance. — The  regulations  of  a  city  are  established  and  applied  through 
the  usual  ordinance  or  legislative  machinery,  drawn  in  accordance  with  the 
provisions  of  the  State  Enabling  Act.  Such  an  ordinance  usually  consists  of 
one  or  more  maps  dividing  the  city  into  different  kinds  of  districts  and 
statements  of  the  regulations  to  be  applied  in  each  district  regarding  use, 
height,  and  area. 

Legal  Advice  Needed. — The  success  of  a  zoning  plan  depends  on  the  ade- 
quacy of  the  Enabling  Act,  and  the  provisions  of  the  ordinance  must  be  such 
as  to  come  within  the  limits  of  the  Act  and  within  the  scope  of  the  police 
power.  There  is  need,  therefore,  of  the  lawyer  who  is  familiar  with  and  can 
rightfully  interpret  the  decisions  of  the  Court  and  the  probable  attitude  in 
specific  instances.  Some  features  of  zoning  are  not  yet  approved  by  the  Courts 
so  widely  as  to  be  generally  recognized  as  coming  within  the  scope  of  the 


1356  ,  CITY    PLANN^INO 

police  power.    The  greatest  stress,  therefore,  should  be  laid  on  the  importance 
of  having  sound,  experienced  legal  advice  in  the  drafting  of  the  ordinance. 

Preparation  of  the  Zoning  Plan 

Planning  Commission. — There  should  be  a  commission  to  prepare  the 
zoning  plan  and  ordinance  for  recommendation  to  the  City  Council.  This  may 
be  the  City  Planning  Commission,  if  there  is  one,  or  a  special  Zoning  Com- 
mission appointed  for  this  purpose.  The  majority  of  the  members  of  such  a 
commission  should  be,  in  most  cases,  citizens  sei-ving  without  pay.  They  should 
not  be  hampered  by  political  considerations.  The  City  Administration,  how- 
ever, should  be  represented,  and  this  usually  is  accomplished  by  certain  of  the 
officials  acting  in  an  ex  officio  capacity.  Actions  of  immediate  expediency 
are  thus  to  be  given  due  consideration,  as  well  as  the  effect  on  the  far-reaching 
future. 

The  creation  of  such  commission,  the  membership,  method  of  appointment, 
and  powers,  are  usually  provided  through  the  statute  or  charter  provisions.  The 
commission  should  have  more  than  advisory  powers;  usually,  it  is  provided 
that,  before  any  other  city  authority  acts  finally  on  an  amendment  to  any 
clause  of  the  zoning  ordinance,  it  must  be  referred  to  the  commission  for 
consideration,  and  a  certain  time  allowed  for  a  report. 

WorJcing  Staff. — As  the  members  of  such  a  commission  cannot  attend  per- 
sonally to  the  collection  of  data,  the  preparation  of  maps,  and  the  working  out 
of  details  in  the  development  of  the  zoning  plans,  they  should  be  provided  with 
an  adequate  staff  of  trained  men  under  the  direction  of  a  competent  executive. 

In  addition,  they  should  have  the  benefit  of  expert  experienced  advice. 
Zoning  requires  the  services  of  more  than  a  single  profession.  It  requires 
knowledge  of  all  those  things  which  go  to  make  up  municipal  development — 
the  proper  planning  of  streets,  transportation  facilities,  public  utilities,  hous- 
ing, etc.  The  services  of  the  all-around  civist  are  needed;  but  here  a  word  of 
caution  may  not  be  amiss,  especially  if  the  commission  or  staff  is  inclined  to 
be  lazy  or  lacks  diligence.  There  is  real  danger,  if  the  expert,  however  well 
informed,  attempts  to  foist  on  a  community,  without  the  detailed  study  of 
local  needs  and  application  of  principles  derived  therefrom,  a  plan  that  has 
worked  well  elsewhere.  The  ordinance  must  also  appeal  to  the  local  sentiment, 
and  it  cannot  do  so  without  being  a  result  of  local  education  and  development. 

Reliable  Data  Required. — Complete  and  accurate  data  are  needed,  and  an 
intensive  study  of  local  conditions  and  problems  is  required.  Such  data  will 
refer  to  the  use  and  height  of  buildings,  the  vacant  spaces  about  them,  the 
character  of  industries  and  establishments,  the  population  and  densities 
thereof,  the  values  of  land,  the  location  of  business  enterprises,  the  tendencies 
of  development,  etc.  The  data  should  be  presented,  preferably,  in  graphical 
form  or  on  maps,  so  that  they  may  be  comprehended  and  analyzed  readily. 

General  Procedure. — The  commission,  after  completing  the  preliminary 
plans  and  tentative  form  of  the  zoning  ordinance,  should  hold  meetings  and 
public  hearings  prior  to  submitting  the  completed  work  to  the  Council.  The 
Council,  after  receiving  the  ordinance,  may  hold  other  meetings,  and,  if  it  is 
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deemed  necessary,  may  refer  the  ordinance  back  to  the  commission  for  amend- 
ment, or  may  enact  it  into  law. 

It  is  not  possible  to  emphasize  unduly  the  need  of  a  thorough  public  dis- 
cussion of  the  zoning  plan.  To  be  acceptable,  the  ordinance  must  meet  the 
approval  of  substantially  the  entire  community,  and  must  demonstrate  its 
reasonableness  to  property  owners.  If  the  general  public  is  to  be  able  to  under- 
stand and  consider  the  merits  of  the  plan  seriously,  it  must  know  why  certain 
things  have  been  done  and  the  reasons  for  certain  regulations.  This  can  be 
accomplished  best  through  frequent  meetings  during  the  work,  particularly 
before  small  groups  where  peculiar  local  problems  may  be  discussed  and  where 
"the  protection  offered  to  residence  property  may  be  explained.  Similar  meet- 
ings should  be  held  for  discussion  with  the  owners  of  business  property,  with 
manufacturing  interests,  real  estate  associations,  and  the  various  civic  bodies 
of  the  community.  The  influence  of  the  press  will  be  of  great  assistance,  and 
frequent  articles  should  be  published,  explaining  the  purpose  and  the  effect  of 
the  various  regulations. 

Zoning  Eegulations 

General. — A  complete  zoning  plan  utilizes  three  general  methods  of  regula- 
tion: The  use  of  property  and  structures;  the  height  to  which  buildings  may 
be  built;  and  the  areas  that  must  be  left  vacant. 

Use  Regulations. — The  purpose  of  the  regulations  of  the  first  class  is  to 
segregate  the  various  uses  of  public  and  private  property  and  restrict  such  uses 
to  suitable  locations.  Some  land  will  be  found  to  be  especially  fitted  for  certain 
purposes,  industries  will  naturally  be  placed  near  railroads,  or  near  the  water- 
front; residence  districts  of  the  better  class  will  develop  remote  from  industry, 
and  not  too  near  the  business  section;  and  workingmen's  houses  will  be  built 
near  their  work,  or  near  adequate  transit  lines.  The  types  of  districts  in  a  city 
are  usually  well-defined,  and  are  more  or  less  fixed  by  existing  development, 
topography,  and  cleavages,  like  watercourses  or  hills. 

Zoning  should  anticipate  the  continuance  of  established  uses  of  property, 
when  these  are  not  in  conflict  with  wise  development,  even  if  the  ideal  arrange- 
ment might  possibly  be  better.  The  city  cannot  be  rebuilt  overnight,  and  it  is 
possible  only  to  approach  the  ideal.  Advantage  must  be  taken  of  the  mistakes 
of  the  past,  but  the  harm  that  may  already  have  been  done  by  indiscriminate 
building  is  of  small  account  if  the  future  of  the  city  can  be  protected. 

Restrictions  as  to  use  are  the  most  important  provisions  of  the  ordinance 
and  those  most  readily  understood.  In  general,  there  should  be  regulations  for 
heavy  industry,  light  industry,  business  or  commercial  districts,  and  residential 
purposes.  Some  communities  will  deem  it  necessary  to  divide  industry  into 
three  groups,  or  to  have  a  secondary  commercial  district  for  light  manufactur- 
ing, and  some  will  have  three  classes  of  residence  districts.  In  the  speaker's 
opinion,  such  minutiae  are  undesirable,  and  are  impracticable  of  exact  defini- 
tion, at  least  at  the  inception  of  the  ordinance.  Such  detail,  if  utilized  at  all, 
should  come  after  the  workings  of  the  provisions  of  the  ordinance  have  been 
tested. 
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In  some  cities,  there  are  no  limitations  on  the  use  of  structures  or  prop' 
erty  in  the  heavy  industrial  districts,  but  usually  certain  manufacturing 
processes  which  create  nuisance  or  which  are  dangerous,  are  prohibited. 
Dwellings  in  such  districts  should  not  be  permitted,  except  under  definite 
limitations,  such  as  provisions  for  the  use  of  watchmen  employed  on  the  prem- 
ises of  an  industrial  establishment  and  their  families. 

The  light  industrial  districts  are  intended  for  factories  which  are  not  objec- 
tionable because  of  odor,  dust,  smoke,  gas,  vibration,  or  noise.  In  addition, 
business  establishments  of  any  kind  are  permitted,  and  residences. 

The  business  or  commercial  districts  are  intended  for  warehouses,  whole- 
sale and  retail  stores,  office  buildings,  hotels,  and  similar  structures.  No 
manufacturing  is  permitted,  other  than  that  required  for  products  to  be  sold 
on  the  premises  to  the  consumer.  Other  establishments  which  would  be  objec- 
tionable, such  as  blacksmith  shops,  carpet-cleaning  works,  contractors'  plants, 
public  garages  (except  with  special  permits),  etc.,  may  also  be  prohibited. 

Residence  districts  should  allow  single  and  multiple-family  dwellings, 
churches,  educational  and  charitable  institutions,  greenhouses,  gardens,  and 
the  like,  including  their  usual  accessories.  Public  utilities,  by  special  permit, 
when  found  to  be  necessary  (such  as  telephone  central  exchange  buildings, 
electric  sub-stations  without  rotating  machinery,  and  gas- regulating  stations), 
may  be  permitted  in  the  least  restricted  districts  and  in  some  cases  excluded. 
The  accessory  uses  are  so  varied  and  so  numerous  that  it  is  difficult  to  recount 
them.  It  is  safer  to  refer  to  the  classification  as  "those  accessory  uses  which 
are  customarily  incident  to  the  uses  permitted  in  the  district,  and  not  involv- 
ing the  conduct  of  a  business." 

The  conditions  under  which  small  garages  and  stables  and  community 
garages  are  to  be  permitted,  should  be  specified  caref\illy.  It  is  possible,  also, 
to  curtail  the  erection  of  bill  boards,  signs,  and  spite  fences  by  zoning  regula- 
tions. Although  bill  boards  may  be  proper  in  certain  places,  the  Courts  have 
recognized  that  they  should  not  be  placed  indiscriminately  among  houses, 
schools,  and  churches.  Spite  fences  may  be  controlled  by  limiting  the  height 
of  fences. 

Many  zoning  ordinances  have  provided  two  or  more  classifications  for 
residence  districts,  differing  only  as  to  the  restrictive  regulations.  Primarily, 
the  purpose  is  to  provide  for  single-family  residence  districts.  This  may  be 
requested  by  large  numbers  of  people,  and  may  be  desirable,  but,  legally,  it 
may  be  hazardous  unless  the  power  is  expressly  stated  in  the  Enabling  Act.  It 
may  be  difficult,  in  many  cases,  to  justify  such  procedure  on  the  basis  of  health 
and  safety.  However,  the  definite  limitations  of  certain  districts  to  the  single- 
family  house  is  becoming  more  common  in  zoning  ordinances,  and  the  gen- 
erally favorable  attitude  of  the  Courts  has  been  reflected  in  recent  decisions. 
It  has  been  decided  that  the  police  power  can  be  used  for  the  purpose  of  estab- 
lishing private  residence  districts,  and  it  is  only  a  step  further  to  the  classifica- 
tion of  such  districts. 

Exceptions  to  the  regulations  pertaining  to  use,  in  district  classifications, 
may  be  provided  in  the  ordinance.     Public   and   community   garages,   for 


CITY    PLANNING  1359 

instance,  are  sometimes  desirable  in  residence  districts,  and  can  be  located  so 
that  they  will  not  be  detrimental  to  adjoining  property.  Exceptions  of  this 
kind  are  usually  made  contingent  on  the  desires  of  the  majority  of  the  owners 
of  property  in  the  immediate  vicinity.  Provisions  may  be  made  also  concern- 
ing uses  which  do  not  conform  to  the  standards  of  the  districts  in  which  they 
are  situated.  Such  uses  may  continue  until  they  are  discontinued  volun- 
tarily, or  by  fire  or  other  destruction,  or  are  altered  structurally,  or  to  a  cer- 
tain large  percentage  of  value. 

Height  Classifications. — Eegulations  of  the  height  of  buildings,  particu- 
larly in  the  business  sections  of  a  city,  are  likely  to  meet  with  the  most  active 
opposition.  There  is  reason  for  this  opposition,  and  careful  consideration 
and  study  are  required  if  an  equitable  balance  is  to  be  established  between 
what  is  theoretically  desirable  and  what  is  practicable  of  accomplishment. 
Office  buildings,  hotels,  and  similar  structures  must  be  built  to  a  certain 
height  if  they  are  to  pay  adequate  returns  on  the  investment.  Such  build- 
ings, however,  may  readily  be  built  too  high  for  economy. 

It  is  well  known  that  many  of  the  lower  stories  of  the  high  buildings  in 
the  canyon-like  streets  of  New  York  are  useless  for  practically  all  purposes 
except  storage.  In  areas  where  high  buildings  are  crowded  together,  most  of 
the  rooms  on  the  lower  floors  are  inadequately  lighted  and  insufficiently  venti- 
lated, traffic  congestion  is  inevitable,  public  utilities  are  periodically  over- 
taxed, and  both  private  and  public  financial  loss  is  the  result.  There  is  a 
definite  and  real  need,  which  the  engineer  is  qualified  to  fulfill,  to  obtain  and 
present  carefully  digested  facts  on  the  existing  conditions  of  high  and 
moderately  high  buildings  as  to  light,  air,  comfort,  waste,  elevator  and  corri- 
dor space,  street  congestion,  burden  on  public  utility  facilities,  etc. 

The  report  of  the  "Height  of  Buildings  Commission",*  discloses  surprising 
facts  regarding  the  average  height  of  buildings  in  lower  New  York  City : 

"The  high  building  problem  is  at  present  confined  chiefly  to  a  compara- 
tively small  portion  of  the  lower  half  of  the  Island  of  Manhattan.  The  aver- 
age building  height  in  the  Borough  of  Manhattan  is  4.8  stories.  Ninety  per 
cent,  of  the  buildings  do  not  exceed  a  height  of  six  stories.  The  buildings 
over  ten  stories  in  height  constitute  only  a  little  over  one  per  cent,  of  the  total. 
Out  of  a  total  92  749  buildings,  there  are  but  1  048  buildings  over  ten  stories 
in  height;  ninety  buildings  over  seventeen  stories;  fifty-one  buildings  over 
twenty  stories;  and  only  nine  buildings  over  thirty  stories." 

The  average  height  of  buildings  in  the  down-town  business  section  of 
Pittsburgh,  Pa.,  where  the  higher  office  buildings,  the  larger  department  stores, 
and  the  prominent  hotels  are  situated,  is  only  a  little  more  than  three  stories. 
In  a  paperf  by  Mr.  H.  J.  Burton,  of  Minneapolis,  Minn.,  it  is  stated  that: 

"The  comer  of  Wall  Street  and  Broadway  was  considered  the  most  valu- 
able land  in  America.  It  was  about  40  ft.  on  "Wall  by  about  40  ft.  on  Broad- 
way, and  originally  had  thereon  about  a  six-story  building,  which  earned  a 
moderate  profit,  after  paying  the  taxes  on  the  assessed  valuation. 

"The  owner  of  the  L-shaped  land,  in  the  rear  from  Wall  Street  round 
to  Broadway,  erected  a  tall  building  thereon,  using  the  light  and  air  over  the 
low  building  on  the  corner.    He  had  $1  000  000  money  and  borrowed  $1  600  000 

*  New  York,  December  23,  1913. 

t  Proceedings,  National  Assoc,  of  Building  Owners  and  Managers,  1918. 
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more  to  pay  for  his  new  building,  and  earned  a  moderate  net  profit  from 
his  rentals,  after  paying  his  taxes  and  interest  on  mortgage.  So  the  man  on 
the  corner  concluded  to  tear  down  his  low  corner  building  and  erect  a  tall 
building,  to  help  pay  his  increasing  taxation.  This  building  took  away  part 
of  the  light  and  air  from  the  rear  building,  which  presently  lost  most  of  its 
tenants  to  other  new  buildings.  The  $1  600  000  mortgage  was  subsequently 
foreclosed,  the  mortgagor  losing  his  title  to  the  land  and  his  additional 
$1  000  000  investment  in  the  building. 

"The  man  on  the  corner  did  not  receive  as  much  net  income  (after  amor- 
tizing the  cost  of  his  new  building)  as  he  originally  received  on  his  little 
low  building." 

In  this  same  paper,  it  is  stated  that : 

"From  1913  to  1917,  the  assessed  land  values,  exclusive  of  improve- 
ments, on  Manhattan  Island  south  of  Fortieth  Street,  declined  more  than 
$186  000  000." 

The  statement*  of  a  Kew  York  authority  on  the  subject  is  quoted  as  fol- 
lows: 

"In  my  opinion  after  ten  years'  service,  if  there  were  no  buildings  between 
Forty-second  Street  and  Broadway,  of  more  than  8  stories,  the  land  value 
would  be  more  than  it  is  to-day." 

The  height  regulations  are  not  of  so  great  irnportance  in  other  than  the 
more  congested  business  sections,  where  land  values  are  excessive.  The  usual 
limit  in  the  residence  district  is  equivalent  to  a  height  of  2^  or  3  stories.  The 
intermediate  districts  allow  the  buildings  to  be  erected  to  heights  of  4,  6,  and 
8  stories.  All  these  limitations  may  be  expressed  in  terms  of  multiples  of 
widths  of  streets,  number  of  stories,  or  in  some  combination  of  these,  but  it  is 
rare  that  all  are  used  in  the  same  restriction.  The  maximum  restriction  varies 
from  125  to  150  or  175  ft.,  depending  somewhat  on  the  size  of  the  city,  with 
higher  maxima  with  set-backs  in  New  York  City.  Here,  again,  as  in  the 
use  districts,  exceptions  may  be  made.  They  apply,  in  some  cases,  to  institu- 
tions, hotels,  public  buildings,  towers,  spires,  etc.  Usually,  also,  additions  to 
the  height  of  buildings  above  the  prescribed  limits  are  allowed,  if  set-backs 
from  the  street  lines  (in  some  cases  property  lines,  also)  are  observed.  There 
is  great  need  of  data  on  the  effect  of  height  on  the  return  from  the  investment 
in  buildings,  and  the  effect  on  the  development  of  ample  street  areas  and  ade- 
quate public  utility  facilities.  One  is  a  private  and  the  other  a  public  effect, 
but  reflected  in  a  private  way  by  taxation.  This  is  indeed  a  fertile  field  for 
the  engineer,  for  there  is  much  opinion  not  founded  on  basic  truth. 

Area  Regulations. — Area  regulations  may  be  applied  in  a  number  of  ways, 
such  as  front-yard  requirements;  rear-yard  depths;  width  of  side-yards,  inner 
and  outer  courts;  percentage  of  lot  occupied,  and  allowable  density  of  popu- 
lation. Such  regulations  at  best  are  complicated,  and  all  methods  are  seldom 
used  in  one  ordinance.  Requirements  designed  to  control  density  of  popula- 
tion directly  are  the  most  interesting,  and  may  be  expressed  as  the  number  of 
families  allowed  per  acre  or  the  number  of  square  feet  to  be  provided  for 
each  family. 

*  Proceedings,   National  Assoc,   of  Building  Owners   and   Managers,   1920. 
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Provision  also  should  be  made  in  the  ordinance,  if  possible  and  legal,  for 
continuing  in  efiect  the  "set-backs"  from  the  street,  where  already  established 
by  private  restrictions  or  otherwise.  This  may  be  done  by  prescribing  the 
depth  of  front  yards,  or  the  maintenance  of  a  building  line,  as  already  estab- 
lished by  a  large  percentage  of  the  structures  now  built. 

In  connection  with  the  area  regulations,  certain  exceptions  will  be  neces- 
sary, so  as  not  to  prevent  the  erection  of  a  one-family  house  on  a  lot  that 
may  be  too  small  to  provide  the  required  area.  It  is  also  necessary  to  diifer- 
entiate  between  inside  lots  and  corner  lots,  to  provide  special  regulations  for 
through  lots,  etc. 

Administrative  Agency. — Zoning  ordinances,  as  a  rule,  are  enforced  by  the 
same  agency  that  has  to  do  with  building  codes  and  other  forms  of  building 
regulations.  It  is  desirable  to  centralize  the  control  of  building  regulations, 
so  that  permits  for  all  features  of  construction  may  be  obtained  at  one  time 
by  visiting  one  office.  One  of  the  serious  difficulties  and  causes  of  annoyance 
in  the  building  industry  is  the  multitude  of  offices  which  must  be  visited  to 
secure  the  many  needed  permits  before  construction  can  commence.  Any- 
thing which  can  be  done  to  simplify  this  and  to  lessen  the  expense  will  receive 
approbation. 

Amendments  and  Changes. — The  fundamental  purpose  of  a  zoning  law  is 
to  prevent  too  rapid  changes  which  result  in  the  deterioration  and  modifica- 
tion of  property  values.  Nevertheless,  conditions  will  change,  and  different 
regulations  will  be  required.  Sometimes  the  people  in  a  district  believe  the 
time  has  come  for  a  change  in  use  or  classification.  It  may  develop  that, 
because  of  expansion  of  the  community,  or  from  some  other  reason,  industry 
or  business  is  best  fitted  for  a  certain  residence  district  and  that  land  will 
sell  at  a  higher  figure  for  such  purposes  than  for  any  other.  Then  there 
will  develop  a  popular  demand  for  revision  of  the  classification,  and  the  same 
authority  that  has  adopted  the  ordinance  should  have  the  power  to  amend 
the  regulations. 

Proposed  changes  should  be  studied  first  and  reported  on  by  the  Planning 
Commission.  A  public  hearing  should  be  held  to  consider  the  requests  for 
and  the  protests  against  amendments.  This  should  be  after  the  prescribed 
publication  of  notice  and  hearings  and  the  report  of  the  Commission  to 
Council.  If,  then,  the  request  for  change  is  still  opposed  by  a  certain  propor- 
tion of  the  property  owners  affected,  more  than  a  majority  vote  of  Council 
should  be  required  for  approval  of  the  amendment.  This  safeguard  is  wise, 
and  is  designed  to  prevent  changes  and  amendments  being  easily  made 
because  of  sporadic,  whimsical,  and  changeable  desires  in  particular  cases  of 
supposed  and  yet  limited  benefits  to  be  gained  by  such  amendments. 

Board  of  Adjustment. — Because  a  zoning  ordinance  is  so  comprehensive, 
it  is  evident  that  hardship  and  serious  discomfort  might  be  caused  by  a  strict 
and  literal,  but  unreasonable,  interpretation  of  its  provisions,  as  they  cover 
so  many  different  things  in  a  different  way.  It  is  desirable,  therefore,  to  pro- 
vide a  Board  of  Adjustment  or  Appeal  to  which  the  decisions  of  the  adminis- 
trative agencies  may  be  appealed  and  reviewed.  Every  decision  of  the  Board 
of  Appeals  should  be  reviewable  by  the  Courts  on  a  writ  of  certiorari. 
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The  Legislative  Act  granting  to  the  city  the  right  to  zone  should  also  make 
provisions  for  the  creation  of  such  a  Board  of  Appeal,  otherwise  the  City 
Council  cannot  endow  such  a  board  with  powers  to  decide  certain  cases  or 
to  make  variations  in  the  provisions  of  the  ordinance  in  order  to  carry  out 
the  spirit  of  the  law  and  prevent  unnecessary  hardship.  The  province  of 
the  Board  of  Adjustment  should  be  definitely  and  carefully  limited  to  those 
things  prescribed  in  the  Act ;  otherwise,  there  may  be  gross  abuse  of  the  power 
thus  delegated.  That  there  is  danger,  however,  should  not  deter  one  from 
providing  such  a  board  or  safety  appliance;  for  otherwise  the  ordinance  may 
fail  in  its  purpose  by  being  declared  unnecessarily  harsh  and  confiscatory 
whenever  it  is  brought  before  the  Courts  on  a  particular  and  exceptional  case. 

An  example  of  reasonable  variation  is  that  the  use  of  premises  may  be 
permitted  for  the  manufacture  of  building  material  in  a  territory  where  it  is 
evident  that  this  is  a  convenient  and  economical  way  to  prepare  local  mate- 
rials for  the  erection  of  buildings  within  the  district.  There  may  be  border 
line  cases,  also,  regarding  public  service,  enlargement  of  non-conforming  use, 
continuance  after  fire  or  disaster,  etc.,  which  can  best  be  handled  by  such 
Board  of  Adjustment. 

There  may  be  other  types  of  exceptional  cases  which  are  difficult  of  inter- 
pretation by  the  administrative  officer.  Provision  should  be  made  for  these 
and  all  others,  where  there  are  practical  difficulties  or  unnecessary  hardships 
in  complying  with  the  strict  provisions  of  the  ordinance.  In  such  cases,  the 
Board  should  vary  and  adjust  in  harmony  with  the  general  purposes  and 
intent  of  the  ordinance,  so  that  health,  safety,  and  general  welfare  may  be 
secured  and  substantial  justice  done. 

The  following  is  quoted  from  the  brief  of  Edward  M.  Bassett,  Esq.,  as 
amicus  curiae  in  the  Sheldon-Astor  New  York  case: 

"In  the  more  complex  field  of  regulation  of  all  buildings  and  their  uses,  it 
would  be  dangerous  if  the  State  legislature  did  not  provide  some  method  of 
adjustment  in  exceptional  applications  for  permits.  The  Board  of  Appeals 
is  the  safety  valve  in  the  zoning  plan.  Its  function  is  analogous  to  that  of 
a  regulatory  commission  for  public  utilities,  or  the  pure  food  administra- 
tion under  the  federal  statute.  The  legislature  establishes  a  rule  within 
which  the  administrative  board  or  commission  shall  regulate.  Bates  shall  be 
reasonable.     Service  shall  be  adequate.    Appliances  shall  be  safe." 

In  this  connection,  it  is  of  interest  to  quote  from  the  decision  of  the  Court 

of  Appeals  of  the  State  of  New  York  in  this  same  case : 

"The  courts  below  held  that  no  zoning  regulation  adopted  by  the  board 
of  estimate  and  apportionment  may  in  eifect  be  repealed  or  set  at  naught  by 
the  board  of  appeals  by  action  taken  in  the  guise  of  a  variance.  Such  con- 
clusion is  not  only  in  conflict  with  the  expressed  intention  of  the  zoning 
statutes  but  likewise  the  power  delegated  to  the  board  of  appeals  directly 
by  the  legislature  and  by  the  board  of  estimate  and  apportionment  pursuant 
to  legislative  authority." 

****** 

"The  authority  conferred  by  section  7  upon  the  board  of  api)eals  was  to 
'determine  and  vary'  the  use  district  regulations,  by  section  20  to  'vary'  any 
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provision  of  the  resolution  in  a  specific  case,  where  substantial  justice  will 
result  therefrom." 

****** 

"If  as  the  result  of  investigation  the  board  of  appeals  shall  'determine',  as 
it  did  in  this  specific  case,  that  there  existed  unnecessary  hardships  in  the 
way  of  carrying  out  the  strict  letter  of  the  provisions  of  the  zone  resolution 
and  that  substantial  justice  would  be  promoted  both  to  the  property  owners 
and  the  public  interest,  its  pyower  then  was  enlarged  to  Vary',  i.  e.,  to  modify 
or  alter  in  form  or  substance  the  application  of  the  regulations  of  the  board 
of  estimate  and  apportionment  in  the  specific  case,  which  it  did  by  permitting 
the  building  which  the  owner  proposed  to  erect  upon  his  lots  embraced  in  the 
business  district  to  be  extended  so  as  to  cover  the  lots  fronting  on  Madison 
Avenue." 

****** 

"Concluding  as  we  do  that  the  legislation  under  consideration  authorized 
the  board  of  estimate  and  apportionment  to  confer  upon  the  board  of  appeals 
the  authority  exercised  by  the  latter  board  in  the  instant  case,  and  that  the 
amendments  to  the  regulations,  a  part  of  the  zone  resolution  adopted  by 
the  board  of  estimate  and  apportionment,  were  in  consonance  with  the  legisla- 
tive intention,  the  orders  of  the  Special  Term  and  Appellate  Division  should 
be  reversed  and  the  writ  of  certiorari  dismissed,  with  costs  to  appellants  in 
all  courts." 

Summary 

Practical  zoning  must  be  established  on  a  firm  legal  basis.  A  proper 
grant  of  the  police  power  of  the  State  to  the  city  is  pre-requisite.  The  prepa- 
ration of  the  ordinance  so  as  to  be  safely  within  the  scope  of  the  police  power 
thus  conferred  is  equally  important.  Therefore,  the  advice  of  a  lawyer  fully 
informed  on  the  various  decisions  of  Court  cases  is  needed. 

In  the  preparation  of  the  plan  and  ordinance,  sufficient  study  of  local  con- 
ditions is  essential ;  there  is  danger  in  too  hasty  action.  The  plans  and  experi- 
ences of  other  cities  should  be  studied,  but  with  a  knowledge  of  why  certain 
methods  were  adopted.     No  direct  copying  is  i)ermissible. 

The  aim  of  zoning  is  usefulness;  hence,  in  order  to  succeed,  the  plan  must 
be  practicable,  and  there  must  be  a  nice  balance  between  what  is  theoretically 
desirable  and  what  is  practicable  of  accomplishment.  Although  many  things 
are  desirable,  ideals  can  only  be  approached.  The  city  cannot  be  re-made 
overnight.  It  is  possible  to  do  the  best  only  with  what  is  available,  and  look 
to  the  future  for  improvement. 

The  public  must  be  taken  into  the  confidence  of  those  promoting  the  zon- 
ing plan.  To  succeed,  the  ordinance  must  be  what  the  majority  of  the  people 
want,  not  the  desires  of  a  few.  Publicity  cannot  be  overdone.  More  often 
than  not,  there  is  a  lack  of  understanding  in  the  community  on  the  neces- 
sity or  desirability  for  zoning  regulations. 

The  ordinance,  in  general,  should  prescribe  regulations  as  to  the  use  of 
land  and  structures,  the  height  to  which  buildings  may  be  built,  and  the  area 
that  must  be  left  vacant  on  each  lot.  The  districts  in  which  the  different 
regulations  are  to  be  applied  may  or  may  not  be  co-terminous,  or  they  may  be 
combined.  That  arrangement  which  will  secure  the  greatest  simplicity  should 
be  adopted,  and  this  will  depend  largely  on  local  conditions. 
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Provision  should  be  made  for  amendment  of  the  ordinance  under  ade- 
quate safeguard,  and  a  Board  of  Adjustment  should  be  created.  The  func- 
tion of  such  a  board  is  to  review  any  contested  decision  of  the  administrative 
official,  to  decide  border  lines  and  exceptional  cases,  and  to  adjust  the  regu- 
lations in  harmony  with  their  spirit  in  cases  where  a  literal  but  too  strict 
interpretation  would  cause  unnecessary  and  excessive  hardship. 

Above  all,  the  plan,  to  succeed,  must  contain  only  those  things  which  are 
practical  of  accomplishment.  Under  the  scope  of  police  power,  the  law  recog- 
nizes the  necessity  only  of  those  things  which  are  beneficial  to  the  whole. 
Esthetic  and  similar  considerations  are  not  true  uses  of  the  police  power  as 
a  main  basis.  There  must  be  a  fair  relationship  between  the  public  good  to 
be  secured  and  the  private  injury  suffered.  Local  physical  conditions,  usage, 
opinion,  and  all  the  surrounding  circumstances  are  important  in  determining 
what  will  be  useful,  and  whether  the  ordinance  will  be  upheld  by  the  Courts. 

The  real  test  of  a  zoning  plan  will  be :  Whether  or  not  it  works  ? 
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DISCUSSION 


William  T.  Lyle,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter)  .—That  city 
planning  is  one  of  the  greatest  of  modern  movements  is  demonstrated  by  the 
fact  that  50%  of  American  cities  of  100  000  people  and  more  have  city  plans; 
that  city  planning  has  become  increasingly  interesting  to  the  engineer  is 
evidenced  by  the  general  trend  of  developments  in  the  last  three  decades. 

The  forerunner  of  modern  city  planning  in  America  was  the  planning  of 
the  grounds,  buildings,  and  waterways  of  the  Chicago  Exposition  of  1893, 
which  was  a  revelation  to  all  those  in  attendance.  The  work  at  Chicago  was 
largely  responsible  for  the  idea  of  "the  city  beautiful" ;  the  dominant  note  was 
the  esthetic,  and  to  apply  this  idea  was,  for  many  years,  the  hope  of  civic 
zealots.  Although  the  World's  Fair  provided  a  great  impetus,  it  is  also  true 
that  city  planning  would  have  been  developed  without  it,  for  other  reasons  and 
by  force  of  necessity.  The  phenomenal  growth  of  cities  is  well  understood  by 
members  of  the  Profession.  At  the  beginning  of  the  Civil  War  only  11%  of 
the  population  of  the  United  States  lived  in  cities,  whereas,  in  1923,  nearly 
40%  live  in  cities.  This  growth  would  have  been  impossible  without  improved 
facilities,  railroads,  rapid  transit,  the  automobile,  and  the  telephone;  without 
them,  modern  manufacturing  would  have  been  impossible.  Growth  and  com- 
plexity of  development  demand  a  city  plan;  the  many  evils  attendant  on  an 
unregulated  growth  demonstrate  its  need.  The  great  civic  awakening  of  the 
last  few  years  has  disclosed  many  needs  and  opportunities.  Business  demands 
a  city  plan.  Adequate  transportation  facilities  must  be  provided.  Con- 
flicting railroad  interests  must  be  harmonized  for  the  business  welfare  of  the 
community.  Grade  crossings  must  be  eliminated.  Convenient  and  com- 
modious wharfage  facilities  must  be  provided,  with  channels  and  harbors  of 
sufficient  depth  for  shipping.  Building  construction  must  be  made  to  conform 
with  modem  hygienic  requirements  concerning  light,  air,  and  congestion. 
Throttled  thoroughfares  must  be  cleared  and  widened,  boulevards  provided  for 
pleasure  dri\dng,  service  roads  for  trucking,  and  arteries  of  travel  located 
along  lines  of  least  resistance.  Parks  and  playgrounds  must  be  established  to 
satisfy  the  recreational  and  artistic  requirements  of  the  community. 

The  year  1909  is  a  memorable  one  in  the  history  of  the  development  of  city 
planning  in  the  United  States,  because  in  that  year  the  First  National  Con- 
ference on  City  Planning  was  held.  It  is  also  memorable  in  England  by  the 
passage  of  the  Town  Planning  Act.  Since  1909,  city  planning  has  advanced 
rapidly  and  has  established  itself  as  a  well  recognized  and  highly  important 
art;  and  this  advancement  has  occurred  notwithstanding  the  retarding  in- 
fluence of  the  World  War. 

Many  attempts  have  been  made  to  define  this  advancement.  To  make 
a  composite  of  all  such  attempts  would  be  impossible,  so  different  and  con- 
flicting have  been  the  conceptions  of  the  framers.  This  advancement  has 
been  due  not  only  to  the  fact  that  the  problem  has  been  studied  from  different 
standpoints — from  that  of  the  landscape  architect,  the  economist,  the  sociolo- 

*  Prof,  of  Civ.   Eng.,   Washington   and  Lee  Univ.,   Lexington,  Va. 
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gist,  the  city  administrator,  and  the  municipal  engineer — but  also  because 
great  progress  has  recently  been  made  in  the  art  itself  through  the  making  of 
concrete  plans.  In  view  of  the  increasing  importance  of  the  engineering  aspect 
of  city  planning,  the  writer  would  define  it  as  the  art  of  systematically  provid- 
ing for  the  physical  growth  of  a  city  and  its  environs.  More  particularly,  it 
is  concerned  with  the  engineering  problems  of  streets,  parks,  public  buildings, 
transportation  by  water  and  rail,  and  the  regulation  of  the  use,  height,  and 
size  of  buildings. 

City  planning  will  continue  to  recognize  esthetic  requirements,  but  the 
problem  has  become  so  great  that  other  elements,  such  as  the  utilitarian,  the 
hygienic,  and  the  economic,  are  now  considered  of  greater  importance.  The 
emphasis  has  shifted,  and  the  idea  has  grown  by  accretion.  Modern  city 
planning  can  best  be  characterized  as  an  art  comprehensive.  It  is  concerned 
with  interlocking  interests  which  constitute  a  problem  of  the  greatest  intricacy, 
requiring  a  governing  mind  of  highly  developed  visualizing  power  and  co- 
ordinating ability.  There  are  many  matters  in  city  planning  concerning  which 
the  engineer  is  unable  to  speak  with  authority,  such  as  legislation,  administra- 
tion, and  esthetics,  but,  in  the  main,  the  writer  believes  that  in  each  of  its 
three  phases — design,  construction,  and  management — the  problem  is  one  of 
engineering. 

The  practical  divisions  of  the  subject  of  city  planning  have  been  presented 
by  recognized  authorities.  Without  attempting  to  discuss  any  one  of  these 
divisions  at  length,  the  writer  will  mention  a  few  observations  on  each  of  them 
from  his  professional  practice. 

The  park  and  parkway  problem  is  assuming  more  and  more  an  engineering 
aspect.  The  park  problem  of  to-day  is  different  from  that  of  a  few  decades 
ago.  It  now  constitutes  an  integral  part  of  the  comprehensive  city  plan.  As 
the  other  factors  in  the  problem — streets,  railroads,  and  waterways — ^have  a 
direct  bearing  on  the  park  problem,  so  it,  in  turn,  has  a  direct  bearing  on  them. 
The  great  American  municipalities  were  wisely  guided  when  acquiring  lands 
for  park  purposes.  These  lands  were  acquired  while  they  could  be  had,  before 
other  operations  and  improvements  and  the  rising  cost  of  real  estate  rendered 
their  purchase  impossible.  Fortunately,  much  of  this  land  has  been  left 
undeveloped.  Other  tracts  have  been  improved,  often  at  great  expense,  and 
converted  into  parks  of  formal  or  informal  architecture,  which  are  the  pride 
of  the  municipalities  which  own  them.  The  time  has  come,  however,  when 
many  of  these  parks  must  be  rebuilt  in  order  that  they  may  become  increas- 
ingly beneficial  to  the  public;  in  order  that  they  may  become  useful  in  a 
maximum  degree  to  all  the  population  which  they  are  intended  to  serve.  It 
is  obvious  that  hygienic,  economic,  and  recreational  desiderata  will  displace  the 
esthetic  to  a  considerable  extent. 

Regional  planning  is  another  evidence  of  the  expanding  scope  of  civil 
engineering.  No  city  is  sufl&cient  unto  itself;  it  is  dei)endent  for  its  existence 
and  for  its  growth  on  the  surrounding  country  and  on  other  adjacent  cities 
with  which  it  transacts  or  should  transact  business.  A  r^ional  planning 
which  brings  contact  between  producer  and  consumer  and  thus  stimulates  both 
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production  and  consumption  is  a  new  undertaking,  but  one  which  will  attain 
immense  popularity.  In  regional  planning,  the  engineer  will  evidently  occupy 
a  prominent  position,  concerned  as  it  is  bound  to  be  with  considerations  of 
water,  railway,  and  highway  transportation.  He  will  also  be  called  on  to 
solve  problems  of  water  supply  and  sewage  disposal  as  joint  projects,  to  the 
great  saving  of  each  co-operating  municipality. 

Zoning  is  closely  related  to  the  major  street  and  boulevard  plan  as  func- 
tionally considered,  and  to  the  plan  for  parks  and  playgrounds.  It  permits  the 
separation  of  different  kinds  of  street  traffic,  and  thus  powerfully  operates  in 
the  solution  of  the  traffic  problem.  The  chief  cause  of  street  congestion  is  the 
promiscuous  intermingling  of  fast  and  slow  vehicles.  This  is  largely  reduced 
through  the  operation  of  the  zoning  system.  As  the  streets  and  arteries  of 
travel  are  the  principal  concern  in  city  planning,  zoning  is  very  imiK)rtant. 
One  of  the  chief  objects  of  zoning  is  to  stabilize  real  estate  values,  not  only 
in  the  residential  section,  but  also  in  the  commercial  and  industrial  sections. 
Eegulative  zoning  is  of  such  a  nature  as  to  offer  the  necessary  facilities  to 
business  and  manufacturing,  such  as  transportation,  pavements,  sewers,  and 
power.  A  sound  zoning  should  be  constructive  rather  than  destructive ;  instead 
of  merely  operating  to  drive  out  objectionable  plants  and  occupations,  it 
fimctions  rather  in  preventing  their  establishment  in  improper  locations,  and 
thus,  indirectly,  offers  the  facilities  already  mentioned.  It  is  evident  that  a 
thorough  understanding  of  the  zoning  problem  necessarily  requires  an  under- 
standing of  the  nature  of  industry  and  transportation,  and  thus  comes  directly 
within  the  province  of  the  engineer. 

E.  M.  Walker,*  Assoc.  M.  Am.  See.  C.  E. — City  planning,  as  usually 
done,  does  not  cost  much,  but  if  it  costs  anything,  it  should  be  justified. 
It  is  fair  to  criticize  some  plans  that  have  been  made  because  they  served  no 
purpose,  and  resulted  in  little  tangible  progress.  Their  cost,  however  small, 
may  seem  to  have  been  wasted,  but  is  it  not  true,  in  commercial  and  other 
private  activities,  that  many  plans  and  schemes  are  devised  only  to  be  dis- 
carded? It  is  sometimes  worth  a  great  deal  to  know  what  not  to  do.  The 
final  developments  may  include  elements  of  many  of  the  discarded  plans. 
Engineers  plan  so  that  when  they  execute  they  may  proceed  in  an  orderly 
and  economic,  rather  than  in  a  haphazard,  expensive,  and  "anarchistic", 
manner.  No  one  can  doubt  that  the  population  of  the  United  States  will 
continue  to  increase,  and  will  require  many  things  that  do  not  now  exist. 
Regional  planning  and  zoning  are  to  provide  that  these  things  shall  be  in  proper 
relation  to  each  other.  The  cost  of  such  planning  is  small  in  comparison 
with  the  great  losses  caused  by  haphazard  development.  The  correction  of 
the  mistakes  of  the  past  may  appear  to  be  costly,  but  even  these  can  often  be 
shown  to  be  worth  far  more  than  their  cost.  The  beneficiaries,  whoever  they 
may  be,  should  parry  the  burden.  The  usual  assessment  method,  or  the  excess 
condemnation  method,  will  do  so  if  honestly  and  efficiently  carried  out. 
Whether  or  not  the  things  shown  on  the  plans  are  required  should  be  referred 
to  the  beneficiaries  for  their  decision. 


•  Grade  Separation   Engr.,   M.   C.   R.   R.,   Detroit,   Mich. 
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The  people  should  say  whether  they  want  such  things  as  thoroughfares, 
parks,  playgrounds,  and  public  buildings  specifically,  and,  in  general,  a  com- 
munity in  which  living  will  be  worth  what  it  costs,  and  not  cost  more  than  it 
is  worth.  Proper  city  planning  cannot  be  accused  of  extravagance ;  but  to  obtain 
proper  planning  requires  an  enlightened  public  opinion  and  "eternal  vigilance." 

Charles  W.  Leavitt,*  M.  Am.  Soc.  C.  E. — Mr.  Lewis  has  featured  the 
objects  of  the  Committee  on  the  Plan  of  New  York  and  Its  Environs,  of 
which  Committee  Mr.  Charles  D.  Norton  is  Chairman.  It  seems  most  fitting 
that  Mr.  Lewis  should  be  connected  with  this  Committee  because,  for  many 
years,  he  has  taken  such  a  prominent  part  in  the  city's  accomplishment  along 
these  lines,  and  is  known  to  have  her  best  interests  generously  at  heart.  It  is 
highly  gratifying  to  know  that  he  is  going  on  with  this  work,  using  his  intimate 
knowledge  of  the  conditions  which  obtain  here;  he  will  be  able  to  guide  the 
eiforts  of  this  Committee  to  success  in  their  greatly  needed  undertaking. 

Mr.  Lewis  states  that  the  Sage  Foundation  which  is  helping  to  finance 
Mr.  Norton's  Committee,  was  created  largely,  if  not  wholly,  for  the  improve- 
ment of  social  relationships  and  better  living  conditions  among  the  people  in 
New  York  City.  The  greatest  difficulty  in  the  work  of  engineers  who  have 
devoted  years  to  solving  city  planning  problems  is  that,  in  helping  with  the 
enormous  undertakings  of  routine,  they  often  lose  sight  of  the  extremely 
important  fvmdamental  principles  which  are  the  cause  of  the  work.  They 
find  themselves  so  involved  in  the  tremendous  detail  of  the  betterment  of 
environment  that  they  temporarily  ignore  the  primary  matter,  which  is  the 
simple  fact  that  actual  living  in  that  environment  must  be  bettered,  or  their 
effort  is  futile. 

Regional  planning,  so-termed,  may  be  a  new  topic  to  some  engineers  who 
have  not  been  following  the  more  recent  developments.  Many  cities  in  England 
have  found  it  wise  to  endeavor  to  scatter  population,  rather  than  concentrate  it 
at  certain  points.  The  results  of  concentrated  population  in  New  York  and  in 
some  other  cities  in  the  United  States  are  now  seen,  and  it  is  realized  how  much 
better  it  would  be  for  the  lives  of  the  people  if  they  were  not  subjected  to 
such  conditions  as  exist,  for  instance,  at  the  comer  of  Fifth  Avenue  and  Forty- 
second  Street,  New  York  City. 

In  planning  these  districts,  or  regions,  the  idea  is  to  make  them  as  far  as 
possible  independent  and  self-contained,  so  that  they  may  function  in  them- 
selves and  thus  avoid  much  interurban  traffic.  This  seems  to  be  logical,  and 
has  the  further  advantage  of  giving  the  employee  the  opportunity  of  living 
somewhere  near  his  work,  possibly  walking  to  it  rather  than  traveling  in  a 
crowded  carrier.  Regional  planning  very  happily  might  include  the  distribu- 
tion of  park  areas  betw-een  the  various  regions,  so  that  children  may  get  to  the 
parks  without  traversing  extensive  built-up  areas. 

The  questions  of  water  supply,  sewage  disposal,  and  other  municipal  services 
may  be  carried  on  much  as  they  are  now,  by  laying  mains  of  the  proper  sizes 
between  the  regions;  or  it  may  be  advantageous  to  provide  separate  plants 
*  Civ.   and   Landscape  Engr.,   New  York  City. 
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for  each  region.  This  is  a  matter  to  be  determined  for  each  individual  case 
as  it  comes  up  for  consideration. 

One  of  the  greatest  arguments  in  favor  of  regional  planning  is  that  it 
provides  greater  opportunity  for  character  development  than  is  found  in  con- 
gested centers ;  there  is  developed  more  individual  interest  in  the  neighborhood, 
more  pride  in  appearance,  and  a  feeling  that  the  individual  voice  carries  weight 
and  can  obtain  results;  the  individual  citizen  is  not  last  in  "the  maelstrom", 
as  he  is  in  the  center  of  large  cities. 

In  the  United  States,  property  values  have  been  rising  and  falling  in  a  way 
to  make  investments  in  realty  speculative.  Realty  values  on  Broadway,  below 
Fourteenth  Street,  New  York  City,  have  gone  up,  then  down,  and  are  again 
advancing.  The  same  holds  true  of  the  Twenty-third  Street  District.  At 
present,  great  wealth  is  being  poured  into  the  Forty-second  Street  District.  If 
the  congestion  which  now  threatens  grows  materially  worse,  these  values  may 
fall.  It  is  similar  to  any  other  speculation,  in  that,  when  a  certain  point  is 
passed,  there  is  a  danger  zone,  and  the  investor  must  be  careful.  Such  con- 
centration of  values  can  be  ameliorated,  to  some  extent,  by  regional  planning, 
which  should  appeal  to  the  investor,  even  if  matters  of  health,  right  living, 
and  esthetic  development  do  not  arrest  his  attention. 

Mr.  Childs  who  took  active  part  in  the  work  of  the  Committee  on  City 
and  Suburban  Planning  of  the  New  York  State  Association  of  Real  Estate 
Boards,  helped  greatly  in  the  work  done  by  that  Committee  in  1922,  when  an 
ordinance  was  framed  making  it  necessary  for  either  residents  or  landowners  of 
a  community  to  file  with  their  local  government  any  and  all  plans  for  the  devel- 
opment of  property,  for  the  purpose  of  providing  that  arterial  ways,  parkways, 
and  other  public  passages  should  not  be  stopped  by  private,  arbitrary  develop- 
ment, planned  without  consideration  of  the  good  of  the  whole  community, 
whether  such  community  be  considered  as  village,  city,  county,  State,  or  Nation. 
An  ordinance  on  such  a  basis  means  much  for  the  future.  It  is  acknowledged 
that  developments  must  be  controlled  by  legal  authority,  or  they  will  form 
obstructions.  Through  every  section  there  should  be  an  unobstructed  thorough- 
fare for  travel,  particularly  in  these  days  when  competition  makes  it  necessary 
for  the  individual  to  transport  himself  and  his  stock  in  trade  from  one  place,  to 
another  in  the  shortest  time  possible. 

The  ordinance,  which  was  in  the  form  of  a  resolution  when  passed  by  the 
New  York  State  Association  of  Real  Estate  Boards,  is  now  being  framed  as  a 
bill  and,  in  due  course,  will  be  presented  by  the  Association  to  proper  legis- 
lative bodies  for  action. 

As  horses  have  disappeared  to  a  great  extent,  with  the  exception  of  their 
continued  use  on  bridle  paths,  etc.,  some  changes  must  be  made  in  the  design 
of  highways,  parks,  etc.,  to  accommodate  the  motor-driven  vehicles  which  take 
their  place.  There  should  be  no  grade  crossings  where  it  is  possible  to  avoid 
them.  The  traveled  way  should  be  treated  more  or  less  as  a  railway,  as  the 
speed  has  been  advanced  to  10,  20,  and  30  miles  an  hour.  The  occupants  of 
cars  can  observe  only  a  small  part  of  the  landscape,  and  the  scale  of  park 
treatment,  lawns,  planting,  fountains,  statues,  and  other  features  must  be  on  a 
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larger  and  coarser  scale,  or  the  whole  picture  will  appear  as  a  blur,  rather  than 
as  a  reality;  the  areas  taken  for  development  must  be  large,  so  that  objects  to 
be  observed  can  be  placed  in  proper  i)erspective. 

It  must  be  remembered  that  the  automobile  has  made  it  necessary  for 
the  modern  man  to  live  his  life  at  least  four  times  faster  than  was  customary 
before  motor  cars  appeared.  He  dashes  from  place  to  place,  crowds  four  days' 
activity  into  one,  and  then  wonders  why  he  feels  tired  and  confused.  The 
parkway  cannot  escape;  it  must  be  put  into  scale  and  viewed  as  a  moving 
picture  film. 

It  is  not  advocated  herein  that  landscape  design  should  suffer  by  the  pro- 
duction of  plans  in  coarser  detail,  but  the  scale  is  becoming  colossal,  as  may 
be  observed  almost  anywhere  throughout  the  country,  because  of  the  necessity 
of  being  in  harmony  with  the  wide  and  ever  changing  vistas  viewed  from 
quickly  moving  cars.  For  instance,  some  gate  piers  were  designed  on  which, 
at  close  range,  the  sculptured  details  were  charming  and  complete.  To  the 
pedestrian  passing  by,  the  charm  still  remained,  but  to  the  occupant  of  the 
automobile,  going  at  the  rate  of  even  15  miles  an  hour,  it  was  blurred,  and 
high  relief  had  to  be  used  in  order  to  bring  out  the  design  satisfactorily. 

A  story  is  told  of  a  traveler  in  England  who  started  his  automobile  trip  at 
the  rate  of  25  or  30  miles  an  hour.  After  traveling  the  first  day,  he  attempted 
to  record  what  he  had  seen,  but  soon  discovered  that  he  had  seen  a  great  deal 
and  observed  very  little.  Subsequent  experiment  proved  that  satisfactory 
observation  could  be  made  at  a  speed  not  exceeding  15  miles  an  hour.  If  the 
enjoyment  of  design  is  to  be  for  automobile  passengers  traveling  at  their 
present  rate  of  speed,  design  will  have  to  be  less  intricate  and  more  clearly 
defined  than  is  now  usual,  or  no  enjoyment  in  it  will  be  jxjssible. 

Where  adults  and  children  wish  to  walk  and  play,  automobile  drives  are 
not  now  desirable.  Such  drives  should  be  fenced  off  and  protected,  like  rail- 
ways, if  they  must  exist.  They  should  be  made  distinct  from  the  parks  which 
are  places  of  rest  and  relaxation,  with  playgrounds  for  little  children. 

It  may  be  extreme  to  advocate  fencing  off  automobile  ways,  but  the  number 
of  children  who  run  from  pedestrian  paths  into  such  ways,  and  are  killed  there, 
is. appalling.    Drastic  action  should  be  taken  to  prevent  this  useless  loss  of  life. 

Arterial  ways  must  be  provided  from  cities  into  the  country,  and  must 
make  proper  connections  between  cities.  As  the  automobile  truck  has  devel- 
oped into  one  of  the  chief  methods  of  transportation  of  freight  (the  compari- 
son is:  Waterways,  250  000  000  tons;  railroads,  2  600  000  000  tons;  trucks, 
1 400  000  000  tons*),  and  has  caused  congestion  and  danger  on  the  highways,  it 
may  be  well  to  provide  automobile  truckways  separate  and  distinct  from  the 
ways  for  other  travel,  exclude  trucks  from  parkways,  and,  as  far  as  possible, 
have  the  automobile  truckways  skirt  rather  than  pass  through — ^but  with  branch 
connections  into — the  towns  and  cities.  Parkways,  on  the  other  hand,  may 
very  properly  pass  through  the  center  of  the  town  or  city,  and  be  made  part  of 
the  interurban  traffic  route.     It  is  remarkable  to  note  the  growth  of  freight 

•  From   address  by  Julius  H.   Barnes.   Esq.,   President  of  the  Chamber  of  Commerce   of 
the  United  States.  Proceedings,  Am.  Soc.  C.  E.,  for  March,  1923,  p.  132. 
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transportation  by  truck,  and  realize  that  it  amounts  to  almost  five  times 
that  by  waterway,  and  more  than  haK  of  that  by  rail. 

Realty  values  along  motorways  have  not  advanced;  such  ways  are  not 
pleasant  places  of  residence,  although  they  are  desirable  near-by,  for  trans- 
portation purposes.  It  is  doubtful  if,  at  this  time,  there  is  available  sufficient 
data  to  warrant  the  formation  of  an  opinion  as  to  just  what  is  the  reaction 
of  automobile  ways  on  adjoining  realty  values.  On  the  Concourse,  through  the 
Borough  of  the  Bronx,  New  York  City,  there  has  been  a  great  deal  of  building. 
Whether  or  not  residence  there  will  be  attractive  permanently  is  a  question, 
and,  on  the  answer  to  this  and  similar  questions,  depends  the  futiire  of  auto- 
mobile parkways  in  and  through  congested  districts. 

Although  the  speaker  does  not  intend  to  discuss  zoning,  he  wishes  to  call 
attention  to  one  fundamental  remark  made  by  Mr.  Knowles :  "All  zoning  con- 
trols population".  It  certainly  does.  Whether  that  control  is  for  right  or 
for  wrong  remains  to  be  seen.  A  zoning  ordinance  should  be  so  broad  as  to 
permit  of  flexibility. 

In  the  early  years  of  the  United  States,  the  settlers  had  perfect  zoning; 
they  had  plenty  of  room  around  the  village  green  and  they  developed  fine 
grounds  which  enabled  them  to  have  plenty  of  space  where  they  could  raise 
the  right  kind  of  children  to  populate  the  land.  Whether  6t  not  it  is  right 
to  permit  the  sort  of  building  that  is  going  on  to-day  around  Forty-second 
Street,  New  York  City,  and  whether  or  not  it  is  right  to  restrict  residence 
districts  to  a  limited  number  of  families  per  acre,  are  very  grave  questions 
which  only  time  will  settle.  It  is  gratifying,  however,  to  hear  as  fine  an 
authority  as  Mr.  Knowles  state  that  the  number  of  people  per  acre  should  be 
kept  down,  and  that  no  ordinances  should  be  passed,  which  cannot  be  regulated 
later,  because  people  may  find  such  ordinances  very  irritating,  whether  for  or 
against  them. 

Mr.  Knowles'  paper  on  the  relationship  between  the  engineer  and  the  city 
plan  is  most  interesting  and  to  the  point,  but  it  does  not  bring  out  quite 
strongly  enough  the  human  element  which  has  been  developed  very  recently 
in  the  engineer.  Although  the  engineer  is  necessary  for  city  planning,  city 
planning  has  greatly  benefited  the  engineer;  nothing  has  ever  brought  out 
his  human  side  like  present-day  city  planning.  The  city  engineer  and  the  prac- 
ticing engineer  have  awakened  to  the  responsibility  of  their  standing  in  the 
world;  they  find  that  they  must  appear  before  political  bodies,  meet  where 
other  people  do,  and  must  have  at  heart  the  best  interests  of  human  relation- 
ship, in  order  to  make  plans  which  will  provide  properly  for  right  living.  It 
has  been  a  perfectly  splendid  incentive  to  the  engineer,  and  has  spurred  him 
on  to  give  to  the  public,  in  the  best  possible  way,  the  benefit  of  his  trained 
mind. 

It  is  suggested  that  a  city  engineer  should  have  very  close  acquaintance, 
always,  with  the  city  engineers  in  the  towns  nearest  him;  he  should  cultivate 
their  acquaintance,  know  them,  be  fond  of  them,  and  endeavor  to  bring  about 
proper  connections  between  his  city  and  theirs,  thus  making  possible  the 
closest  suburban  communication  throughout  the  country. 
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Frederic  A.  Delano,*  Esq. — The  notable  fact  brought  out  by  the  discussion 
of  city  planning  is  the  wide  and  general  interest  which  obtains.  Time  was 
when  this  subject  was  confined  to  a  specialized  branch  of  the  Engineering 
Profession,  that  of  the  military  engineer.  Now,  however,  it  interests  not  only 
the  engineer,  but  every  man  concerned  in  civic  development,  not  solely  the 
architect  and  the  landscape  gardener,  but  the  sociologist;  and  it  appears 
that  all  public-spirited  citizens  are  actively  aroused  and  r^ard  the  subject 
as  one  of  major  importance  concerning  everybody. 

The  speaker's  interest  was  first  directed  to  the  problem  in  Chicago,  and 
has  been  a  subject  of  continuing  interest.  The  Committee  of  the  Russell  Sage 
Foundation,  referred  to  by  Mr.  Lewis,  is  interested  in  the  subject  in  New 
York  City,  but  realizes  the  great  difficulties  to  be  overcome  and  does  not 
believe  that  any  one  man  or  even  a  small  group  could  be  found  to  prepare  a 
plan  for  New  York  City  and  its  environs  which  would  meet  with  general 
acceptance.  In  an  area  of  such  diversity  of  conditions  and  interests,  there- 
fore, it  would  seem  wiser  to  bring  together  the  consensus  of  views  and 
co-ordinate  them  if  possible  into  a  comprehensive  whole. 

In  Chicago,  of  course,  the  problem  was  less  difficult,  and  Mr.  Burnham,  by 
reason  of  his  achievement  with  the  World's  Fair  of  1893,  had  the  confidence 
of  the  community  to  such  a  marked  extent  that  he  was  readily  accorded  the 
lead,  but  even  he  saw  the  "necessity  of  arousing  the  interest  of  a  considerable 
group  of  business  men.  He  began  by  holding  meetings  twice  a  week  in  his 
"sky  parlor"  office  overlooking  the  Lake,  and  these  meetings  grew  from  a  small 
group  of  perhaps  half  a  dozen  to  four  times  that  number.  Finally,  when  the 
Plan  of  Chicago  was  made  public  and  submitted  to  the  City  authorities,  after 
two  years  of  zealous  work,  it  represented  the  awakened  interest  of  at  least 
one  hundred  of  the  leading  business  men  of  the  city. 

The  next  step  was  to  secure  general  co-operation  and  adoption,  and  this 
was  done  by  the  selection  and  appointment  by  the  Mayor  of  the  city  of  a 
committee  of  about  three  hundred  men  representing  every  ward  and  section 
of  the  city.  This  committee,  with  such  changes  and  additions  as  time  has 
necessitated,  is  still,  after  14  years,  the  guiding  force  behind  the  plan;  but 
even  this  strong  committee  could  not  have  accomplished  much  unaided,  and  the 
most  effective  assistance  was  secured  by  interesting  the  school  children.  This 
was  accomplished  by  the  preparation  of  a  textbook  on  planning,  which  illus- 
trated the  work  being  done  in  other  cities  and  that  contemplated  in  Chicago. 
This  booklet,  put  into  the  high  school  cxirriculum  as  part  of  a  course  on 
civics,  awakened  wide  interest  which  was  stimulated  by  prizes  and  commence- 
ment oratory. 

The  advantage  of  the  plan  was  that  it  not  only  educated  the  coming  voters, 
but  through  them  did  much  to  arouse  interest  among  their  parents  and  friends. 
This  experience  serves  to  illustrate  the  importance  of  a  wide  dissemination 
of  knowledge  in  order  to  secure  the  co-operation  of  a  large  community. 

Charles  N.  LowRiE,t  Esq. — Changes  in  park  design  made  necessary  by 
automobile  travel  are  extensive  and  interesting.     They  relate  principally  to 

*  Washington,  D.  C. 

t  Landscape  Archt.,  New  York  City. 
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roadways,  grading,  and  plantations.  Park  playgrounds  which  are  neighbor- 
hood conveniences,  and  small  parks  or  squares  which  are  usually  in  the  central 
sections  of  a  city,  do  not  affect  a  discussion  of  the  problem;  but  as  soon  as 
larger  areas  are  considered,  such  as  Central  Park,  in  New  York  City,  Prospect 
Park,  in  Brooklyn,  N.  Y.,  Franklin  Park,  in  Boston,  Mass.,  or  others  of  that 
type  generally  throughout  the  country,  the  problem  of  automobile  traffic 
immediately  arises. 

The  basis  of  the  change  brought  about  by  motoring  is  related  primarily  to 
the  question  of  speed.  Comparatively  narrow  roadways  and  park  driveways 
were  \ised  with  horse-drawn  vehicles.  Grades  could  be  fairly  steep,  if  neces- 
sary, and  there  could  be  reasonably  sharp  turns  and  curves.  Narrow  park- 
ways, steep  grades,  and  sharp  curves,  are  equally  difficult  for  motorist  and 
pedestrian.  In  future  parks  of  moderate  size,  it  would  seem  desirable  to 
minimize  motor  driveways  as  much  as  possible,  and,  in  some,  to  transfer  auto- 
mobile traffic  entirely  to  parkways  or  boulevards. 

The  question  of  grades,  and  especially  curves,  and  the  danger  to  pedestrians, 
are  obvious,  and  call  for  general  reduction.  If  grades  are  steep,  the  noise  is 
prejudicial  to  the  quiet  and  reasonable  peace  of  a  park.  If  heavier  cuts  and 
fills  are  necessary  in  order  to  obtain  better  grades  and  curves,  a  disarrange- 
ment of  natural  conditions  is  produced,  hence  care  should  be  taken  to  select  as 
secluded  a  line  as  other  conditions  will  permit.  Sharp  intersections  should  be 
minimized. 

As  to  new  plantations,  there  is  again  the  question  of  speed  as  a  governing 
factor.  With  horse-drawn  vehicles,  one  had  sufficient  time  to  observe  landscape 
effects  with  more  leisure  and  in  more  detail.  At  present,  it  is  better  to  design 
the  landscape  scenery,  as  far  as  possible,  on  very  broad  lines,  including  the 
planting.    The  beauty  of  intimate  detail  is  lost  to  the  motoring  public. 

If  fewer  motor  driveways  are  placed  in  the  parks,  more  parking  places 
should  be  provided  at  the  entrances,  or,  if  in  the  parks,  at  points  where  large 
groups  are  likely  to  assemble,  such  as  a  water-front  feature,  near  a  music 
pavilion,  etc. 

The  speaker  believes  that  the  use  of  automobiles  will  do  much  toward  link- 
ing isolated  park  areas  into  park  systems  by  utilizing  boulevards  and  parkways, 
with  the  parks  abutting  as  much  as  possible  and  in  some  cases  being  elongated 
into  a  combination  of  parkway  and  park.  By  that  process,  the  people  who  live 
in  the  immediate  vicinity  as  well  as  the  motoring  public  will  have  enjoy- 
ment of  such  parkways.  Parkways  are  usually  in  the  form  of  a  circuit  system., 
which  is  the  most  accessible  type. 

M.  W.  Weir,*  M.  Am.  Soc.  C.  E. — Papers  on  City  Planning  and  Eegional 
Planning  nearly  always  lay  particular  stress  on  the  neglect  of  communities 
to  plan  ahead  so  that  their  physical  growth  may  be  controlled  and  orderly. 
It  is  the  speaker's  belief  that  education  in  this  subject  should  be  given  to 
the  masses  in  such  a  way  as  to  teach  them  clearly  the  penalties  to  be  expected 
if  neglect  of  advance  planning  is  continued  persistently,  and  to  show  how 
vitally  business  interests   and  tax  rates  are  affected  thereby. 

•  Cons.  Engr.,  New  York  City. 
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Although  experience  is  an  able  teacher,  her  fees  are  high.  Especially 
is  this  true  when  her  rei)eate(i  lessons  are  allowed  to  pass  unnoticed  by  the 
community  at  large  and  are  realized  only  by  a  few  public-spirited  citizens 
who  are  willing  to  give  their  time  to  striving  for  co-ordinated  action  by  the 
citizens  of  the  community. 

New  York  City  has  passed  through  a  number  of  experiences  which  by 
proper  advance  planning  might  have  been  eliminated  entirely  or,  at  least, 
might  have  been  made  much  easier.  Although  New  York  City  has  made  plans 
for  her  future,  she  even  now  is  confronted  with  new  problems  which,  in  a 
way,  are  an  outgrowth  of  the  very  plans  already  made,  because  those  plans 
did  not  go  into  the  possibilities  of  the  future  with  sufficient  detail,  partic- 
ularly in  regard  to  transit  facilities  and  the  ultimate  limits  thereof. 

At  the  moment,  additional  lines  of  transportation  into  centers  of  business 
activity  in  New  York  City  without  doubt  will  relieve  congestion  of  transit 
leading  to  those  centers,  but,  at  the  same  time,  they  cannot  but  increase  the 
congested  condition  of  the  streets  in  those  centers.  It  is  obvious  that  increas- 
ing the  street  areas  to  any  appreciable  extent  is  out  of  the  question, 
because  of  prohibitive  expense  and  the  consequent  loss  of  area  for  building 
use.  Such  increase,  if  carried  far  enough,  naturally  would  cause  a  total 
failure  of  purix)se.  Although  New  York  City  furnishes  a  good  example 
of  conditions  resulting  from  years  of  previously  unrestricted  growth,  many 
other  cities  manifestly  are  approaching  like  problems  of  no  small  magnitude, 
and  if  prompt  action  is  not  taken,  some  will  be  fit,  if  lamentable,  illustrations 
of  the  lesson  at  hand.  It  has  been  said  that  it  is  advisable  and  necessary  to 
by-pass  through  street  traffic  away  from  business  centers.  This  attitude, 
although  correct  under  ideal  conditions,  is  in  some  respects  open  to  objection, 
from  the  viewpoint  of  practicality.  When  the  history  of  retail  business  is 
examined,  it  will  be  found  that  business,  in  search  for  success,  has  found 
satisfactory  location  on  arteries  of  heavy  traffic,  in  fact,  it  is  now  the  practice 
of  a  certain  chain  of  retail  stores  to  determine  their  locations  on  the  basis 
of  the  traffic  passing  the  places  under  discussion. 

An  example  of  some  value  in  illustrating  this  point  occurred  not  long 
ago  at  Port  Chester,  N.  Y.,  where  the  Boston  Post  Road — a  through  road 
of  heavy  and  diversified  traffic — becomes  the  main  thoroughfare  of  the  busi- 
ness district  of  the  town.  Because  of  temporary  necessities  of  construction, 
for  a  time  the  through  traffic  was  diverted  to  another  street  one  block  north. 
Almost  immediately  merchants  on  the  Boston  Post  Road  complained  of  loss 
of  business  and,  as  time  passed  and  the  idea  of  making  the  diversion  permanent 
was  suggested,  they  protested  bitterly,  stating  that  as  much  as  40%  of  their 
business  in  some  lines  was  transient  and  derived  from  the  through  traffic  on 
the  Road. 

To  illustrate  further  the  relation  between  successful  business  enterprise 
and  traffic:  There  are  points  where  transportation  facilities  draw  large 
numbers  of  people,  such  as  the  Summit  Avenue  Station  of  the  Hudson  Tubes, 
and  several  points  in  the  Bronx  at  or  near  transit  stations.  A  few  years  ago, 
these  points  were  residential  only,  but  since  transportation  facilities  have 
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increased  the  street  traffic,  important  business  districts  have  grown  up  and 
become  ambitious  to  gain  greater  importance.  Communities,  as  well  as 
individuals,  have  ambitions;  they  have  the  need  and  desire  to  expand  in  order 
to  gain  in  proportions  and  importance.  This  is  only  natural  and  healthy; 
obviously,  it  is  folly  to  attempt  to  atrophy  such  growth  or  to  throttle  such 
ambition. 

City  Planning  and  Regional  Planning,  to  be  efficacious  and  successful, 
must  show  proper  regard  for  the  principles  of  political  economy  which,  of 
necessity,  enter  into  the  problem,  and  for  the  natural  desires  and  ambitions 
of  the  people  comprising  the  community  affected. 

E.  A.  Fisher,*  M.  Am.  See.  C.  E. — The  City  Planning  Bureau  of  Rochester, 
N.  Y.,  has  now  been  in  operation  for  about  4J  years.  The  city  has  no  City 
Planning  Commission,  as  many  other  cities  have.  Its  city  planning  is  done 
by  a  Bureau  in  the  Department  of  Engineering.  One  great  advantage  of  this 
is  that  this  Department  is  utilized  in  making  the  necessary  surveys  and  maps, 
and  it  also  puts  the  Department  in  close  touch  with  what  the  Bureau  is  doing. 

This  Bureau  is  composed  of  two  parts,  a  Superintendent  of  City  Planning 
and  an  Advisory  Board  composed  of  foiir  citizens  and  the  Corporation 
Counsel.  There  are  no  commissions  in  Rochester;  all  operations  are  under 
the  single-headed  department  plan;  thus  the  Superintendent  takes  the  place 
of  a  commissioner. 

The  city  has  been  able  to  secure  the  services  of  some  of  the  most  prominent 
and  public-spirited  citizens,  those  having  knowledge  of  the  needs  of  the  city, 
as  members  of  this  Board.  A  former  Mayor  served  as  its  Chairman  for  four 
years.  The  action  of  the  Superintendent  is  presented  to  this  Board,  and,  when 
approved,  is  final.  Members  of  the  Art  Commission  are  serving  as  members 
of  the  Advisory  Board. 

As  the  duties  of  the  Superintendent,  as  far  as  they  are  related  to  the  laying 
out  of  streets  and  matters  of  that  kind,  are  similar  to  those  of  a  conmaissioner, 
it  is  not  necessary  to  describe  them. 

With  reference  to  zoning,  the  code  provides  only  for  zoning  for  "use". 
The  experience  in  Rochester  in  relation  to  zoning  was  altogether  different 
from  that  of  Detroit.  Public  hearings  were  started  in  order  to  educate  the 
public,  as  had  been  done  in  other  places,  but  this  did  not  meet  with  success, 
as  very  few  people  would  attend.  The  matter  was  presented  to  the  different 
civic  organizations,  and  the  general  consensus  of  opinion  was  that  the  zoning 
should  be  carried  on,  and  should  have  been  done  years  before.  It  was  con- 
cluded, therefore,  to  adopt  zoning  regulations.  It  was  not  necessary  to  have 
an  ordinance,  as  is  required  under  the  General  City  Planning  Act.  The 
Superintendent  made  up  the  regulations  for  "use"  zoning,  presented  them  to 
the  Advisory  Board,  and  on  September  22,  1919,  they  were  adopted,  put  in 
operation,  and  have  done  a  great  deal  of  good.  Since  the  zoning  was  put 
into  effect,  quite  a  number  of  people  have  found  out  what  it  means. 

The  Superintendent  has  stated  publicly,  as  his  belief,  that  any  system  of 
zoning  that  cannot  be  changed  without  too  much  trouble  is  worse  than  none. 
*  Cons.  Engr.  and  Supt.  City  Planning  Bureau,  Rochester,  N.   Y. 
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There  has  been  no  general  change  in  the  zoning  plan,  but  numerous  small 
changes  have  been  made.  It  has  been  necessary  also  to  make  exceptions.  It 
was  found  in  New  York  City  that,  in  order  to  prevent  undue  hardship,  it  was 
absolutely  necessary  to  create  some  board  that  would  have  the  power  to 
deviate  from  the  strict  regulations  of  the  zoning  ordinance,  and  the  Board 
of  Standards  and  Appeals  was  permitted  or  authorized  to  allow  special 
variations. 

A  Board  of  Appeals  was  not  needed  in  Eochester,  because  it  was  con- 
sidered that  the  Advisory  Board  had  the  authority  and  could  act  as  such 
a  Board. 

A  recent  decision  relative  to  an  exception  made  by  the  New  York  Board 
of  Standards  and  Appeals,  is  of  much  interest,  because  the  same  thing  is  done 
in  Rochester,  and,  if  the  city  did  not  have  authority  to  do  it,  it  would  result 
in  a  great  deal  of  harm. 

The  City  authorities  also  believe  in  the  employment  of  experts  who  have 
had  experience  in  other  cities,  and  do  not  believe  in  turning  over  the  plan 
to  experts  to  make  up  a  plan  and  carry  it  out,  as  that  belongs  to  the  city 
itself.  The  city  has  employed  quite  a  number  of  experts,  eminent  in  special 
lines  of  work. 

As  the  Common  Council  considered  the  height  and  area  of  buildings  as  a 
part  of  the  Building  Code,  an  amendment  to  the  charter  was  secured  which 
provided  that  the  Common  Council  might  enact  an  ordinance  governing 
such  matters. 

The  plan  was  prepared  by  the  Superintendent  of  City  Planning,  and  a  first 
ordinance  has  been  adopted.  The  Act  contained  a  special  provision  that  no 
ordinance  could  be  passed  without  the  approval  of  the  City  Planning  Bureau, 
so  that  "height  and  area"  are  considered  with  the  "use". 

This  covers  in  a  general  way  what  is  being  done  in  Rochester.  The  ordi- 
nance has  been  in  operation  about  4J  years,  and  there  have  been  no  cases  in  the 
Courts.  There  has  been  considerable  individual  criticism,  but  the  general 
feeling  in  the  city  is  in  favor  of  carrying  out  this  plan. 

Rudolph  Hering,*  M.  Am.  Soc.  C.  E.— With  reference  to  the  papers  under 
discussion,  the  speaker  would  like  to  add  a  few  historical  remarks. 

In  1887,  the  speaker  was  Chief  Engineer  of  the  Drainage  and  "Water  Supply 
Commission,  in  Chicago,  111.  WTiile  in  that  city  he  joined  the  Chicago  Literary 
Club  and  was  asked  to  read  a  paper  before  it.  Not  wishing  to  present  a  purely 
engineering  subject,  and  having  made  some  recent  studies  regarding  the  nat- 
ural development  of  cities,  he  selected  a  subject  which  he  thought  might  be 
of  some  interest  to  the  citizens  of  a  large  and  modem  city,  especially  one  of 
rapid  growth. 

The  theory  of  evolution  in  general,  and  particularly  with  reference  to 
social  conditions,  had  always  interested  him,  and  among  others  the  natural 
growth  of  centers  of  population  seemed  to  follow  laws  the  recognition  of  which 
could  be  helpful  in  understanding  and  furthering  development.  He  had  col- 
lected, where  available,  the  plans  of  old  cities  in  Europe  and  Asia  at  different 

•  Cons.  Engr.,  New  York  City.     Mr.  Hering  died  on  May  30,  1923. 
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stages  of  their  growth.  A  set  of  plans  of  Paris  from  the  Middle  Ages  to  mod- 
ern times  was  particularly  interesting,  and  was  given  later  to  the  Library  of 
the  University  of  Pennsylvania. 

Literature  on  this  subject  had  also  been  collected,  partly  from  England, 
where  the  so-called  "Garden  Cities"  had  been  developed  more  than  a  genera- 
tion before.  The  best  book  on  this  subject  was  found  to  be  one  compiled,  per- 
haps 40  years  ago,  by  the  City  Engineer  of  Cologne,  Mr.  Stiibben,  who  was 
later  transferred  to  Berlin,  and  became  responsible  for  some  of  the  extensions 
of  that  city. 

All  this  material  helped  the  speaker  to  trace  what  seemed  to  be  laws  which 
the  natural  needs  of  cities  indicated,  and  which  appeared,  at  first  automatically 
and  then  through  engineers,  to  be  utilized  with  benefit  and  economy  to  the 
citizens. 

Much  of  the  matter  referred  to  in  these  papers  was  recognized  or  indicated 
in  Europe  a  generation  ago.  Mr.  Stiibben  speaks  of  the  regional  development 
and  of  zoning  with  the  differentiation  of  occupations.  The  speaker  referred 
also  to  the  natural  zoning  that  had  automatically  developed  in  New  York 
City,  because  it  was  helpful  to  business,  and  pointed  out  the  centers  for  bank- 
ing, for  wholesaling,  for  dry  goods,  jewelry,  hardware,  for  amusements,  for 
high,  medium,  and  low-class  residences,  etc.,  already  well  differentiated  at  that  * 
time.  L.  M.  Haupt,  M.  Am.  Soc.  C.  E.,  in  the  Seventies,  pointed  out,  before 
the  Engineers'  Club  of  Philadelphia,  the  advantages  of  street  layouts  with  ref- 
erence to  economy  of  travel,  advocating  diagonal  avenues  to  connect  the 
various  centers  of  business  and  residence,  with  reference  to  the  saving  of  time, 
labor,  and  wear. 

Such  were  the  chief  data  for  the  Chicago  paper.  It  received  the  usual  polite 
applause,  but  the  speaker  felt  that  the  subject  was  not  yet  fully  appreciated, 
even  in  a  city  like  Chicago,  at  a  time  when  such  a  study  might  have  been 
of  great  economic  value.  Of  those  present,  only  one  gentleman,  Mr.  Burn- 
ham,  the  mention  of  whose  name  by  Mr.  Delano  called  forth  these  remarks 
by  the  speaker,  made  a  few  comments.  In  effect,  he  said:  "That  is  all  very 
well,  but  is  beyond  the  appreciation  of  the  present  city  officials  and  property 
owners."  As  architect  of  the  World's  Pair  buildings  and  grounds  in  Chicago 
in  1893,  Mr.  Burnham  himself  showed  in  his  magnificent  designs  and  sugges- 
tions that  he  was  already  alive  to  the  new  movement  in  Europe.  Since  that 
time,  it  has  been  quite  naturally  accepted  also  in  the  United  States,  and  pur- 
sued by  a  number  of  able  American  engineers  with,  the  speaker  hopes,  great 
advantage  to  the  future  development  of  the  cities  of  this  country. 

Harold  M.  Lewis,*  M.  Am.  Soc.  C.  E. — In  his  paper  on  "Regional 
Planning",  Mr.  Nelson  P.  Lewis  has  referred  to  the  desirability  of  establishing 
a  system  of  zones,  or  rings,  of  open  spaces,  which  might  help  to  prevent  the 
enormous  increase  of  congestion  in  metropolitan  areas.  Such  spaces  would 
necessarily  bear  a  vital  relation  to  the  park  and  boulevard  system,  and  one  can 
readily  imagine  the  whole  area  still  further  divided  into  sectors  by  a  system  of 
*  Executive   Engr.,   Russell    Sage   Foundation,    New   York   City. 
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radiating  boulevards.  Two  possible  illustrations  of  this  theory  may  be 
mentioned. 

New  Jersey  has  recently  received  a  wonderful  opportunity  for  establishing 
wliat  might  be  called  a  part  of  the  framework  of  such  a  system.  Agreements 
have  recently  been  completed  whereby  the  Morris  Canal,  which  was  chartered 
in  1824  for  99  years,  will  be  acquired  by  the  State  of  New  Jersey  which  will 
thereby  come  into  possession  of  a  strip  of  territory  about  90  miles  long  and 
averaging  about  79  ft.  in  width.  It  illustrates  the  possibility  that  such  a  strip 
would  have  in  breaking  up  the  congested  areas  through  which  it  passes,  and 
the  congestion  that  will  undoubtedly  develop  along  those  parts  of  it  which  are 
now  on  the  edges  of  the  metropolis.  At  the  same  time,  it  portrays  the 
difficulties  of  obtaining  regional  co-operation.  Lately,  many  suggestions  have 
been  made  for  different  uses  of  this  land  by  the  municipalities  along  its  route 
for  their  o^\^l  local  projects,  but  it  would  be  a  shame  if  it  could  not  be  developed 
in  some  manner  so  as  to  give  the  advantages  of  its  use  to  all  the  public  in  that 
part  of  New  Jersey,  as  well  as  in  the  other  parts  of  the  metropolitan  area  of 
New  York. 

The  second  illustration  has  developed  from  a  study  of  the  facilities  for 
recreation  which  has  become  increasingly  important  in  the  last  few  years  as 
the  stress  and  strain  of  modern  business  has  increased.  Table  2,  compiled  by 
the  Physical  Survey  of  the  Plan  of  New  York,  is  submitted  in  order  to  show 
the  relation,  or  perhaps  discrepancy,  between  those  areas  in  the  suburbs  of 
New  York  City  now  available  for  public  recreation  and  those  used  for  private 
recreation,  as  shown  by  the  areas  of  golf  and  country  clubs  within  the  district. 
The  figures  have  been  computed  for  the  public  parks  and  the  golf  and  country 
clubs  in  Nassau,  Suffolk,  and  Westchester  Counties  in  New  York  State,  and 
also  that  part  of  Fairfield  County,  Connecticut,  which  might  be  included 
in  New  York  and  its  environs. 

TABLE  2. 


Areas,  in  Acres. 

Percenta&e  of 
Total  Arka. 

Assessed 
valuation 
of  golf  and 

country 
clubs. 

Ratio  of 

club  areas 

to  park 

areas. 

Public 
parks. 

Golf  and 

country 

clubs. 

Public 
parks. 

Golf  and 

country 

clubs. 

Nassau  County,  N.  Y 

TO 

76 

2  288 

714 

3  400 
3  000 
5  230 
1  360 

0.04 
0.01 
0.41 
0.27 

1.9 
0.5 

1.8 
0.5 

$2  342  000 

1  518  000 

10  598  000 

804  000 

50 

Suffolk  County,  N.  Y 

Westchester  County,  N.  Y 

Part  of  FairfieldCounty,Conn. 

40 
2.3 
1.9 

Totals 

3  148 

12  990 

0.21 

0.86 

$15  262  00() 

4.1 

1 


Deducting  from  the  figures  for  Westchester  County,  the  Bronx  River  Park- 
way which  is  under  the  control  of  a  State-appointed  Commission,  and  the 
recently  acquired  Mohansic  Park,  Westchester  would  have  only  288  acres  of 
parks,  and  its  ratio  of  club  areas  to  park  areas  becomes  18,  and  the  total  l-atio 
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becomes  11.     Parks  of  less  than  1  acre  in  area  have  not  been  considered  in 
Table  2. 

The  speaker  believes  these  figures  show,  in  a  striking  way,  two  things, 
namely,  the  lack  of  park  provision  in  these  parts  of  the  Metropolitan  Area  and 
the  great  demand  for  recreation  facilities.  These  club  areas  are  now  important 
but  temporary  open  spaces,  and  the  suggestion  is  not  a  new  one  that  they  might 
readily  be  made  permanent  if  some  public  authority,  or  commission,  would 
acquire  these  parcels  and  then  rent  them  back  to  the  clubs  for  such  a  number 
of  years  as  would  correspond  to  the  period  that  they  would  naturally  stay 
there  in  any  case.  All  these  clubs  are  more  or  less  temporary  in  character,  and 
tend  to  move  farther  out  from  the  city  as  congestion  develops  and  the  value  of 
land  increases.  The  speaker  believes  this  possibility  would  be  well  worth  study, 
not  only  in  the  New  York  Metropolitan  Area,  but  wherever  there  is  danger  of 
over-congestion. 

George  P.  Hemstreet,*  Esq. — Eegional  planning  is  a  splendid  idea.  Proper 
zoning  undoubtedly  adds  to  the  value  of  the  community,  but,  having  made 
the  plans  for  improving  the  outlying  Metropolitan  District,  who  is  going  to 
pay  the  bill? 

The  natural  answer  is  that  the  tax  payer  will  make  the  investment,  but 
that  the  increased  value  of  his  property  due  to  the  improvements  will  repay 
him  amply  for  the  money  expended. 

The  rent  payer  looks  at  improvements  from  this  angle:  Improvements 
cost  money.     Ilesult :  Increased  taxes.     Final  result :  Increased  rents. 

In  cities  of  the  first  class,  the  rent  payer  has  some  protection  from  the 
unscrupulous  landlord,  due  to  the  emergency  laws  governing  rentals.  These 
laws  do  not  apply  to  villages  adjoining  cities  of  the  first  class,  and  as 
a  result  rents  have  been  raised  to  such  an  extent  in  the  villages  of  the  Metro- 
politan Area,  that  people  of  modest  means  are  becoming  desperate. 

Under  the  school  laws,  rent  payers  as  well  as  property  owners  can  vote 
on  a  proposition  to  raise  school  funds  through  a  bond  issue,  and,  in  numerous 
instances,  appropriations  for  increased  school  facilities  have  been  defeated 
by  the  vote  of  the  rent  payer  who  has  been  willing  that  his  children  should 
go  on  part  time  or  be  herded  together  in  an  unsanitary  manner,  rather  than 
have  the  rents  raised  again. 

Mr.  Lewis  has  mentioned  the  fact  that  in  the  Metropolitan  District  there 
are  nearly  400  'different  municipalities.  Eegional  planning  in  the  Metro- 
politan District  covering  these  numerous  municipalities  would  undoubtedly 
meet  with  violent  opposition  from  the  rent  payer  when  the  time  came  to  vote 
the  money  to  carry  out  such  needed  improvements.  These  are  hard,  cold, 
disagreeable  facts,  and  they  must  be  faced. 

Before  additional  funds  can  be  voted  for  parks,  sewer  systems,  broad 
avenues,  splendid  public  buildings,  and  all  those  public  things  that  add  so 
much  to  the  value  of  the  community,  it  will  be  necessary  to  satisfy  the  rent 
payer  that  all  these  needed  improvements  are  not  going  to  be  loaded  on  him, 
together  with  a  handsome  profit  for  his  landlord. 

*  Hastings-on-Hudson,  N.   Y. 
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George  A.  Soper,*  M.  Am.  Soc.  C.  E. — The  speaker  would  like  to  have 
one  of  those  who  have  spoken  for  the  Sage  Committee  on  The  New  York 
Plan  explain  just  what  is  meant  by  the  use  of  the  word  "plan"?  Some 
who  have  heard  of  the  New  York  Plan  seem  to  think  that  a  scheme  of  physical 
development  is  contemplated,  such  as  might  be  represented  on  a  map  or  series 
of  maps.  Some  think  that  the  word  "plan"  is  used  to  mean  a  scheme  of 
development,  together  with  a  statement  of  policies  and  procedures  which  should 
be  followed  in  order  to  carry  the  physical  plan  into  effect. 

The  speaker  is  sure  that  all  are  much  impressed  by  the  thoroughness  with 
which  the  fundamental  data  necessary  to  comprehensive  planning  in  the 
Metropolitan  territory  are  being  collected,  but  some  do  not  quite  understand 
what  tangible  form  the  Committee's  conclusions  are  to  take.  It  is  hoped 
that  it  is  not  premature  for  the  Committee  to  explain  this  matter. 

Is  the  plan  to  be  announced  as  a  definite  and  complete  thing  at  some  future 
time,  or  is  it  to  be  a  continuing  project,  which  will  be  revised,  extended,  and 
developed  for  an  indefinite  period  in  the  future,  announcement  of  certain 
features  being  made  occasionally  as  seems  suitable? 

There  are  many  in  the  Metropolitan  District  who  would  like  to  be 
enlightened  on  these  two  questions,  if  it  is  not  inconsistent  with  the  policy 
of  the  Committee  to  make  its  purpose  clear  with  respect  thereto. 

Harold  A.  Caparn,!  Esq. — The  general  problem  of  city  planning  resolves 
itself  into  one  of  transportation  of  man  and  his  commerce.  Even  zoning 
is  a  part  of  this  problem,  because  one  of  its  purposes  is  to  regulate  transporta- 
tion. 

In  New  York  City,  the  question  of  city  planning  seems  to  be  one  of 
building  additional  subways,  so  that  it  may  be  possible  for  more  people  to 
travel  farther  and  farther  from  their  homes  to  their  business  and  back  every 
day.  This  kind  of  program,  however,  cannot  go  on  indefinitely.  It  merely 
results  in  making  the  city  larger,  more  unwieldly,  and  more  difficult  in 
which  to  live  and  do  business.  Yet,  like  other  large  cities,  New  York  takes 
a  pride  in  her  size,  as  Mr.  Lewis  had  pointed  out,  which  seems  to  the  speaker 
somewhat  like  a  man  5^  ft.  high  taking  pride  in  weighing  600  pounds. 
The  solution  should  lie  not  in  multiplying  transportation,  but  in  making 
it  unnecessary,  in  studying  how  subways  can  be  dispensed  with,  so  that 
most  people  might  be  able  to  live  within  walking  distance  of  their  \vork. 
The  speaker  does  not  know  how  this  could  be  done,  but  thinks  that  every 
city  planner  should  work  with  this  idea  in  mind. 

Another  subject  that  should  be  discussed  is  the  condition  of  the  city  parks. 
Parks  are  a  very  important  part  of  the  city  plan,  but  would  fail  in  many  of 
their  best  functions  if  they  were  not  maintained  properly.  Many  of  the  parks 
in  New  York  City  are  in  unsatisfactory  condition,  and  people  are  wondering 
why.  The  fault  is  not  with  the  Commissioners,  or  the  Mayor  who  appoints 
them,  but  in  the  method  of  administration,  as  this  differs  from  that  of  any 
other  park  system  with  which  the  speaker  is  acquainted.     Five  Commissioners 


*  Cons.   Engr.,   New  York  City. 

t  Landscape  Archt.,   New  York  City. 
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(so-called)  are  appointed  by  the  Mayor  every  four  years.  They  are  mostly 
inexperienced  in  park  affairs,  and  by  the  time  they  have  acquired  some  educa- 
tion at  the  public  expense,  they  are  dropped;  then,  usually,  five  new  and 
inexperienced  men  are  appointed  by  the  incoming  administration,  and  the 
same  process  is  repeated. 

If  one  city  department  more  than  another  needs  continuity  of  policy  in  its 
management,  it  is  that  of  the  Park  Department.  Many  years  are  required  to 
make  and  develop  a  park,  and,  in  New  York  City  it  would  probably  take  many 
years  under  the  best  conditions  of  management  to  ascertain  how  to  adapt  it 
to  the  best  needs  of  the  varied  and  changing  population  and  conditions.  The 
parks  should  be  administered  by  men  trained  in  park  affairs  and  secure  in 
office  as  long  as  they  make  good.  This  principle  should  prevail  throughout 
the  whole  organization.  "Hiring  and  firing"  should  depend  on  merit  only,  not 
on  political  pull.  In  fact,  the  parks  should  be  removed  from  politics  and 
operated  like  any  other  large  business  concern.  Yet  a  continuity  of  policy  is 
made  practically  impossible  by  the  vicious  provisions  of  the  city  charter  which 
relate  to  the  Park  Department. 

The  New  York  Chapter  of  the  American  Society  of  Landscape  Architects 
has  drawn  up  a  plan  for  the  reform  of  the  Park  Department,  which  its  mem- 
bers would  be  very  glad  to  explain  to  this  or  any  other  body  of  citizens  inter- 
ested in  city  affairs. 

Nelson  P.  Lewis,*  M.  Am.  Soc.  C.  E. — Mr.  Leavitt  has  made  the  interest- 
ing observation  that,  as  a  result  of  the  greater  speed  of  vehicles,  their  occu- 
pants cannot  see  and  appreciate  landscape  or  other  details  along  the  highways 
if  they  are  treated  in  much  detail,  everything  appearing  somewhat  blurred, 
and  that  park  treatment  and  other  details  must  be  on  a  larger  and  coarser 
scale  if  they  are  to  be  ajrpreciated.  He  also  notes  that,  although  the  engi- 
neer is  necessary  in  city  planning,  his  interest  in  the  subject  has  done,  and 
is  doing,  much  to  bring  out  his  human  side. 

As  a  result  of  his  broad  experience,  Mr.  Delano  has  shown  that  a  city 
planning  project,  if  it  is  to  become  more  than  a  plan,  must  have  behind  it  an 
intelligent  public  sentiment  and  enthusiasm  such  as  was  developed  in  con- 
nection with  the  Chicago  Plan. 

Mr.  Weir's  remarks  should  not  be  considered  as  a  plea  for  traffic  conges- 
tion as  a  stimulus  to  retail  business  and  realty  values,  and  yet  the  speaker 
recalls  instances  where  attempts  to  relieve  congestion  and  facilitate  move- 
ment have  been  resisted  by  the  owners  of  business  property  as  calculated  to 
reduce  its  rental  value. 

That  "regional  planning"  is  necessary  to  insure  better  facilities  for 
healthful  recreation  is  clearly  indicated  by  the  statistics  given  by  Mr.  H.  M. 
Lewis,  showing  the  great  disparity  between  such  facilities  which  are  available 
for  enjoyment  by  the  public  and  those  open  only  to  members  of  more  or  less 
exclusive  organizations. 

Mr.  Soper  has  asked  whether  what  has  been  called  the  "Plan  of  New 
York  and  Its  Environs"  is  to  be  a  concrete  and  complete  thing  at  any  definite 
*  Cons.  Engr.,  New  York  City. 
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future  time,  or  whether  it  is  to  be  constantly  revised  and  continued 
for  an  indefinite  time.  This  is  a  difficult  question  to  answer,  as  the 
speaker  can  make  no  statement  concerniiif^-  the  policy  of  the  Committee, 
and  his  active  connection,  as  already  explained,  has  been  confined  almost 
entirely  to  what  has  been  described  as  the  Physical  Survey.  To  the  pres- 
ent time,  this  has  consisted  chiefly  of  an  inventory,  or  an  attempt  to 
visualize  the  problem.  To  this  end,  many  maps  and  charts  have  been  pre- 
pared, which  can  be  seen  at  130  East  22d  St.,  New  York  City,  and  will  be 
gladly  explained  to  any  who  are  sufficiently  interested  to  call  there.  Although 
plans  for  a  town,  or  a  region,  are  sometimes  referred  to  as  complete  or  finished, 
there  is  no  such  thing.  Conditions  are  changing  constantly,  and  such  plans 
can  never  be  complete  or  final.  They  will  be  to  a  large  extent  suggestive  only, 
and  this  is  necessarily  the  case  where  hundreds  of  political  units,  in  three 
States,  are  involved.  There  are  many  special  lines  of  investigation  which 
might  be  taken  up  and  translated  into  definite  plans  by  the  officials  of  a 
particular  city  or  town,  but  which,  in  the  study  now  under  way,  can  only  be 
suggested  as  worthy  of  careful  consideration  by  the  local  authorities. 

In  the  speaker's  paper,  the  need  of  regional  planning  and  the  attempts 
already  made  in  this  direction  were  pointed  out.  Such  planning  must  be  a 
continuous  performance.  No  group  or  combination  of  municipal,  county,  or 
State  governments,  however  harmoniously  they  might  work  together,  could 
produce  a  complete  and  final  regional  plan.  An  unofficial  group  of  citizens  may 
be  able  to  indicate  to  the  local  officials  how  the  plans  for  adjoining  political 
units  may  be  made  to  harmonize  with  each  other  and  fit  into  a  comprehensive 
regional  plan.  If  this  is  done  tactfully,  and  if  the  suggestions  are  found  to 
possess  real  merit,  the  work  of  the  existing  committee  will  have  been  justified. 

Morris  Knowles,*  M.  Am.  See.  C.  E.  (by  letter). — In  view  of  the  paucity 
of  the  discussion,  perhaps  it  will  not  be  amiss  to  repeat  the  writer's  remarks 
"it  may  be  said  that  the  zoning  plan  is  primarily  an  engineering  problem". 
But,  is  the  engineer  interested?  The  number  or  length  of  the  criticisms 
would  not  seem  to  indicate  it.  However,  there  are  some  promising  indica- 
tions, and  the  suggestion  to  form  a  "City  Planning  Section"  in  the  Society 
is  one  which  speaks  better  for  the  future. 

Professor  Lyle  aptly  calls  attention  to  the  relation  of  zoning  to  the  major 
street  plan  and  that  when  adequately  developed  and  by  proper  co-operation, 
congestion  is  thereby  relieved.  He  refers  to  another  fact  of  greatest  value 
and  always  to  be  remembered,  namely,  that  zoning  is  "constructive  rather 
than  destructive".     It  is  not  retro-active. 

The  discussion  by  Mr.  Leavitt  adds  to  the  value  of  the  paper,  but  there 
should  be  no  doubt  as  to  the  wisdom  of  controlling  population,  that  is,  its 
location,  its  congestion — as  long  as  it  is  done  with  a  true  sense  of  reliance 
on  health,  safety,  and  general  welfare  by  power  of  the  law.  Again,  the  use 
of  the  word  "regulated"  is  unfortunate,  if  by  such  is  meant  to  temper  or 
modify  because  of  "irritation".  Ordinances  should  be  capable  of  amend- 
ment by  the  use  of  reasonable,  but  not  too  easy,  machinery,  and  interpreted 

*  Cons.  Engr.  ;  Pres.,  Morris  Knowles,  Inc.,  Pittsburgh,  Pa. 
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(by  appellate  boards,  if  necessary)  with  reason,  so  that  unnecessary  hardship 
or  confiscation  will  not  result.  More  than  this,  however,  is  unwise  and  lacking 
in  stability. 

Mr.  Leavitt  calls  attention  to  the  oft-forgotten  factor,  namely,  the  human 
equation  in  engineering,  and,  as  he  states,  perhaps  no  field  is  calculated  so  well 
to  develop  this  human  trait  as  a  study  of  the  application  of  zoning  and  an 
endeavor  to  put  an  ordinance  in  effect. 
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ELASTIC  STRESSES  IN  THE  ROCK   SURROUNDING 
PRESSURE  TUNNELS 

By  Charles  P.  Dunn,*  Assoc.  M.  Am.  Soc.  C.  E. 


With  Discussion  by  Messrs.  B.  F.  Jakobsen,  Jacob  Feld,  William  Cain, 
J.  Charles  Eathbun,  and  Charles  P.  Dunn. 


Synopsis 

This  paper  is  a  theoretical  study  of  the  stresses  occurring  in  the  rock  sur- 
rounding pressure  tunnels,  the  purpose  of  which  is  to  assist  in  developing 
pressure-tunnel  design,  with  particular  reference  to  that  part  of  high-pressure 
power  conduits  and  penstock  tunnels  in  which  the  rock  cover  alone  is  insuffi- 
cient to  withstand  safely  the  internal  pressure.  A  method  is  outlined  for 
making  calculations  to  determine  whether  strength  must  be  provided  in  the 
tunnel  lining,  and,  if  so,  how  much. 

The  subject  is  discussed  as  follows: 

Part  I,  Theory,  in  which  is  presented  a  study  of  elastic  stresses  caused  by 
internal  pressure  in  a  circular  tunnel,  the  rock  being  assumed  to  be  a  homo- 
geneous, weightless  substance,  with  the  modulus  of  elasticity  and  factor  of 
lateral  deformation  as  of  rock. 

Part  II,  Practical  Application,  in  which  is  described  a  method  of  apply- 
ing the  results  of  Part  I  to  tunnel  design,  the  weight  of  the  covering  material 
being  considered. 


Introduction 

This  subject  is  of  interest  to  many  engineers  because  the  large  size  of 
modern  i)ower  installations  makes  the  pressure  tunnel  the  most  economical 
form  of  conduit  at  many  sites.  A  great  number  of  such  tunnels  have  been 
built  recently,  and  many  more  are  under  construction  or  are  contemplated. 

The  writer  realizes  that,  on  account  of  the  hazards  and  uncertainties  of 
tunnel  construction,  pressure-tunnel  design  must  always  be  controlled  more 
by  experience  and  common  sense  than  by  theory,  but  he  believes  that  a  con- 

*  Designing  Engr.,  Portland  Ry.,  Light  &  Power  Co.,  Portland,  Ore. 
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sideration  of  the  problem  as  presented  in  this  paper  will  aid  in  forming  a 
correct  opinion. 

In  studying  theoretically  a  problem  of  this  kind,  assumptions  must  be 
made,  which  are  bound  to  be  in  error  to  some  extent  and  which  will  not 
fit  exactly  all  conditions.  The  results  of  a  study  may  be  accurate  mathemat- 
ically, but  the  practical  accuracy  cannot  be  of  greater  refinement  than  the 
accuracy  of  the  basic  assumptions. 

The  theory  as  presented  takes  no  account  of  fault  planes  or  stratification, 
the  rock  being  assumed  to  have  a  uniform  modulus  of  elasticity  and  factor 
of  lateral  deformation  in  all  directions.  For  simplicity,  all  the  calculations 
are  based  on  circular  bores  and  are,  therefore,  only  roughly  applicable  to 
other  tunnel  sections. 

The  problem  is  treated  as  if  the  tunnel  was  a  "thick  cylinder"  with  an 
infinite  external  radius.  This  is  sufficiently  accurate  for  a  practical  study  of 
the  stresses  due  to  internal  pressure  because,  as  will  be  shown,  the  great  bulk 
of  the  stress  is  in  the  material  immediately  surrounding  the  bore,  and  only  a 
small  error  is  introduced  by  assuming  the  external  radius  to  be  infinite  when 
actually  it  may  be  as  small  as  50  ft.  over  a  tunnel  10  ft.  in  diameter. 

I. — Theory 

Consider,  first,  a  tunnel  of  circular  section  in  a  weightless  material  having 
otherwise  the  characteristics  of  homogeneous  granite.  Assume  for  the  moment 
that  the  rock  can  carry  tensile  stresses  elastically.  Later,  a  reduction  of  com- 
pressive stress  will  be  substituted  for  this  tensile  stress,  which  is  assumed  to 
behave  in  the  same  manner  within  the  elastic  limit,  thus  bringing  the  solution 
of  the  problem  into  the  field  of  practical  usefulness. 

When  fluid  pressure  is  applied  to  the  tunnel,  the  diameter  will  increase 
elastically  until  the  internal  pressure  is  balanced,  the  increase  being  a 
maximum  at  the  wall  of  the  tunnel  and  zero  at  an  infinite  radius.  The 
deformation  of  the  rock  in  diametral  directions  must  occur  in  such  a  way 
that  all  its  particles  are  in  equilibrium.  The  successive  annular  rings 
will  increase  in  diameter  elastically  until  tension  is  set  up  in  them,  the 
direct  radial  stresses  being  gradually  balanced  by  circumferential  tension, 
until,  at  an  infinite  radius,  all  the  stresses  in  radial  directions  will  have  been 
absorbed  or  balanced  by  circumferential  tension. 

Notation. — In  this  paper,  L,  B,,  and  T  denote  stresses  longitudinal,  radial, 
and  tangential,  with  respect  to  the  axis  of  the  tunnel.  The  subscript,  a, 
denotes  apparent  stress,  or  stress  external  to  the  particle  under  consideration, 
and  the  subscript,  t,  the  true  or  internal  stress  as  measured  by  the  deforma- 
tion. Additional  subscripts  are  used  to  locate  the  stress  being  discussed,  such 
as  i^uj  to  denote  the  apparent  stress  in  a  radial  direction  at  the  radius,  x. 
E  =  the  modulus  of  elasticity; 

X  =  the  factor  of  lateral  deformation  (Poisson's  ratio) ; 
e  =  the  unit  elongation ; 
r  =  the  radius  of  circular  tunnel;  and 
a;  or  z  =  the  radius  to  any  point  in  the  rock. 

Keferring  to  Fig.  1,  consider  a  particle  between  r,  an  annulus  at  the 
wall  of  the  tunnel,  and  z,  another  annulus  of  infinitesimally  greater  radius 
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Fig.  1. 


than  r,  the  particle  being  enclosed  between  longitudinal  and  cross-sectional 
planes  and  the  cylinders,  r  and  z.  When  pressure  is  applied  to  the  tunnel, 
there  will  be  a  certain  definite  elastic  increase  in  the  radius  of  the  cylinder, 
r,  and  another  (smaller)  elastic  increase  in  the  radius  of  the  cylinder,  z. 
The  condition  of  equilibrium  requires  that  the  tangential  and  radial  stresses 

must  adjust  themselves  so  that  the  difference  be- 
tween these  two  increases  in  radius  will  be  equiva- 
lent to  the  deformation  caused  by  the  mean  true 
radial  compressive  stress  between  r  and  z  acting 
through  the  distance,  r-z,  and  the  increase  in 
radius  at  z  must  be  the  same  as  it  would  be  if 
the  cylinder,  z,  was  the  surface  of  a  tunnel  sub- 
jected to  the  unit  pressure,  Raz-  Raz  is  less  than 
the  unit  stress,  R^r,  by  the  amount  balanced  by  the 
circumferential  tension  between  r  and  z,  and  it 
is  also  smaller  than  R^r  in  inverse  proportion  to 
the  length  of  the  radii,  r  and  z,  because,  as 
the  particle  under  consideration  is  enclosed  be- 
tween radial  (longitudinal)  planes,  the  areas  of 
its  inner  and  outer  surfaces  are  in  proportion  to  the  length  of  the  respective 
radii. 

Fig.  2  shows  an  infinitesimal  particle  of  rock  held  in  equilibrium  by  the 
three  pairs  of  equal  and  opposite  forces,  T^,  Ra,  and  L^.  Equations  (1),  (2), 
and  (3)  are  based  on  the  theory  of  the  true  stresses:* 

R.^R^-XL^-X  T^ (1) 

T,=  T^-XL^-XR^ (2) 

L,  =  L^-XT^-XR^ (3) 

It  is  apparent  that  the  conditions  in  a  tunnel  are  quite  different  from 
those  in  a  gun  or  other  finite  "thick  cylinder"  which  is  free  to  deform  longitu- 
dinally. It  is  assumed  that  there  is  no  deforma- 
tion of  the  rock  longitudinally  or  parallel  to  the 
axis  of  the  tunnel,  because  the  tunnel  may  be  con- 
sidered very  long  in  proportion  to  its  diameter, 
and  the  thickness  of  the  shell  of  the  "thick 
cylinder"  is  very  great  in  proportion  to  the 
diameter,  therefore,  the  tendency  toward  longi- 
tudinal deformation  is  resisted  by  heavy  shearing 
and  bending  stresses.  It  is  realized  that  this  as- 
sumption cannot  be  strictly  correct,  that  there 
must  be  some  deformation  longitudinally,  par- 
ticularly near  the  ends  of  the  tunnel,  but  the 
assumption  of  no  longitudinal  deformation  ap- 
pears to  be  much  nearer  the  truth  than  that  of 
absolutely  free  movement  lengthwise  as  with  a 
gun  cylinder.     Any  intermediate  consideration  would  introduce  unwarranted 

•  "Mechanics  of   Materials",   by  Mansfield   Merriman,   M.   Am.    Soc.   C.    E.,   1908   Edition, 
p.  360,  Article  139. 
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from  Equation  (6)  : 
from  Equation  (6)  : 
from  Equation  (7)  : 
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complications  in  the  problem,  as  the  percentage  of  error  involved  in  this 
assumption  is  small. 
Then, 

A  =  0 (4) 

and  from  Equation  (3) : 

La-^T^-^xn, (5) 

from  Equations  (1)  and  (5): 

J?,  =  (1  -  A^)  7?„  -  (A  +  A^)  T^ (6) 

from  Equations  (2)  and  (5)  : 

r,  =  (1-A^)2;-(A  +  A2)i?„ (7) 

from  Equation  (7)  : 

_         T,  +  (A  +  A^)  i?„ 

Ta-      a-A^)      • ^^^ 

E.  —  n—  A^)  2?„ 
^-  =  -  (A  +  A-)  W 

J?,  +  (A  +  A^)  T^ 
^°=  d-A')  <^»> 

T,  —  (l  —  A^)  T 

«»  =  -    (;+,./   (») 

also,  as  true  imit  stress  is  proportional  to  deformation : 

T,  =  eE (12) 

As  the  modulus  of  elasticity  and  Poisson's  ratio  are  assumed  to  be  the  same 
in  all  directions,  it  is  reasonable  to  consider  (for  stresses  within  the  elastic 
limit)  that, 

Deformation  =  i?^^  X  a  constant 
or, 

e  (unit  deformation)  =  7^^  X  a  constant (13) 

then,  from  Equations  (8)  and  (12)  : 

e^+(A  +  A^)J?„ 

^'^- (T^l^) ^^^^ 

from  Equations  (7)  and  (12),  or  from  Equation  (14): 

eE=(l-X')T^-(X  +  A:')R^ (15) 

from  Equations  (15)  and  (13): 

i?„  (1  —  A2) 

t;=(a  +  a-)  +  ^c=^^""^"^^ •••(^^) 

Eeferring  to  Fig.  3,  in  order  that  equilibrium  may  exist,  the  total  of  all 
the  forces  due  to  internal  pressure  acting  perpendicular  to  a  radius  within  the 
bore,  B,  must  be  equal  and  opposite  to  the  total  of  all  the  forces  acting  per- 
pendicular to  the  same  radius  outside  the  bore,  A. 

As  the  external  radius  is  considered  to  be  infinite,  the  curve  of  T^,  starting 
at  a  definite  value  at  the  wall  of  the  tunnel,  must  diminish  to  zero  at  an 
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infinite  radius  in  such  a  manner  that  the  area,  A,  between  the  curve  and  the 
a;-axi8,  will  be  equal  to  the  area,  B. 


Fig.  3. 

The  equilibrium  of  forces  may  be  stated  in  another  manner,  as  shown  in 
Fig.  4.  Taking  the  forces  perpendicular  to  any  finite  radius,  x,  the  radial 
pressure  on  the  annulus,  x,  is  R^x,  and  in  order  that  equilibrium  may  exist, 

2  T     +  ^  T 


B„^x 


A  X 


iK 


^Kx)(^  +  ^^) (17) 


must  be  equal  to: 

which  reduces  to, 

R„^(lx-xclR^^  =  -T^^dx ■;>i'.V.r...(18) 

The  writer  finds  himself  unable  to  write  the  equations  of  the  stress  curves 
by  the  use  of  calculus.  He  has  used  "cut  and  try"  methods  based  on  the  rela- 
tions established  previously. 


2 


Fig.  4. 


The  method  followed  was  the  calculation  of  stress  and  deformation  curves, 
as  shown  in  Fig.  5,  by  assuming,  first,  a  value  for  the  internal  pressure,  Rar'y 
and,  second,  an  estimate  of  the  corresponding  value  for  the  elastic  increase  in 
the  diameter,  2r.  The  curves  were  determined  by  calculating  the  stresses 
corresponding  to  small  increments  of  radius  successively.     Starting  at  the 
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wall  of  the  tunnel,  and  choosing  a  certain  increment  in  radius,  the  mean  elastic 
increase  in  diameter  and  the  mean  radial  unit  stress  were  estimated  for  the 
increment.  From  these  estimated  values,  Mean  Tt  was  calculated  by  Equation 
(12)  and  Mean  r„  by  Equation  (8). 
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The  radial  unit  stress  at  x,  balanced  by  tension  in  the  annulus  of  thickness, 


/ix,  is,  therefore, 


Mean  T„  A  x 


X 


which  is  subtracted  from  2?„ 


This  remaininsr 


force,  Z? 


Mean  T„  A  x 


,  is  transmitted  radially  to  the  outside  of  the  annulus 


to  the  point  where  the  radius  is  a;  +  -^  ^i  the  unit  stress  being  reduced  in  direct 
proportion  to  the  increase  in  area,  or  inversely  as  the  change  in  radius. 
Therefore, 


J?a  [x  +  A  .r]  — 


J?„, — 


Mean  T*  A  x 


.(19) 


X  -\-  A  X  \    """  X 

The  value  of  Ba  [x  +  a  a-j  having  thus  been  approximated,  the  estimated  value 
of  Mean  Ra  for  the  increment  may  be  checked  and  corrected,  and  the  calcula- 
tion repeated  if  necessary.  By  plotting  the  curve  step  by  step  with  the  calcula- 
tion, the  values  could  be  estimated  quite  accurately  in  advance. 

Mean  Bt  was  then  calculated  by  Equation  (6),  and  the  deformation  due 
to  true  radial  compression  in  the  annulus.  Ax,  is  calculated  by: 

Mean  J?,t  ^  ^ 


Deformation  in  thickness,  A  x  = 


E 


(20) 


The  increase  of  the  radius,  x  -\-  A  x,  due  to  elastic  stress  is  less  than  the 
increase  of  the  radius,  x,  by  the  amount  of  compressive  deformation  in  thick- 

*  Mean  Tg  denotes  the'mean  between  x  and  A  x. 
t  Mean  ^i^  denotes  the  mean  between  x  and  A  x. 
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ness,  J  re,  in  a  radial  direction.  This  latter  was  determined  by  Equation  (20) 
and  subtracted  from  the  increase  at  the  radius,  x.  The  amount  of  the  elastic 
increase  in  diameter  at  x  -{-  J  x  having  thus  been  approximated,  the  value 
assumed  for  the  mean  could  be  cheeked  and  corrected,  if  necessary. 

It  was  found  that  the  curves  were  rather  sensitive  to  errors  in  preliminary 
assumed  values,  too  large  an  assumed  value  of  elastic  increase  in  diameter 
causing  the  curve,  B^,  to  cross  the  a;-axis  and  too  small  a  value  causing  the 
curve,  Tg,  to  cross  the  rc-axis,  either  of  which  conditions  evidently  cannot 
exist  if  all  the  conditions  outlined  previously  are  satisfied. 

When  the  correct  value  of  increase  in  diameter  is  assumed,  the  curves, 

i?^  and   r^,  coincide,  indicating  a  value  of  1  for  the  constant,  ~,  in  Equa- 

a 

tion  (16),  and  approach  the  a;-axis  at  an  infinite  radius. 

A  number  of  calculations  have  been  made,  with  variations  of  A,  E,  diameter, 
and  internal  pressure,  to  determine  the  effect  of  each  on  the  result,  and  the 
following  Equation  (21),  for  the  elastic  increase  in  any  diameter,  2x,  has  been 
established  beyond  any  reasonable  doubt,  and  is  sufficiently  accurate  for  any 
practical  calculation : 

Elastic  increase  (of  any  diameter,  2  x) 

2  (1  +  A)  R     1-2 

=      ^        „^     °^       (21) 

Ex  ^     ^ 

Elastic  increase  (of  diameter  of  tunnel,  2  r) 

2  r  (1  +  A)  i?„. 

Equation  (23),  for  the  stress  curves,  R^  and  Ta,  was  also  established  by 
the  calculations: 

Ta.=   ^a.  =  ^I^ar (23) 

Eeferring  to  Fig.  3,  this  calculation  is  checked  by, 

^ar  r  =  /Jb,,  d  X  =  r'  li^,  f^^-^,  dx (24) 

Fig.  6  shows  the  elastic  change  in  diameter,  in  inches,  of  a  circular  tunnel 
in  rock  for  various  values  of  A,  E,  diameter,  and  internal  fluid  pressure,  when 
the  external  radius  is  infinite. 

II. — Practical  Application 

Referring  to  Fig.  7,  consider,  first,  the  forces  holding  the  rock  particles  in 
equilibrium  before  the  tunnel  is  excavated. 

The  vertical  stresses,  v,  are  imposed  by  the  weight  of  the  overlying  material, 
and  the  horizontal  stresses,  h,  are  imposed  by  the  tendency  to  lateral  deforma- 
tion. It  may  be  assumed  that,  in  a  large  body  of  rock,  lateral  deformation  does 
not  actually  occur,  because  the  horizontal  forces  in  any  given  horizontal  plane 
are  equal  and  opposite  in  all  directions.    If  this  assumption  is  made,  the  true 
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or  internal  horizontal  stress  is  zero,  and  an  apparent  or  external  horizontal 
stress  exists  in  all  directions  in  a  horizontal  plane  which  is  measured  by  \v. 


DIAGRAM  SHOWING  ELASTIC  CHANGE 
IN  DIAMETER  OF  CIRCULAR  TUNNEL 
SECTION  IN  ROCK  FOR  VARIOUS  VAL- 
UES OF  DIAMETER.,  INTERNAL  PRESS- 
URE. XAND  E,  THE  EXTERNAL  RADIUS 
BEING   INFINITE. 


Fig.  6. 
The  true  vertical  stress  is,  therefore, 

Vt  =  Va  —  2  X-  Va  =  Va  a  —  ^  \') (25) 

When  the  tunnel  is  excavated,  it  may  be  said  that  the  struts,  H  and  V, 
are  removed,  which  brings  about  a  change  in  stresses  such  that  the  loads 

formerly  carried  by  these  struts  are  carried  by  cir- 
cumferential compression,  and,  within  the  elastic 
limit,  the  distribution  of  the  additional  stresses 
will  be  as  presented  in  Part  I,  with  opposite  sign. 
The  apparent  circumferential  compressive  stress, 
Tfi,  at  Point  A,  caused  by  the  removal  of  the  force, 
V,  will  be  equal  in  amount  to  V ;  this  will  be 
added  to  the  horizontal  stress,  H,  already  existing 
at  A,  making  the  total  apparent  tangential  stress 
at  A  equal  toV-]-H.  In  like  manner  (neglecting 
the  difference  in  the  quantity  of  material  over- 
lying A  and  B),  the  tangential  stress  at  B  is  the  same  as  that  at  A,  namely, 
H-\-V. 

If  internal  fluid  pressure  is  applied  to  the  tunnel  at  a  unit  pressure,  H  -\-V, 
the  initial  circumferential  compressive  stresses  will  be  balanced  by  the  ten- 
dency of  the  internal  pressure  to  produce  tension.  Any  additional  internal 
pressure  will  produce  apparent  circumferential  tension  in  the  rock,  and  there 
will   be   a   tendency   for   the   rock   particles   to    separate,    and   for   existing 


Flu.    7. 


natural  seams,  relieved  of  initial  compression,  to  open. 
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The  writer  believes  that  (with  a  safety  factor  applied)  this  method  of  cal- 
culating the  strength  of  pressure  tunnels  may  be  of  some  value  in  tunnel 
design  and  has  prepared  Fig.  8  to  show  tlie  relation  of  depth  of  rock  ovcr- 
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Fig.  8. 


burden  to  the  critical  pressure  at  which  apparent  tension  exists  in  the  rock 
immediately  surrounding  the  bore.  It  will  be  noted  that  no  safety  factor  is 
included  in  the  diagram.  The  factor  of  lateral  deformation,  A,  is  taken  as 
0.20  and  the  weight  of  the  rock  at  170  lb.  per  cu.  ft.  Apparent  tension  exists 
whenever  the  head  of  water,  in  feet,  is  more  than  three  and  one-quarter  times 
the  head,  or  the  rock  overburden,  in  feet. 

It  must  be  borne  in  mind  that  any  rock  may  contain  seams,  arched  over, 
which  will  not  be  closed  by  the  weight  of  the  overburden.  Such  seams  ex- 
posed to  water  pressure  would  allow  a  dangerous  and  possibly  disastrous 
hydrostatic  pressure  to  develop  over  large  areas  in  the  rock.  For  this  reason, 
pressure  tunnels  ordinarily  must  be  sealed  with  a  lining  as  nearly  water- 
tight as  practicable.  Where  the  overburden  is  ample,  the  lining  should  be  a 
dense  concrete  and  the  seams  in  the  rock  should  be  grouted  under  pressure. 
Where  the  tunnel  approaches  the  surface,  as  in  the  case  of  a  penstock,  the  lining 
should  be  of  steel  plate  of  whatever  strength  may  be  necessary  to  make  up  the 
deficiency  in  the  strength  of  the  rock,  with  a  backing  of  porous  concrete  freely 
drained. 

The  writer  believes  that  concrete  placed  between  the  steel  lining  and  the 
rock  in  penstock  tunnels  should  be  a  porous  mix,  with  drains  placed  in  it,  in 
order  to  carry  away  any  leakage  through  the  lining  and  to  relieve  external 
ground-water  pressure.     (See  Fig.  9.)     If  such  construction  is  impracticable. 
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other  provision  must  be  made  for  protecting  the  steel  against  crushing  by 
external  pressure,  such  as  angle  or  channel  collars,  or  a  ring  of  concrete  inside 
the  steel.  Where  porous  concrete  and  drainage  are  practicable,  no  grout  should 
be  used  in  steel-lined  penstock  tunnels. 


,^-^Whff'^' 


Drain 


:=\,W 


F^G.  9. 

The  concrete  backing  of  a  steel  penstock  tunnel  lining  need  not  have 
great  strength,  because  (o)  the  shrinkage  of  the  concrete  on  setting  will  be 
sufficient  to  render  it  ineffective,  except  to  transmit  direct  stresses  in  radial 
directions  (this  makes  the  effective  diameter  of  the  tunnel  the  diameter  of  the 
excavation) ;  and  (&)  ordinarily,  the  pressures  to  be  transmitted  in  a  radial 
direction  are  no  greater  than  can  be  safely  carried  by  a  lean  concrete. 
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DISCUSSION 


B.  F.  Jakobsen*  M.  Am.  Soc.  C.  E.  (by  letter). — The  author  discusses 
an  important  question  of  design  and  one  that  needs  to  be  studied  in  order 
tliat  construction  may  be  made  not  only  safe,  but  economical.  Several  years 
ago,  in  connection  with  a  proposed  hydro-electric  plant,  the  writer  considered 
the  problem  discussed  in  this  paper.  An  arrangement  similar  to  Fig.  9  wa.s 
contemplated,  consisting  of  a  well-drained  porous  concrete  with  a  steel  skin 
placed  inside.  The  maximum  head  was  2  000  ft.,  which  is  equivalent  to  a 
pressure  of  868  lb.  per  sq.  in.  The  steel  skin  was  to  serve  merely  as  a  water- 
tight barrier,  and  its  strength  did  not  enter  into  the  consideration.  The 
principal  question  was  to  determine  whether  or  not  the  skin  was  sufficiently 
elastic  to  permit  the  extension  which  the  yielding  of  the  concrete  and  the 
rock  would  produce,  without  developing  dangerously  high  stress  in  it. 

The  recent  experience  of  European  engineers  with  unlined  tunnels  which 
were  resorted  to  during  the  World  War,  on  account  of  the  high  price  of 
steel  and  the  uncertainty  of  delivery,  has  demonstrated  that  such  tunnels  are 
not  safe  for  heads  of  300  ft.,  and  most  engineers  would  probably  hesitate  to 
use  unlined  tunnels  for  heads  of  more  than  150  ft. 

The  writer  does  not  understand  why  the  usual  formulas  developed  for 
thick  cylinders  do  not  fit  this  case.  These  formulas  are  derived  on  the 
assumption  that  the  longitudinal  stress  is  constant  throughout  the  section, 
and  when  the  external  radius  becomes  infinite,  the  longitudinal  deformation 
becomes  zero,  as  the  author  assumes  in  Equation  (4).  Also,  Equation  (18) 
is  the  fundamental  expression  from  which  the  stresses  are  derived  by  integra- 
tion. For  zero  external  pressure,  Bachf  gives  the  following  formulas  for  the 
stresses  x  ft.  from  the  center.    Using  the  author's  nomenclature: 

m  —  2         r/ 

i'.  =  ^;r7J±7}>' '-'^> 

T,  =  '^^^    -^ll^^p+'I^+l    jllL   iL (27) 

'  m       rJ  —  r/  m       r,,  —  r,      x^ 


I 
,»-2   _i:L^  r^^+1    _jpi_lL^ (28 

'  m       r^  —  r{  m        r^  —  r/    x^ 

ill    which    tension  is   positive  and  compression  is  negative,  —   =    Poisson's 

ratio,  and  ■p  the  water  pressure.  These  are  the  true  stresses,  so  that  the  true 
deformations  are  obtained  by  multiplying  these  stresses  by  E,  the  modulus 
of  elasticity.  If  r^,  the  outside  or  external  radius,  becomes  infinite,  Lt  =  0, 
as  it  should  be. 

If,  in  Equation  (27),  x  =  r^,  Tt  is  the  tangential  stress  at  the  inside  of 
the  tunnel,  T^E  is  the  elongation  per  unit  length,  and  TtEvi  is  the  elonga- 
tion of  the  radius.  In  the  example  of  Fig.  6,  r,  =  6.5,  r^  =  a,p  =  200 
lb.  per  sq.  in.,  m  =  4,  and  E^=Q  000  000  lb.  per  sq.  in.,  and  the  change  of 

*  Cons.  Engr.,  Fresno,  Calif. 

t  "Elasticitat  und  Festigkeit",  3d  Edition,  p.   492. 
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the  radius  is  0.003  in.,  whereas  Equation  (27)  gives  0.00325  in.    The  stress  in 


1  2.-)0  lb.  per  sq.  in.,  for  E^  =  30  000  000 


the  steel  skin  would  be  1.25  p  — r 

lb.  per  sq.  in. 

Even  in  first-class  rock,  the  material  nearest  the  tunnel  is  likely  to  have 
been  deformed  on  account  of  the  removal  of  the  stress  existing  previously, 
and  it  seems  reasonable  to  assume  that  this  rock  mass  will  deform  or  yield 
more  to  pressure  than  if  the  material  had  not  been  disturbed.  It  would 
seem  safer,  therefore,  in  order  not  to  under-estimate  the  elongation  to  which 
the  steel  skin  will  be  subjected,  to  assume  arbitrarily  a  zone  of  no  tangential 
stress  nearest  the  tunnel.  This  zone  should  be  assumed  as  extending  a  dis- 
tance of,  say,  3ri  from  the  center  of  the  tunnel. 

In  this  zone  of  no  tangential  stress,  the  pressure  would  vary  inversely  as 
the  distance  from  the  center  of  the  tunnel,  and  it  may  be  assumed  that 
there  is  no  lateral  constraint,  so  that  the  rock  will  deform  as  if  subject  to 
compression  in  one  direction  and  free  to  expand  in  the  other  directions. 

On  this  assumption   (see  Eig.  10),  the  rock  compression,  x  ft.  from  the 

»  r. 
center,  is  —-^  ,    and  the  deformation  of  the  rini;:  (of  thickness  (7  x)  is 

r,  d  X 


de  =  p 


xE 


(29) 


log,  (J?  —r.) (.30) 

is   the   radius  of  the   steel 


Integrated  between  the  limits,  R  and  r^, 
the  deformation  of  the  radius,  r^,  is 

E 
in  which  r^ 
lining. 

As  an  illustration,  assume  the  con- 
dition shown  in  Fig.  10.  Allowing 
10  000  lb.  per  sq.  in.  in  the  steel  lining, 
and  computing  by  the  ordinary  cylinder 
formula,  the  required  thickness  is  6  in. 
If  a  steel  skin  as  thin  as  can  be  handled 
economically  is  placed  in  fairly  porous 
concrete,  it  is  necessary  to  determine  the 
stress  in  the  steel  lining  due  to  the  yielding  of  the  rock,  on  the  assumption 
that  the  steel  lining  does  not  carry  any  part  of  the  stress. 

In  order  to  form  an  idea  of  the  forces  and  stresses  involved,  it  may  be 
noted  that  the  water  pressure  acting  on  the  triangle,  ABC,  1  ft.  long,  is 
720  000  lb.,  on  the  assumption  that  the  water  is  confined  to  the  tunnel,  giving 
an  average  shear  intensity  of  36.8  lb.  per  sq.  in.  along  the  plane,  BC ,  pro- 
vided no  other  forces  are  acting.  The  weight  of  the  triangle,  ABC,  is  nearly 
1  700  000  lb.,  with  rock  weighing  170  lb.  per  cu.  ft.  The  horizontal  plane, 
BC,  is  not  likely  to  be  the  plane  in  which  the  stresses  are  the  highest,  but 
the  demonstration  just  given  is  sufficient  to  show  that  the  arrangement  may 
be  considered,  provided  the  rock  is  fairly  sound.     By  assuming  the  stress 


Fig.  10. 
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distribution  to  be  the  same  as  that  in  a  thick  cylinder,  the  elongation  of  the 
radius,  r,  from  Equation  (27),  is  found  to  be: 

b'^p  ,      5       lOO^p 

4 


'   E  E 


(-- 

\2    1( 


+ 


2)   =0. 


001  ft. 


lOO^  —  52    ■      4    1002  _  5^ 

The  tangential  tension  of  the  rock  at  the  lining  is  practically  1  250  lb. 

per  sq.  in.,  and  the  tension  in  the  lining,  therefore,  is  6  250  lb.  per  sq.  in.     If 

the  external  radius  is  assumed  to  be  infinite,  the  deformation  is  decreased  in 

9  975 
the  ratio,  _^  ^^^ ,  which  is  ne^Iiijible. 
'  10  000'  °  '^ 

The  variation  of  Tt  with  x  is  shown  in  Table  1. 


TABLE  1. 


X,  in  feet. 

-Kt=   Tu 
in  pounds  per 
square  inch. 

X,  in  feet. 

—  Rt=  Tt, 
in  pounds  per 
square  inch. 

1 

i 

X,  in  feet. 

—  Iit=  Tt, 
in  pounds  per 
square  inch. 

5 

7.5 
10 
15 

1  250 
558 
313 
139 

20 
25 
30 
40 

78.4 
50.2 
34.8 
19.6 

60 

80 
100 

8.7 
4.9 
3.1 

It  is  evident  that,  in  this  case,  the  rock  will  not  withstand  a  tension  of 
1  250  lb.  per  sq.  in.     The  pressure  at  point,  D,  due  to  the  weight  of  the  rock 

above  D,  is  only  — — =  160  lb.  per  sq.  in.     The  tensile  strength  of  good 

granite  is  about  600  lb.  per  sq.  in.,  but  it  is  hardly  safe  to  assume  any  tensile 
strength,  especially  near  the  tunnel ;  therefore,  the  maximum  allowable  tension 
should  not  exceed  the  160  lb.  per  sq.  in.  in  Point  D,  and  it  would  be  much 
less  in  Point  E.  If  a  zone  of  no  tangential  tension,  as  outlined  previously,  is 
considered  as  extending  to  a  distance  where  the  tangential  tension  from 
Equation  (27)  is  found  to  be  within  safe  limits,  this  would  neglect  the 
tension  which  actually  exists,  due  to  a  decrease  in  the  compression,  and, 
moreover,  no  such  zone  can  be  found  in  this  particular  case. 

A  value  for  the  increase  of  the  diameter  of  the  steel  lining  may  be  found, 
as  follows:  Neglecting  the  tensile  strength  of  the  rock,  the  compression  in 
the  plane,  BC,  is  roughly  proportional  to  the  height  from  any  point  to  the 
surface.     For  points  in  the  plane,  AC,  the  compression  is  due  to  the  lateral 

V 

stress,  or  equals  — ,  if  V  is  the  vertical  pressure.     As   a   safe   averaf^e,  0.5 


V  H I ,  which,  for  m 

m 


value  of  X,  in  Eig.  10, 


4,  gives  0.625   F,  may  be  taken.     Then,  for  any 


170 
^x  =  (141  —  ^)  j^  lb-  per  sq.  in (31) 

The   total   tangential   tension   over   AB,   in   Eig.    11,   where   AB  ^=  x  —  r, 
or  X  —  5  in  this  case,  is 
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St  =  -, — ^— (X 


•^) 


=  - —  (163..">  —  0.50  X)  (x 


') 


(32) 


Fig.  11. 


This  tangential  tension  brings  about  a  decrease  in  the 
radial  pressures.  Fig.  11  shows  the  relation  between  the 
three  stresses,  from  which  follows : 

p  r  2  (p  —  Pj.  x  2  0  =  2  S,  sin  0 

For  (p  approaching  zero  and  using«4he  value  of  S^  from  Equation  (32), 


pr  —  -—   (163.5  —  0.59  x)  (x  —  5) 


Pz 


(33) 


The  relation  between  pj.  and  x  is  shown  in  Table  2. 

TABLE  2. 


X,  iQ  feet. 

px.  in  pounds 

per  square 

inch. 

a-,  in  feet. 

px.  in  pounds 

per  square 

inch. 

X,  in  feet. 

px,  in  pounds 

par  square 

inch. 

5 
10 
15 
20 

1  000 
451 
269 
174 

25 
30 
40 

50 

125.5 
90.6 
48  5 
34.6 

60 
70 

10.00 
0.57 

The  stresses  are  plotted  in  Fig.  12. 

For  X  =  TO  ft.,  p^  =  0.    The  deformation,  in  this  case,  is 

1       Z*^ 
e  =  -^  J     P.^?^ (34) 

in  which,  r  =  5  and  x  =  TO.    Integrating : 

r)  —  1G3.5  (X  —  r)  -\-  81T.5  log^  (re  —  r) 


5      1 

—  —   [p  r  log^  (X 


+  0.295  (x^  —  r-)  —  2.95  (x  —  >•)]  =  0.0028G  ft. 

The  tension  in  the  steel  lining  is,  therefore,  IT  900  lb.  per  sq.  in.  This,  the 
writer  believes,  is  a  fair  conservative  value  for  the  tension  in  the  steel,  under 
the  circumstances,  and  the  values  obtained  from  Equation  (2T)  are  likely 
to  be  somewhat  below  the  actual  stresses.  A  design,  such  as  that  shown  by  Fig. 
10,  therefore,  should  be  possible,  even  if  the  rock  is  only  fairly  good.  With 
drain  pipes,  as  shown  by  Fig.  9,  and  properly  connected,  there  should  be 
fair  warning  if  leaks  develop  in  the  steel  skin.  Before  using  such  a  design 
as  that  shown  by  Fig.  10,  the  writer  would  determine  roughly  the  deformation 
of  the  steel  skin,  on  the  assumption  that  the  rock  was  fractured  along  the 
vertical  plane,  AC. 

The  author  deserves  credit  for  having  submitted  his  ideas  on  pressure 
tunnels.    Discussion  of  the  subject  cannot  fail  to  be  beneficial,  and  will  lead 
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Fig.  12. 


eventually  to  a  more  rational  undertaking  of  the  phenomena  involved  and, 
therefore,  to  more  sensible  designs,  which  would  lower  the  cost  without 
affecting  adversely  the  safety  of  the  tunnel. 

Jacob  Feld,*  Jun.  Am.  Soc.  C.  E.  (by  letter). — The  author  is  to  be  con- 
gratulated for  presenting  another  application  of  the  mathematical  theory 
of  stresses  to  civil  engineering  design.  His  demonstration  of  the  subject  is 
especially  to  be  complimented  because  of  the  clear  description  of  the  assump- 
tions made  and  of  the  limitations  imposed  by  these  assumptions.  As  the 
mathematical  development  of  the  subject  may  be  simplified,  the  writer  will 
show  a  shorter  as  well  as  a  more  rigid  method  of  solving  the  problem,  and 
also  a  more  general  solution,  by  the  theory  of  least  work. 

Part  I  of  the  paper  relates  to  a  problem  very  similar  to  Lame's  solution  of 
the  apparent  stresses  in  thick  cylinders.  The  results,  with  changes  in  the 
end  conditions,  are  the  same.  Some  simpler  methods  for  obtaining  the 
author's  results  are  as  follows. 

Considering  the  stresses  acting  on  a  unit  volume  (Fig.  2),  the  longitudinal 
deformation  is  equal  to. 


A.  7?,       XT, 

^  E    ^    E 


.(35) 


*  Brooklyn,   N.   Y. 
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assuming  that  the  material  is  isotropic,  and,  therefore,  A  and  E  are  constant 
throughout  the  mass.  Assuming,  with  the  author,  that  there  is  no  longitudinal 
displacement,  6^  =  0  gives  the  equation  : 

iit  =  -T, (36) 

Substituting  in  Equations  (1)  and  (2),  it  is  found  that  Ba  =  —  Tg,- 

This  result  can  be  obtained  directly,  and  more  easily,  from  the  assumption 
that  the  longitudinal  stress  is  zero;  for  this  is  the  case  of  simple  shear,  with 
zero  stress  along  one  axis,  and,  therefore,  the  stresses  along  the  other  two 
axes  are  equal  in  magnitude  and  opposite  in  direction.  The  case  of  simple 
shear  is  also  a  condition  of  constant  volume;  the  work  done  is  entirely  in 
deformation  of  shape. 

Considering  an  annulus,  of  radii,  x  and  z,  the  internal  pressure  changes 
these  radii  to  a;  +  Ax  and  z  -\-  A  z.  The  original  volume  is  ir  {zr  —  a;^)  ;  the 
final  volume  is  tt  [(2  +  //  2)-  —  {x  -\-  A  x)-~\.    The  difference  must  be  zero,  or, 

2  z  J  z  +  ( J  2)2  _  2  a;  J  X  —  (//  a;)^  =  0 (37) 

But, 

7?  7? 

J  z  =  -f  3,  and  z/  a;  =  -f  a- (38) 

and,  disregarding  the  infinitesimals  of  the  second  order.  Equation  (37) 
becomes, 

2^2         _  2^ 

or, 

K.-^a.=-^''-^' (39) 

When  2  =  r,  at  the  circumference  of  the  tunnel,  R^z  =  Rar>  and,  therefore, 

,.2 
B^  =  —  i?^^,  the  author's  Equation  (23).     A    very  similar  method  was  used 

by  Barlow  in  his  investigation  of  the  stress  in  thick  cylinders. 

Several  points  in  the  paper  show  that  the  conditions,  Ra  =  —  To  (the 
minus  sign  denotes  that  one  stress  is  compression  and  the  other  is  tension)  and 

B^^  =  —5-  B^j.,  satisfy  the  author's  equations.     Fig.   3  assumes  that  B^  and 

T(i  are  equal  and  opposite  at  the  circumference  of  the  tunnel,  for  the  length 
of  the  arrow  in  Area  B  is  equal  and  opposite  to  the  first  arrow  in  Area  A.  Equa- 
tion (16)  has  no  value,  but  is  merely  an  identity.  The  constant,  C,  comes 
from  Equation  (13)  which  shows  that  e  =  Ra  C,  and,  as  e  is  the  tangential 

T 
unit  deformation,  or  --f,  substituting  for  T^  from  Equation   (7),     there  results: 


«  =  ^[<i-^')|f-(^  +  ^^ 


(40) 


which  shows  that  Equation   (16)   is  an   expression  for  — p  in  terms  of  itself. 

a 

The  author  might  have  obtained  the  same  result  from  his  equations  as  follows  : 
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Equations  (2)  and  (12): 

Rt=.  R^  —  XL^  —  XTa  =  eE (41) 

Equation  (5)  : 

La  =  \T,  +  \Ra (42) 

Equation  (15)  : 

eE  =^  a-  ^')  2\—  (X  +  \')  Ra (43) 

Equating  Equations  (41)   and  (43): 

K  -^T.^-^T^.-il^  A-^)  r^  _  (A  +  A-)  7f„ (44) 

Substituting  for  La  from  Equation  (42),  the  result  is  R^,  —  T„ 
Equation  (18)  may  now  be  solved  easily: 

7?,,  a  X  -  X  a  R^,  =  ~-T^^dx  =  -R^^dx (45) 

Simplifying, 

2R^^dx  =  x  d  R^,^ 
or, 

d  J?„^       2  dx 

-iC  =— ''"' 

Integrating, 

log  i?„^  =  2  log  X  +  log  C  =  log  C  a;2 (47) 

and,  therefore, 

^a.=    (^^' (48) 

To  evaluate   C,  note   that  R^x  becomes  Rar,   a  known  quantity,  when  x 
becomes  rj  therefore, 

or, 

G=^ (49) 

Substituting  in  Equation  (48), 


a-2 


ar'> 


which  is  Equation  (23). 

The  curves  may  now  be  drawn  for  any  chosen  values  of  r  and  Rar-* 

A  mueli  easier  method,  which  may  also  be  solved  with  less  detail  for  the 

more  general   case,   is  the   application   of  the  principle   of  least  work.     To 

state  it  in  one  of  its  forms:     "For  stable  equilibrium,  the  potential  energy  of 

any  system  must  be  a  minimum."     The  advantage  of  this  method  comes  from 

the  fact  that  the  potential  energy  is  equal  to  the  work  done  by  the  external 

forces,  and,  therefore,  the  effect  of  the  internal  stresses  may  be  disregarded. 

To  solve  the  first  case,  a  pressure  tunnel  in  a  weightless  rock  (see  Fig.  2), 

the  only  external  force  acting  on  the  unit  volume  is  Rax-     The  deformation 

//  X 
of  the  length,  /:/  x,  is  R^^^         ■ ,  and  the  work  done  in  the  annulus,  of  radius  x,  is  : 
E 


1     „       /  ^     ^  X  \     ^ 

,  Y(Sa.)K.-e-)(2-^) 


*  A  generalization  of  this  method,   including  the  effect  of  the  exterior  weight,   is  given 
in  detail  by  Slocum  and  Hancock  in   "Strength  of  Materials".  Chapter  VII. 
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or, 

It 


Integrating  from  r  to  infinity: 

Potential  enerojy,  U  =    /     J^  i^nx)"^  -''  f^-'' (-^0) 

Jr      E 

The. principle  of  least  work  can  be  expressed  by  the  requirement, 


'■J\B^^)xdx=  0 (52) 


Therefore, 

8  U    _      S 

27t 

The  differentiation  under  the  integi^al  sign  is  allowable  in  this  case, 
because  /  R^^  x  dx  is    uniformly  convergent  for  the  range  R^^  >  i?,,^  >   0, 

and  /  {RaxY  ^  dx  converges  for  one  value  of  Rax,  for  example,  zero.* 

To  solve  this  equation,  -the  form  of  the  relation  between  R,ix  and  x  must 
be  assumed.  The  probable  forms  are  the  power  and  the  exponential;  the 
former  gives  the  simpler  solution.     Let  R^^.  ^=  C  x"' : 

-— -  /     x"  +  ^  cZ  X  =  0 (53) 

„-—^!-  =  0,      l.^,.=  0 (54, 

X  "  +  ■■'  =  r  "  +  - (55) 

and   as  r  is  not   infinite,   the  only   j)ossible   value   of   n   is  —  2.     Therefore, 

Q 

R^^  =z  — 2"  ;  and,  evaluating  (7  as  before, 

^a.    -^ar^ (56) 

The  same  result  may  be  obtained  directly  from  the  expression  for  the 
potential  energy,  U,  by  letting  Rax  =  Cx^. 

U=  £^^{R,j'xdx;       R„,=  Cx- (.57) 

17=    /     -- C-x-"  +  '  fZx  = ——  /     a;  ^"  +  1^0; (58) 

Jr       E  E     Jr 

TJ  ^  ^    ^         ^    a;2«  +  2        (59) 

*  See  any  advance  work  on  the  theory  of  the  real  variable,  as  Whittaker  and  Watson, 
"A  Course  of  Modem  Analysis"  ;  Goursat,  "Cours  de  Analyse",  Vol.  I ;  or,  Pierpont,  "Theory 
of  the  Function  of  a  Real  Variable." 
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S  U    _d  U  d  X      _    S  U        1      _ 

dx 

d  X 

TrZ^^^  l^^l  "''""''       I  =' <"'' 

CO  "  +  '—/•"  +  '  =  0 (63) 

The  only  possible  value  for  ti  is  —  2. 

It  can  be  shown  that,  if  the  weight  of  the  rock  is  taken  into  account,  the 

proper  form   for  Rax   is   Cx'"^  +  B.     That  this   is  true,  without  giving  the 

mathematical  details,  may  be  seen  from  the  fact  that  the  expression  for  the 

work  done  in  the  mass  now  contains  more  than  one  term,  but  the  only  term 

involving  R^x  is  the  same  as  in  the  preceding  case.     Therefore,  the  value  of 

d  U 
— — —  is  the  same,  and  the  value  of  n  is  —  2.     There  are  two  constants  because 

there  are  two  end  conditions. 

To  evaluate  C  and  B,  it  is  known  that  when  x=^r,  R^x  (at  the  circum- 

V 
ference   of  the   tunnel)  is  J?_  —  w  y  cos  6:  and  when  x  =  — '■ —  (at  the  sur- 

cos  & 

face),  7?^^  is  zero,     y  is  the  vertical  depth  of  the  pressure  tunnel  below  the  top, 

or  the  depth  of  the  overburden,  having  a  density,  w,  and  6  is  the  angle  which 

the  direction  of  r  under  consideration  makes  with  the  vertical. 

Substituting  the  surface  condition : 

C  cos^  6        _         ,               C  cos"^  0 
0  =  . h  5,  or  B  =.  — 5 — (64) 

y  y 

^  /  1         cos^  0\ 
«™=C(^ ^) (66) 

Substituting  the  other  condition : 

.^  ^  /  1         cos^  e\ 

(^ar -'«  y  cos  9)   =   Ci^^-—^^ (66) 

,,2      2 
^  =      2        '     ^ ^  (^ar  —  WyCOS^) (67) 

y^  —  7-  cos''  0  '  ^     ■' 

y"  y^   Q*"   COS      0 

B«.  =  ^(».,-«'!'Cos6)^,— ^^^ (68) 

which  is  the  general  solution. 

It  is  unfortunate  that  the  author  has  not  elaborated  on  the  applications 
of  his  formulas,  and  it  is  to  be  hoped  that  he  will  do  so  in  his  closing  dis- 
cussion. It  might  have  been  much  clearer  to  have  noted  that  Equations  (17) 
and  (18)  are  derived  from  the  usual  thin-tube  formulas,  instead  of  using 
Fig.  4. 
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The  value  of  any  theoretical  development  depends  entirely  on  how  closely 
the  assumptions  approximate  the  actual  conditions.  A  few  facts  about  some 
recent  discoveries  concerning  the  stresses  in  rock  may  aid  in  evaluating  the 
accuracy  of  the  assumptions. 

Professor  Walter  H.  Bucher,*  of  the  University  of  Cincinnati,  has  sum- 
marized the  exi>erimental  work  of  L.  Hartmann  (1896)  and  the  analytical 
work  of  0.  Mohr  (1900),  covering  the  methods  of  failure  of  rock: 

"(a)  In  all  hard  materials  (except  the  most  brittle  ones),  under  tensional 
as  well  as  compressional  stresses,  deformation  by  shearing  takes  place  in  two 
systems  of  intersecting  planes  of  shearing. 

"(h)    Adjoining  planes  of  one  system  are  parallel. 

"(c)  The  angle  at  which  the  two  systems  intersect  is  constant  for  any  given 
material,  that  is,  it  is  indei>endent  of  the  nature  or  intensity  of  the  stresses 
involved. 

"(d)  For  the  same  kind  of  material,  this  angle  differs  the  more  from  90° 
the  harder  and  the  more  brittle  the  material  is.     *     *     * 

"(e)  If  we  consider  tension  as  negative  compression,  the  law  governing 
the  arrangement  of  the  yield  planes  with  reference  to  the  principal  axes  of 
stress  which  will  be  referred  to  as  Hartmann's  Law,  can  be  expressed  as  follows : 
In  brittle  materials,  the  acute  angle  formed  by  the  shearing  planes  is  bisected 
by  the  axis  of  maximum  compression,  and  the  obtuse  angle  by  the  axis  of 
minimum  compression  which  is  generally  negative,  representing  tension. 

"(/)  If  the  position  of  the  principal  axes  changes  from  point  to  point,  the 
shearing  surfaces  are  warped.  The  less  this  is  the  case,  i.  e.,  the  more  nearly 
homogeneous  a  material  is,  the  more  regular  are  the  shearing  planes. 

"(g)  The  shearing  planes  do  not  originate  simultaneously,  and  are  not 
uniformly  distributed." 

In  the  case  considered  by  the  author,  the  maximum  compression  stress  is 
along  a  vertical  plane  through  the  axis  of  the  tunnel,  for  then  (see  Equation 
(68)  6  is  180°  and  cos  ^  =  —  1.  Failure  under  such  conditions  tends  to  occur 
along  two  shear  planes,  symmetrical  about  this  plane,  starting  from  the  ends  of 
the  horizontal  section  of  the  tunnel.  The  vertical  stress  on  the  tunnel,  there- 
fore, is  greater  than  that  due  to  the  weight  of  the  overburden  directly  above  it. 

Mohr's  theory  of  the  ellipse  of  stress  connects  the  angle  of  shearing  with 
the  ultimate  tensile  and  compressive  strengths  by  the  relation : 

cos  G  =  ~ \ 

Sy   +   S2 

Bucher  states  that  by  crushing  small  cubes  in  a  vise,  the  angle  of  shear 
may  be  approximately  determined  experimentally,  with  remarkable  accuracy. 

Some  of  the  characteristics  of  the  angle  of  shear  are  that  it  is  independent 
of  the  hardness  of  the  material  and  also  of  the  deformation  of  which  the 
substance  is  capable  below  the  elastic  limit.  If  the  tensile  strength  is  greater 
than  the  crushing  strength,  the  shearing  angle  is  obtuse  (for  example,  wood 
with  the  grain).  The  angle  of  shearing  is  more  acute  the  more  brittle  the 
substance,  and  vice  versa. 

Karman's  experiments,!  determining  stress-strain  diagrams  for  marble 
and  sandstone  cylinders  exposed  to  independent  and  simultaneous  longitudinal 
and  radial  pressure,   showed  conclusively  that  the  angle  of  shear  increases 

*  Journal  of  Geolooy,  Vol.    28    (1920),   p.   712. 

t  Zeitschrift  des  Vereins  deutscher  Ingenieure,  Vol.  55   (1911),  pp.  1749-1757. 
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with  an  increase  of  radial  pressure.  That  is,  the  radial  pressure  makes  a 
material  less  brittle.  This  can  easily  be  explained  if  it  is  realized  that  radial 
pressure  permits  a  greater  tensile  stress  in  the  outermost  fibers. 

The  opposite  case,  cylindrical  tubes  exposed  to  internal  radial  pressure 
(the  case  considered  by  Mr.  Dunn),  was  investigated  by  Mason  in  1911,*  in 
studying  "Liider's  Lines  in  Mild  Steel".  Cylinders  exposed  to  internal  hydro- 
static pressure  and  external  hoop  stress  showed  a  decrease  in  shearing  angle 
from  100°  to  84°,  as  the  hoop  stress  was  increased. 

The  writer  presents  the  foregoing  facts  in  order  to  bring  out  the  point  that 
the  strength  of  the  rock  overburden  may  not  be  its  maximum  tension  value, 
but  that  the  actual  shear  stress  must  be  investigated.  In  other  words,  the 
author  may  be  testing  the  wrong  link  in  the  chain  in  determining  its  ti*ue 
strength. 

To  illustrate  the  point  further,  the  following  is  quoted  from  the  paper 
entitled  "Engineering  Geology  of  the  Catskill  Water  Supply,"  by  Charles  P. 
Berkey,  Esq.,  and  James  F.  Sanborn,  M.  A.m.  Soc.  C.  E.rf 

"To  prevent  outward  leakage  from  the  [Rondout  pressure]  tunnel  which 
is  subject  at  this  point  to  a  head  of  about  700  ft.,  the  concrete  lining  was 
made  3  ft.  thick.  This  lining  was  placed  inside  a  steel  shell  to  protect  the 
concrete  during  placing  and  setting.  Dry  packing  placed  outside  the  tunnel 
was  grouted  and  the  surrounding  porous  rock  was  impregnated  with  grout 
under  high  pressure." 

Under  a  hydrostatic  test,  the  shaft  and  tunnel  being  subjected  to  the 
working  pressure,  the  concrete  lining  was  ruptured  for  several  hundred  feet, 
between  Shafts  3  and  4,  where  the  overburden  was  about  350  ft.  Fig.  8, 
indicates  that  a  head  of  700  ft.  (roughly  300  lb.  per  sq.  in.),  requires  an 
overburden  of  220  ft.  to  prevent  circumferential  tension.  The  discrepancy 
between  this  and  the  actual  value  is  too  great  to  be  explained  by  local  weak- 
nesses, especially  as  the  failure  was  over  such  a  great  length. 

William  Cain,:}:  M.  Am.  Soc.  C.  E.  (by  letter).— Equations  (1)  to  (12) 
may  be  accepted,  but  objection  can  be  urged  to  Equation  (13)  and  the 
resulting  conclusions.  If  e^  =  unit  deformation  (or  strain)  in  the  direction 
of  r  from  Equations  (1)  and  (5)  : 

e^E=^B„~XL,-XT^  =  R„  -  A'^  (T„  +  RJ  -  A  T,, 
therefore, 

e,  E^R^a-  X')  -  (A  +  A^)  T^. 
Thus,  Cr  varies  with  both  Ra  and   Ta,   and  cannot  vary   with   Ra  alone,  as 
Equation  (13)  asserts,  unless  Ta  =  Ra  y(.  constant.    Hence,  this  tacit  assump- 
tion is  made  in  writing  Equation   (13),  and  it  is  inevitable  that  Equation 
(16)  should  reach  the  same  conclusions. 

Reasoning  from  such  an  unwarranted  premise,  the  author  finally,  by  a 
tentative  method,  finds  that  Ra  —  Tg.  This  is  so  different  from  the  well- 
known  Lame  results,  pertaining  to  a  thick  cylinder,  as  to  challenge  attention. 
Whether  or  not  the  ends  of  the  cylinder  walls  carry  any  pressure,  it  can  be 

*  Proceedings,  Physical  Soc.  of  London,  Vol.  23    (1911),  pp.   305-333. 

t  See  p.  32. 

t  Prof.  Emeritus  of  Math.,  Univ.  of  North  Carolina,  Chapel  Hill,  N.  C. 


DISCUSSION  ON  STRESSES  IN  ROCK  SURROUNDING  TUNNELS  1405 

assumed  tliat  plane  sections  perpendicular  to  the  axis  of  the  cylinder  or 
tunnel,  remain  plane  under  pressure — at  least  for  a  central  part,  not  too  ne>ar 
the  ends;  and,  further,  that,  for  a  long  tunnel,  there  is  no  longitudinal 
deformation  or  strain;  which  assumption  leads  to  p]quation  (5). 

It  seems  to  the  writer  that,  for  a  long  tunnel  in  homogeneous  rock, 
the  longitudinal  unit  stress,  L^,  should  be  zero  for  the  central  part.  In  fact, 
for  the  solid  rock  endowed  with  weight,  before  the  tunnel  is  driven,  the  weight 
is  transmitted  vertically,  and  there  is  no  lateral  thrust ;  and  this  remains  true 
however  small  the  weight  per  cubic  unit  is  taken,  and,  for  the  weightless 
rock  assumed  in  the  first  part  of  the  paper,  it  seems  reasonable  that  the 
longitudinal  stress.  La,  is  zero  for  any  value  of  x.  In  the  derivation  of 
Lame's  formulas,  it  is  only  necessary  to  assume  that  L^,  for  any  transverse 
section,  is  constant,  so  that  the  assumption,  La  =  0,  is  only  a  particular  case 
of  the  general  solution  *  For  any  constant  value  of  La  (zero  included),  the 
unit  circumferential  stress.  Tax,  at  the  distance,  x,  from  the  center  of  the 
supposed  cylinder,  is  given  by  the  equation: 

in  which, 

r    =  radius  of  internal  surface  of  cylinder; 

r^  =  radius  of  external  surface  of  cylinder; 

p  =  unit  pressure  on  internal  surface  of  cylinder. 
Here,  p  and  Tax  are  both  positive,  although  p  is  always  compressive  and  Tax 
always  tensile.  For  the  tunnel,  the  radius,  r^,  will  have  to  be  taken  as  the 
depth  of  the  rock,  from  the  surface  to  the  center  of  the  tunnel,  the  part  of  the 
rock  outside  the  cylinder,  of  radius  r^,  being  ignored.  As  the  formula  quoted 
assumes  that  the  normal  pressure  on  the  outside  of  the  supposed  cylinder  is 
zero,  the  result  is  approximate,  although,  when  r^  is  large,  it  is  practically 
true  for  the  circumferential  tension  at  the  inside  surface  {x  =  r),  which  is 
the  quantity  particularly  desired. 

Designating  this  circumferential  unit  tension  at  the  inside  {x  =  r)  by 
Tar,  and  at  the  outside  (x  —  r^)  by  Tgr-^,  the  equation  gives,  for, 

7  =  10,  T„,  =  1.02p;   T„,.    =0.02p; 


r 

1 

j!  =  -20,  T^^  =  1.005  p; 

'", 

=  0.005  p  ; 

*                      * 

* 

* 

]:  =  ^^^^T^r=P-^    T^r^ 

=  0. 

The  last   result   is   evident   from   the   formula;   for   the   preceding   value, 
write,  for  x  =  r. 


1  + 


or  ».  2  ^2  -f    —  /  „  \  2  i^  ' 


iO' 


0' 


*  Merriman's  "Mechanics  of  Materials",  Tenth  Edition,  Articles  149  and  150 ;  Morley's 
"Strength  of  Materials",  Art.  122. 
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from   which   it   is  seen    that,  as   i\   increases   indefinitely,        approaches   zero 

indefinitely,  and  Tar  approaches  p.  Thus,  when  the  depth,  r^,  from  the  surface 
to  the  center  of  the  tunnel,  is  equal  to  or  greater  than  10  r,  the  value  of  Tar 
can  be  taken  equal  to  p. 

The  curve  given  by  the  equation  for  Tax  is  similar  in  shape  to  the  curve, 
A,  in  Fig.  3;  but  it  is  not  like  the  curve  for  2\  of  Fig.  5  that  has  a  decided 
elbow,  which  appears  to  be  unjustified. 

As  it  has  been  supposed  that  L^  =  0,  the  greatest  strain  (deformation) 
which  is  experienced  in  the  direction  of  J\  occurs  at  the  inside  (x  =  r), 
and  is, 


The  value  of  Esf  is  slightly  greater  than  the  value  of  Tar',  but  the  differ- 
ence for  A  =  0.2  is  small. 

The  value,  Eet,  is  called  by  some  authors  the  true  stress.  This  is  an 
unfortunate  designation,  as  it  is  really  only  a  measure  of  the  true  strain. 

As  Morley*  points  out: 

"There  are  three  theories  as  to  when  elastic  failure  takes  place,  namely, 

"(1)  For  a  certain  value  of  the  maximum  principal  stress. 

"(2)   For  a  certain  value  of  the  maximum  principal  strain. 

"(3)  For  a  certain  value  of  the  maximum  shearing  stress,  this  being  pro- 
portional to  the  greatest  difference  between  principal  stresses." 

The  third  theory  seems  to  have  the  best  of  it,  for  ductile  materials  for 
combined  stresses,  such  as  torsion  and  flexure,  tension  and  torsion,  and  com- 
pression and  torsion,  at  least,  to  judge  from  the  experiments  thus  far  made.f 
For  the  problem  of  the  thick  cylinder  under  fluid  pressure.  Theories  (1)  and 
(2)  practically  agree,  so  that  the  first  should  suffice  for  a  practical  solution. 

It  is  seen  from  what  precedes  that  Mr.  Dunn  and  the  writer  agree  in  the  con- 
clusion that  the  circumferential  unit  tension  at  the  inside  of  the  tunnel  for 
rj  >  10  r,  is  equal  to  the  unit  water  pressure,  but  differ  as  to  the  variation  of 
this  tension  outside  the  tunnel ;  which  vaiiation,  however,  bears  no  practical 
significance  as  to  the  problem  in  hand. 

The  previous  solution  refers  to  a  rock  with-  surface  

out  weight.  This  weight  must  now  be  considered. 
Let  Fig.  13  represent  a  vertical  section  at  right 
angles  to  the  axis  of  the  tunnel.  It  can  easily 
be  shown  that  the  weight  of  rock  directly  over 
the  tunnel,  after  it  has  been  excavated,  can  be 
carried  by  shear  along  vertical  sides  tangent  to 
the  tunnel.  Thus,  in  Fig.  13,  consider  the  rock 
contained  between  two  vertical  planes  perpendic- 
ular to  the  axis  of  the  tunnel  and  1  ft.  apart;  its 
weight  is,  say,  2  r  r^  w,  where  w  is  the  weight  per 

*  "Strength   of   Materials",   p.    33. 

t  In  the  Journal,  West.  Soc.  of  Engrs.,  November,  1912,  there  is  an  able  paper,  by  Prof. 
O.  H.  Basquin,  entitled,  "The  Circular  Diagram  of  Stress  and  Its  Application  to  the  Theory 
of  Internal  Friction",  in  which  the  experiments  on  combined  stresses  are  discussed  from 
various   standpoints. 


U 


Fig.  13. 
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cubic  unit  of  the  rock;  and  letting  S  =  the  unit  shear  of  the  rock,  this  weight 
can  be  sustained  by  the  total  shear  on  the  two  vertical  faces  (each  of  area 
Tj  X  1)  of  2  r^  8.    Therefore,  2r^8  —  2rr^w  and  8  =  rw. 

If  r  =  10  ft.  and  w  =  170  lb.  per  cu.  ft.,  (S  =  1  700  lb.  per  sq.  ft.  =  142  lb. 
per  sq.  in.  This  is  only  about  one-tenth  of  the  ultimate  shearing  resistance  of 
stone,  so  that  the  shear  on  the  two  walls  is  amply  able  to  carry  the  weight  of 
all  the  rock  directly  over  the  tunnel. 

This  rock  over  the  tunnel  does  not  develop  any  lateral  thrust,  correspond- 
ing to  grain  pressure  in  a  bin;  but,  because  of  the  tendency  to  sink,  it  may 
develop  arch  action,  and  may  give  horizontal  thrusts  for  supposed  arches  all 
the  way  down,  as  in  the  case  of  the  grain  bin.*  However  that  may  be,  the  part 
of  the  rock  near  and  just  over  the  tunnel — on  account  of  this  tendency  to 
sink,  particularly  when  r  is  large — will  develop  arch  action;  therefore,  it  may 
be  confidently  expected  that  there  will  be  a  small  horizontal  thrust  on  a  small 
vertical  section  just  above  the  crown  of  the  tunnel,  with  corresponding  small 
vertical  forces  to  cause  this  thrust,  as  shown  in  Fig.  13.  The  magnitude 
of  these  forces  cannot  be  given,  neither  can  the  magnitude  of  the  vertical 
stresses  on  a  horizontal  diametral  plane  outside  the  tunnel;  but,  as  regards 
the  latter,  at  some  distance  from  the  tvmnel  such  stresses  should  equal  w  r^, 
because  there  the  weight  of  rock  is  transmitted  vertically.  The  stress  from 
such  a  point  should  increase  toward  the  tunnel,  because  of  the  weight  trans- 
mitted by  the  shearing  forces  mentioned,  by  vertical  planes  over  A  and  to  its 
right,  as  shown  roughly  in  Fig.  13.  For  the  lower  half  of  the  tunnel,  there 
is  some  transmitted  stress  from  the  sides,  which  diminishes  as  the  bottom  of 
the  tunnel  is  approached,  where  it  is  probably  zero. 

If  this  reasoning  is  correct,  there  is  not  a  circumferential  thrust  of  the 
same  magnitude  around  the  inside  of  the  tunnel,  but  a  variable  circumferential 
thrust ;  for  at  the  bottom  of  the  tunnel,  it  is  probably  zero ;  at  the  top,  where  it 
equals  the  horizontal  thrust,  it  is  small ;  but  at  A  A',  it  is  very  large,  and 
certainly  greater  than  to  r^. 

From  such  considerations,  the  writer  is  unable  to  agree  with  the  author 
that,  when  a  tunnel  is  excavated,  constant  circumferential  stresses  next  the 
tunnel  are  induced,  or  that  the  tangential  stress  at  A  and  B,  Fig.  7,  equals 
H  -\-V,  with  the  subsequent  conclusion. 

According  to  the  writer's  view,  the  problem  admits  of  only  a  roughly 
approximate  solution,  as  follows: 

(1)  For  r^  ^  10  r,  for  a  rock  without  weight  enclosing  the  tunnel,  in 
which  the  fluid  pressure  is  p  lb.  per  sq.  ft.,  the  circumferential  tension  induced 
at  the  inside  of  the  tunnel  is  the  same  as  the  fluid  pressure  p  lb.  per  sq.  ft. 

(2)  When  the  rock  is  supposed  to  weigh  w  lb.  per  cu.  ft.,  the  horizontal 
thrusts  at  the  top  and  bottom  of  the  tunnel  are  so  small  that  they  can 
balance  only  a  very  small  part  of  the  circumferential  tension,  p;  therefore,  to 
be  on  the  side  of  safety,  it  is  well  to  regard  such  horizontal  thrusts  as  zero. 
Then,  at  the  top  and  bottom  of  the  tunnel,  the  rock  will  be  subjected  to  a 

*See  the  writer's  "Earth  Pressure  on  Walls  and  Bins",  pp.  208-217,  for  Pressures  on 
Tunnel  Linings  in  Earth,  and  pp.  218-221,  for  Grain  Bins,  where  such  action  is  considered. 
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tension  of  p  lb.  per  sq.  ft.    If  it  oan  withstand  this  tension,  no  cracking  will 
occur;  otherwise,  joints  or  seams  will  open. 

At  the  sides  of  the  tunnel,  the  tangential  stress  (compression)  due  to  the 
weight  of  tlic  rock  is  certainly  greater  than  w  r^,  and  is  probably  much  greater; 
so  that  if  this  stress  is  greater  than  p,  there  can  be  no  tension  there.  If  it 
is  less  than  p,  the  difference  will  represent  the  tension  that  still  exists. 

Evidently,  the  top  and  bottom  of  the  pressure  tunnel  are  the  critical  jKtints, 
and  it  is  disturbing  to  think  of  being  dependent  on  the  tensile  strength  of  the 
rock  there  for  security;  on  that  account,  the  writer  will  be  delighted  if  some 
one  can  prove  a  more  exact  and  comforting  theory  than  he  has  outlined. 

J.  Charles  Eathbun,*  M.  Am.  Soc.  C.  E.  (by  letter). — This  paper  advances 
the  rather  intricate  problem  of  the  analysis  of  stress  in  rock  tunnels,  in  that 
it  gives  a  general  idea  of  the  stress  distribution  in  the  lining  due  to  internal 
pressure.  However,  there  are  limitations  to  the  application  of  the  formulas 
which  it  might  be  well  to  suggest. 

The  pressure  tunnel  on  the  Skagit  River  Power  Project  (the  source  of 
inspiration  for  the  paper)  passes  through  an  extremely  uniform  rock  forma- 
tion. If  this  condition  does  not  prevail,  little  value  can  be  placed  on  the 
results  of  the  author's  analysis. 

In  the  case  of  a  tunnel  lined  with  unreinforced  concrete  and  with  no 
steel  inner  lining,  cracks  due  to  tension  in  the  concrete,  not  only  from 
shrinkage,  but  also  from  internal  water  pressure,  are  very  likely  to  develop. 
Considerable  value  can  be  placed  on  the  author's  formulas  for  estimating  the 
tension  due  to  pressure,  and  the  danger  of  leakage  from  the  cracks  can  be 
estimated. 

If  a  tunnel  is  drilled  through  uniform  material  with  overburden  suffi- 
ciently heavy  to  prevent  the  top  of  the  tunnel  being  forced  up,  it  would  appear 
that  there  is  little  change  in  the  unit  stress  of  steel  linings  of  various  thick- 
nesses unless  the  lining  is  very  thick.  If  this  unit  stress  is  high  (beyond  the 
elastic  limit),  is  not  the  tunnel  still  safe?    The  steel  cannot  rupture. 

It  is  evident  that  the  material  in  a  mass  of  solid  rock  is  subjected  to  enor- 
mous stresses  due  to  shrinkage  when  cooling  from  its  molten  state,  as  well  as 
upheavals  and  other  geological  changes.  It  is  practically  impossible  to  com- 
pute or  even  estimate  these  stresses,  but,  in  many  cases,  they  are  doubtless 
near  the  elastic  limit  of  the  material.  The  stress  due  to  overburden  can 
usually  be  estimated.  The  concrete  lining  as  well  as  the  steel  lining  is  stressed 
due  to  shrinkage  of  the  concrete  on  setting.  If  these  stresses  are  less  than 
the  elastic  limit  of  the  material,  the  formulas  derived  by  Mr.  Dunn  will  apply. 
Even  in  that  case,  it  must  be  kept  in  mind  that  only  the  change  in  stress 
in  the  rock  and  in  the  concrete  and  steel  lining  due  to  internal  pressure,  and 
not  the  final  stress,  has  been  computed. 

The  reference  on  page  1393  regarding  the  protection  of  the  steel  lining 
against  crushing  by  external  pressure  might  be  interpreted  to  mean  that  the 
steel  shell  would  fail  by  buckling  under  a  pressure  much  less  than  that  given 

*  Asst.   Prof.,   Civ.   Engr.,  Unir.   of  "Washington,   Seattle,  Wash. 
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by  the  ordinary  formula  for  internal  pressure  in  a  pipe.  As  the  concrete 
lining,  even  if  on  one  side  only,  prevents  lateral  buckling  of  the  steel,  this 
simple  formula   can  be  applied. 

Charles  P.  Dunn,*  Assoc.  M.  Am.  Soo.  C.  E.  (by  letter). — Mr.  Feld's 
excellent  mathematical  discussion  is  appreciated;  he  has  treated  the  problem 
more  skilfully  than  the  writer.  The  following  statement  by  Mr.  Feld  merits 
particular  attention : 

"The  writer  presents  the  foregoing  facts  in  order  to  bring  out  the  point 
that  the  strength  of  the  rock  overburden  may  not  be  its  maximum  tension 
value,  but  that  the  actual  shear  stress  must  be  investigated.  In  other  words, 
the  author  may  be  testing  the  wrong  link  in  the- chain  in  determining  its  true 
strength." 

Mr.  Feld  has  not  followed  the  writer  exactly  on  this  point.  The  theory 
developed  in  the  paper  is  based  on  a  conception  of  the  rock  possessing  strength 
due  to  compressive  stresses  set  up  by  its  own  weight,  no  allowance  being  maSe 
for  any  strength  the  rock  might  possess  to  resist  tension  or  shear,  the  assump- 
tion being  that,  in  practical  design,  rock  must  be  considered  as  shattered 
and  broken. 

The  writer,  not  being  advised  fully  of  the  conditions,  would  not  attempt 
to  say  what  caused  the  failure  of  a  part  of  the  Eondout  Pressure  Tunnel, 
referred  to  by  Mr.  Feld,  but  he  is  quite  positive  that  the  failure  could  not 
have  been  caused  by  shear.  Even  if  the  shear  is  assumed  to  occur  in  vertical 
planes,  the  weight  of  rock  included  between  two  vertical  planes  more  than 
balances  the  water  pressure  inider  the  condition  cited,  350-ft.  overburden 
and  a  700-ft.  head  of  water, 

Mr.  Jakobsen's  practical  experience,  and  his  thorough  knowledge  of  the 
subject,  make  his  discussion  a  welcome  addition  to  the  paper.  On  three  tunnel 
designs,  the  writer  has  calculated  the  probable  stress  in  steel  linings  and 
has  found  that,  if  the  rock  cover  is  sufficient  to  carry  the  load,  the  stresses 
in  a  thin  steel  lining,  allowed  by  the  elastic  movement  of  the  rock,  are  well 
within  safe  limits  and  that,  assuming  steel  to  be  necessary  for  water-tightness, 
good  design  calls  for  as  thin  a  lining  as  is  practical.  It  is  not  practical  to 
calculate  exactly  the  stress  in  a  steel  lining,  because,  as  Mr.  Jakobsen  has 
stated,  the  shattered  condition  in  the  zone  of  disturbed  rock  near  the  tunnel, 
and  the  shrinkage  of  the  concrete  lining  in  setting,  may  allow  an  expansion 
of  the  steel  somewhat  greater  than  theory  would  indicate. 

It  is  difficult  to  specify  the  thinnest  plate  that  is  practicable  to  be  used 
as  a  lining,  and  the  thickness  of  the  plate  required  depends  on  the  skill  of 
construction  crews.  The  writer  offers  the  following  equation  as  fairly  repre- 
senting average  practice:  t  —  0.03  D,  in  which  t  =  the  thickness,  in  inches, 
of  the  plate  to  be  used  for  lining  if  no  strength  is  required,  the  steel  being  used 
for  a  water  seal  only;  and  D  =  the  diameter  of  the  tunnel,  in  feet. 

The  thickness  of  the  concrete  lining  to  be  used  must  be  determined  for 
each  individual  case.  A  good  rule  for  preliminary  estimates,  and  a  starting 
*  Designing  Engr.,  Portland  Ry.,  Light  &  Power  Co.,  Portland,  Ore. 
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point  for  desif?ii,  is  to  make  tlie  mean  thickness  of  the  lining?,  in  inches,  equal 
the  diameter  of  the  tunnel,  in  feet. 

The  difference  that  Mr.  Jakobsen  points  out  between  Bach's  Equation  (27) 
and  the  example  given  in  "Fig.  6  is  diie  to  error  in  scaling  on  the  diagram,  and 
is  not  an  actual  difference.  A  calculation  of  the  example  by  the  writer's  Equa- 
tion (22)  gives  0.00325  in.,  which  is  the  same  as  the  result  derived  by  using 
Bach's  Equation  (27). 

Professor  Cain  riglitly  calls  attention  to  the  writer's  crude  mathematics, 
and  suggests  a  more  rigid  reasoning.  The  writer,  handicapped  by  having 
become  "rusty"  in  the  use  of  mathematics,  was  forced  to  solve  the  problem  by 
experimenting  with  a  great  many  arithmetical  examples.  1?uch  methods, 
although  laborious,  have  a  peculiar  value  in  that  one  has  absolute  confidence 
in  his  work  when  it  is  finished.  It  is  gratifying  to  note  that  although  Pro- 
fessor Cain  properly  disapproves  of  the  writer's  technique,  the  results  obtained 
by  him  check  with  those  in  the  paper. 

The  writer's  equation,  R^  =  Tg,,  challenged  by  Professor  Cain  because  it 
is  different  from  the  Lame  results,  is  checked  as  being  correct  later  in  his 
work  where  he  develops  the  equation.  Tar  =  P-  The  internal  pressure,  p,  is 
identical  with  R,,,-,  therefore,  i?„,.  =  Tgr,  and  as  the  writer  has  stated  in  the 
paper,  any  relation  obtaining  between,  Ra  and  2'„,  at  the  inner  surface,  must 
also  obtain  at  the  surface  of  any  imaginary  cylinder,  x,  within  the  material, 
in  order  that  equilibrium  of  forces  may  exist. 

The  writer  cannot  agree  with  Professor  Cain's  statements  that  "for  the 
solid  rock,  endowed  with  weight,  before  the  tunnel  is  driven,  the  weight  is 
transmitted  vertically,  and  there  is  no  lateral  thrust",  and,  "this  rock  over 
the  tunnel  does  not  develop  any  lateral  thrust,  corresponding  to  grain  pressure 
in  a  bin".  This  is  equivalent  to  stating  that  the  rock  has  zero  factor  of 
lateral  deformation.  It  seems  preferable  to  state  that  a  lateral  thrust  exists, 
but  no  lateral  deformation  can  occur,  because  the  thrust  is  equal  and  opposite 
in  all  directions.  The  phenomenon  of  particles  of  rock  popping  or  snapping 
off  the  walls  of  mine  tunnels  at  great  depths  appears  to  be  evidence  that  lateral 
thrust  exists. 

The  writer  does  not  concur  in  the  idea  that  the  compressive  stress  due  to 
weight  varies  from  a  very  small  value  at  the  top  and  bottom  of  the  tunnel 
to  a  maximum  at  the  sides.  The  entire  theory  of  the  paper  is  based  on  a  con- 
ception of  the  rock  as  an  elastic  material  which  tends  to  deform  laterally 
under  stress.  Throughout  the  development  of  the  theory,  the  thought  is  kept 
in  mind  that  elastic  deformation  must  take  place  in  such  a  manner  that  the 
work  performed  is  a  minimum,  and  internal  and  external  forces  are  in  equilib- 
rium. That  rock  possesses  elasticity  and  tends  to  deform  laterally  under  stress 
is  unquestioned  by  so  many  authorities  that  it  may  be  accepted  as  an  estab- 
lished fact.  It  seems  inconceivable,  therefore,  that  a  pressure  tunnel  depends 
for  its  safety  entirely  on  the  ability  of  the  rock  near  the  crown  to  resist  ten- 
sion, as  is  indicated  by  Professor  Cain.  If  the  strength  of  pressure  tunnels 
were  measured  in  this  manner,  no  pressure  tunnels  could  be  built,  because 
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all  natural  rock  in  large  masses  is  seamed  and  cracked,  and  for  all  practical 
purposes  may  be  said  to  possess  no  tensile  strength. 

The  writer  believes  that  the  pressure  tunnel  derives  its  strength,  not  from 
ability  to  resist  tension,  but  from  initial  conipi-ession  in  the  rock  due  to  its 
own  weight.  Internal  pressure,  tending  to  ])roduce  tension  in  the  rock,  re- 
duces this  initial  compression,  and  if  the  fluid  pressure  is  sufficiently  great  to 
overbalance  entirely  the  initial  compression,  actual  tension  appears,  with  result- 
ing danger  of  failure. 

Mr.  Rathbun's  brief  discussion  is  evidently  the  result  of  much  careful 
thought.  The  point  brought  out  in  regard  to  the  buckling  of  steel  lining 
under  external  ground-water  pressure  when  the  tunnel  is  empty  may  be  dis- 
cussed a  little  more  completely  with  profit.  The  writer  does  not  believe  that 
the  stresses  in  steel  lining,  due  to  external  pressure,  can  be  computed  by  the 
simple  thin-cylinder  formula,  because  the  steel  shell  is  restrained  by  the  con- 
crete surrounding  it.  It  seems  probable  that  by  chance  the  external  pres- 
sure may  be  applied  over  a  restricted  area,  causing  local  buckling.  This  con- 
dition would  make  it  illogical  to  apply  the  thin-cylinder  formula,  which  is 
based  on  a  unifoma  application  of  load  throughout  the  entire  circumference. 

The  writer  thanks  those  who  have  given  time  and  energy  to  the  discussion 
of  the  paper,  and  is  pleased  that,  although  there  are  some  differences  of  opin- 
ion, the  discussions  are  substantially  a  check  on  the  work. 
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A  RIVER  DIVERSION  ON  THE  DELTA  OF  THE  COLORADO 
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With  Discussion  by  Mes.srs.  Paul  M.  Entenmann  and  S.  L.  Kotheuy. 


Synopsis 


This  paper  describes  a  diversion  on  the  delta  of  the  Colorado  River  in 
Baja  California,  Mexico.  The  reason  for  the  diversion,  the  conditions  that 
existed  to  affect  its  success,  the  considerations  that  determined  the  work  under- 
taken, and  the  manner  in  which  the  diversion  was  completed,  are  discussed. 

An  initial  stream  flow  that  was  only  a  small  proportion  of  the  flood  dis- 
charge was  used  to  start  the  diversion.  The  river  made  its  own  channel  along 
the  diverted  route,  eroding  and  transporting  probably  from  12  000  000  to 
18  000  000  cu.  yd.  of  soil,  whereas,  in  the  4  miles  of  dredging  operations,  only 
657  000  cu.  yd.  were  excavated. 


Historical 


The  courses  of  that  part  of  the  Colorado  Eiver  in  Mexico  and  of  its  delta 
effluents  are  wholly  in  its  own  alluvial  silts  which  now  replace  what  formerly 
was  the  northern  end  of  the  Gulf  of  California.  From  the  present  head  of 
the  Gulf,  a  great  bed  of  alluvium  extends  north  and  includes  the  Salton  Sea, 
in  California.  (See  Fig.  1.)  The  Salton  Sea  is  situated  at  what  was  formerly 
the  northern  end  of  the  Gulf,  and  its  bottom  is  about  275  ft.  below  mean 
sea  level.  The  width  of  the  alluvium  bed  is  shown  on  Fig.  1,  within  the 
contour  line  marked  "Ancient  Beach  Line." 

In  early  ages,  this  turbid  river  deposited  its  silt  burden  in  the  narrow  Gulf, 
building  a  deltaic  ridge  across  it  to  the  western  shore  and  cutting  off  the 
northern  end.  The  Colorado  has  since  been  distributing  soil  on  this  ridge, 
and  the  flow  alternating  down  the  slopes  in  cycles  has  produced  depositiong 
of  stratified  silt  and  alternate  submergences  and  re-appearances  of  the  valley 

*  OflBce  Engr.,  Imperial   Irrig.   Dist.,  Calexico,  Calif. 
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bottom.  When  the  flow  was  entirely  down  the  Gulf  slope,  evaporation  left 
the  valley  soils  parched  and  arid. 

Complete  submergence  to  about  30  ft.  above  sea  level,  which  is  the  eleva- 
tion of  the  delta  ridge  at  its  western  end,  would  have  occurred  again  during 
the  present  century  had  not  the  agricultural  possibilities  of  the  valley  led 
to  the  development,  since  1900,  of  an  extensive  international  irrigation  project 
on  which  from  600  000  to  650  000  acres  of  this  fertile  alluvium  are  now 
irrigated.  During  1905-06  the  entire  flow  of  the  Colorado  River  was  into 
the  valley,  and  the  present  Salton  Sea  was  then  formed.  This  inflow,  its 
cause,  and  the  operations  undertaken  to  force  the  river  back  on  its  delta 
ridge  (at  the  location  marked  A  on  Fig.  1),  have  been  described.* 

Since  that  outbreak,  the  tendency  of  the  river  has  been  to  flow  down  the 
valley  slopes  and  to  abandon  its  course  to  the  Gulf.  The  definite  changes 
in  the  course  of  the  river  shown  at  5,  0,  and  D,  on  Fig.  1,  occurred  in  1909, 
1918,  and  1921,  respectively,  and  are  in  that  direction.  To  oppose  this 
tendency,  the  levee  system  shown,  has  been  built.  Following  the  operations 
that  returned  the  river  to  its  course  to  the  Gulf,  in  February,  1907,  the 
levee  of  the  California  Development  Company  was  built  to  deflect  the  flood 
waters  farther  to  the  south.  In  the  following  three  to  five  years,  the  Ockerson, 
Saiz,  and  Volcano  Lake  Levees  were  built  to  the  heights  then  deemed  necessary. 
All  these  levees,  having  a  total  length  of  65  miles,  have  had  to  be  heightened 
and  strengthened,  from  time  to  time,  and  continually  repaired  at  the  breaches 
made  in  them  during  floods. 

The  western  7  miles  of  the  Volcano  Lake  Levee  has  been  raised  10.5  ft. 
since  1908.  During  this  period,  the  elevations  of  the  flood  waters  have 
increased  each  year,  until  in  June,  1921,  they  were  13.7  ft.  higher  than 
those  of  13  years  ago.  Prior  to  1920,  more  than  $900  000  had  been  spent  on 
this  levee  alone.  Both  the  Volcano  Lake  Levee  and  the  Ockerson  Levee 
have  been  heavily  revetted  with  rock  over  their  entire  river  slopes,  and  some 
engineers  advocate  further  raising  and  strengthening  to  keep  ahead  of  the 
growing  elevations  of  the  deltaic  ridge  and  the  consequent  higher  flood  levels. 

Fig.  2  shows  the  elevating  process  of  the  river  bed  and  its  banks.  The 
shaded  portion  is  the  blanket  of  silt  deposited  on  the  north  bank  of  Bee  River 
between  September,  1918,  and  December,  1920,  at  locations  several  miles 
apart.  During  this  period,  only  one  flood  of  long  duration  occurred  (June, 
1920),  that  could  have  contributed  most  of  this  deposition.  The  flood  water 
that  overflows  the  river  banks  loses  its  velocity,  due  to  spreading  through  the 
heavy  growth  of  brush.  The  silt  burden  is  deposited  and  the  ground  is  thus 
elevated.  Although  sufficient  channel  capacity  for  a  major  part  of  the  flow  of 
the  river  is  maintained,  deposition  tends  to  keep  the  river  on  the  ridge,  as 
each  bank  becomes,  in  efl'ect,  a  thickened  levee  several  hundred  feet  wide,  well 
revetted  with  a  dense  growth  of  brush  and  trees  through  which  the  overflow  can 
percolate  but  cannot  erode  channels  in  the  slope.  As  the  flood  velocities 
diminish,  the  river  bed  is  refilled  with  silt  and  sand-bars  that  deflect  the  flow 

*  "  Irrigation  and  River  Control  in  the  Colorado  River  Delta",  by  H.  T.  Cory,  M.  Am.  Soc. 
C.   E.,  Transactians,  Am.   Soc.  C.   E.,  VoL   LXXVI    (1913),  p.   1204. 
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of  subsequent  freshets,  causing  undercutting  and  caving  of  banks.  These 
clianges  in  the  meandering  of  the  river  thus  broaden  as  well  as  elevate  the 
ridge. 
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Fig.   1. 


The  large  annual  expenditures  for  levee  building  and  maintenance  are 
burdens,  and  the  weakened  condition  of  the  levees  during  high  floods  causes 
apprehension  and  anxiety  which  are  harmful  both  to  land  values  and  to  the 
entrance  of  capital. 
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Diversion  Possibilities 

The  elevations  of  the  bed  and  banks  of  the  Bee  or  Abejas  Eiver  (the  name 
given  that  part  of  the  Colorado  River  between  the  abandoned  channel  of 
1909  and  Volcano  Lake),  are  from  8  to  15  ft.  higher  along  their  present 
meander  than  they  were  on  the  meander  of  1909-10,  at  about  the  same  easterly 
or  westerly  locations.  The  banks  are  the  highest  elevations  of  the  deltaic 
ridge,  the  ground  sloping  away  from  the  river  on  each  side. 

Investigations  during  the  winter  of  1920-21  showed  that  it  was  feasible  for 
the  river  to  flow  down  the  Gulf  slope  and  that  it  might  be  turned  from  the 
ridge  provided  a  sufficient  quantity  of  water  could  be  diverted  to  produce 
rapid  erosion  in  the  friable  alluvium,  so  that  the  capacity  of  the  initial 
channel  along  the  diverted  course  would  become  enlarged  to  accommodate  the 
increasing  flood  discharges  of  the  river. 

With  complete  diversion  accomplished,  there  would  be  no  flow  to  the 
Volcano  Lake  region,  no  flood  waters  against  the  Saiz  and  Volcano  Lake  Levees, 
and  a  lowering  of  the  flood-water  elevations  along  the  Ockerson  Levee  should 
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be  expected.  This  betterment  would  be  permanent  for  the  Saiz  and  Volcano 
Lake  Levees  and  of  several  years'  duration  for  the  Ockerson  Levee,  or  until 
deposition  along  the  meanders  of  the  diverted  course  had  again  raised  the 
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river  to  its  present  elevations  up  stream  from  the  diversion  point.  Before 
such  a  period  passes,  however,  it  is  hoped  that  permanent  relief  from  floods 
will  have  been  attained  by  the  construction  of  the  proposed  Boulder  Canyon 
Dam,  more  than  300  miles  up  stream  from  the  delta. 

The  slope  of  the  river,  from  the  International  Boundary  Line  to  the  western 
end  of  the  Saiz  Levee,  near  Volcano  Lake,  was  taken  by  noting  at  11  A.  M., 
on  December  21,  1920,  the  water  surface  elevations  at  these  two  extreme 
points  and  at  four  intermediate  points.  The  slopes  varied  between  0.85  ft.  and 
1.25  ft.  per  mile. 

To  determine  the  site  for  the  diversion,  surveys  of  both  banks  of  the  Bee 
River  westerly  from  the  Ockerson  Levee  were  made.  Profiles  were  also  run 
across  the  south  bank  toward  the  old  1909  channel,  which  is  visible  in  places, 
and  toward  the  upper  ends  of  deltaic  effluents,  about  7  miles  westerly. 
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Bottom  of  Arrojo 
Probable  Bottom  of  Diverslo; 
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The  site,  shown  on  Fig.  1,  was  chosen  because  (1)  it  is  the  first  point 
where  the  river  is  between  defined  narrow  banks,  thus  affording  the  best 
feasible  place  at  which  to  close  the  river  channel;  (2)  the  quantity  of  excava- 
tion would  be  less  than  one-half  that  required  for  similar  channels  directed 
toward  the  old  1909  channel;  and  (3)  the  meandering  of  the  river,  to  the 
south  and  southeast  of  the  Ockerson  Levee,  was  so  wide  and  changeable  that 
the  inlet  to  excavated  channels  might  not  remain  connected  with  the  main 
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During  September,  1921,  an  aerial  survey  of  the  river  between  the  Inter- 
national Boundary  Line  and  Volcano  Lake  was  made,  that  gave  a  more  com- 
prehensive view  of  the  main  channel  with  its  effluent  streams,  than  could  have 
been  obtained  otherwise.  The  survey  was  not  precise,  but,  from  existing 
traverses  and  levees,  the  small  errors  could  be  corrected  for  mapping  purposes. 
It  covered  an  area  of  214  sq.  miles  and  cost  $3  000,  or  $14  per  sq.  mile. 

Fig.  3  shows  a  map  of  the  Pescadero  Country,  south  of  Bee  River,  the  extent 
of  Volcano  Lake  in  1904,  which  is  now  silted  in,  and  a  profile  across  the  Gulf 
slope  from  the  diversion  site  to  the  head  of  the  Gulf.  Fig.  4  is  a  profile  along 
the  first  15  miles  of  this  slope  and  shows  the  comparative  elevations  of  the 
levees,  high-water  lines,  and  the  height  of  the  proposed  dam.  The  grade  lines 
of  the  bottoms  of  the  proposed  channels  in  the  first  4  miles  are  also  shown, 
together  with  the  lowest  gradient  that  should  be  expected,  owing  to  erosion 
and  bed  recession  becoming  stabilized  on  a  slope  of  about  1  ft.  per  mile,  which 
is  the  grade  apparently  maintained  in  the  alluvium  for  large  volumes  of  flow. 
These  profiles  show  the  feasibility  of  a  diversion  from  the  location  selected, 
which  is  enhanced  by  the  existence  of  the  effluents  that  serve  to  confine  the 
diverted  waters  in  channels  and  thereby  to  assist  in  draining  the  water  away 
from  the  lower  end  of  the  dredged  channels. 

River  Characteristics  Affecting  the  Diversion 
The  following  are  the  characteristics  of  the  river  and  the  conditions  that 
exist  at  the  site  to  affect  the  success  of  the  diversion: 

(1)  High  floods  of  100  000  to  200  000  sec-ft.,  are  certain  in  May  or  June 
of  each  year,  and  are  probable  in  January  or  February.  Freshets  of  10  000  to 
60  000  sec-ft.  may  be  expected  at  any  time. 

(2)  Low  discharges  of  4  000  to  10  000  sec-ft.,  for  periods  of  several  weeks' 
duration,  occur  between  August  and  March. 

(3)  The  river  lacks  channel  capacity  for  its  high  discharges. 

(4)  The  bed  of  the  river  varies  in  elevation  at  low  and  high  discharges. 

(5)  Overflowed  ground  not  subject  to  erosion  produces  a  rapid  growth  of 
dense  vegetation. 

(6)  The  capacity  of  the  river  for  soil  transportation  and  deposition  is  great. 

(7)  For  soil  erosion,  large  quantities  of  water  flowing  at  high  velocities 
within  channels  are  necessary. 

Characteristics  (6)  and  (7)  are  worthy  of  brief  discussion.  The  soil 
transportation  comprises  the  silt  content  carried  in  suspension  at  all  times 
of  the  year  and  the  sands  or  heavier  silts  that  are  rolled  along  the  bottom 
of  the  river  in  times  of  flood. 

Tables  1  and  2  give  the  mean  average  monthly  percentages  for  the  10 
years  ending  with  1921,  and  the  maximum  percentages  in  each  month  for  1919, 
1920,  and  1921,  of  silt  in  suspension  in  the  Colorado  River,  as  measured  at 
Yuma,  Ariz.,  by  the  U.  S.  Reclamation  Service. 

Table  3  gives  the  volume  of  soil,  in  acre-feet,  that  has  been  transported  in 
suspension  over  the  deltaic  ridge  behind  the  levee  system,  for  each  month  and 
each  year  since  1912,  the  greater  part  of  this  quantity  having  passed  the 
diversion  site.     These  quantities  are  for  loosely  deposited  soil  and  were  calcu- 
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lated  by  using  the  formula  adopted  by  the  office  of  U.  S.  Reclamation  Service 
at  Yuma,  which  is :  Acre-feet  of  silt  —  acre-feet  of  discharge  X  percentage 
of  silt  by  weight  X  0.727. 

TABLE  1. — Monthly  Mean  Percentages  of  Silt  (by  Weight),  in  Colorado 
River  Discharges  for  1912  to  1921,  Inclusive. 


Month. 

1912. 

1913. 

1914. 

1915. 

1916. 

1917. 

1918. 

1919. 

1920. 

1921. 

0.28 
0.47 
0.88 
1.17 
1.15 
0.50 
1.07 
1.22 
0.67 
0.74 
0.79 
0.39 

0.23 
0.35 
0.62 
1.26 
1.17 
1.06 
1.17 
0.65 
0.60 
0.70 
0.52 
0.38 

0.48 
0.78 
0.95 
1.23 
0.98 
0.48 
1.00 
1.20 
0.68 
0.88 
0.70 
0.86 

0.63 
1.26 

0.97 
1.25 
1.06 
1.04 
1.24 
0.74 
0.21 
0.45 
0.35 
0.33 

1.77 
1.59 
1.62 
1.20 
0.93 
0.66 
0.65 
1.95 
0.87 
1.91 
0.68 
0.32 

0.48 
0.81 
0.49 
1.03 
0.98 
0..54 
0.46 
0.68 
0.30 
0.29 
0.14 
0.13 

0.15 
0.15 
0.96 
0.39 
0.54 
0.53 
1.01 
0.68 
0.63 
0.48 
0..34 
0.28 

0.15 
0.32 

0.58 
0.93 
0.50 
0.54 
1.67 
2.24 
1.03 
0.72 
0.54 
1.22 

0.60 
1.35 
1.2M 

1.02 
0.94 
0.66 
0.66 
0.92 
0.60 
0.26 
0.39 
0.20 

0.23 

0.18 

0.52 

0.34 

May        

0.80 

0.50 

July 

0.67 

2.12 

1.17 

October 

0.43 
0.32 

December 

0.55 

TABLE  2. — Monthly  Maximum  Percentages  for  1919  to  1921,  Inclusive. 


Month. 


1919.    I    1920.        1921. 


January.... 
February. . . 

March 

April 

May 

June 

July 

August 

September . 
October . .  . 
November. . 
December . . 


0.37 
0.94 
2.40 
1.58 
0.84 
0.91 
4.82 
3.74 
2.17 
1.97 
0.87 
2.35 


0.43 


0.59 
0.37 
0.94 
0.55 
1.08 
0.89 
1.20 
3.62 
4.01 
0.91 
0.57 
1.62 


The  coefficient,  0.727,  is  the  ratio  of  weight  of  1  cu.  ft.  of  water  to  tliat  of 

62.4 

1  cu.  ft.  of  loosely  deposited  silt  = =  0.727. 

•^  86 


TABLE    3. — Monthly    Volumes    of    Soil,    in    Acre-Feet,    TpxAnsported   in 
Suspension  to  the  Colorado  River  Delta,  for  1912  to  1921,  Inclusive. 


Month. 

1912. 

1913. 

1914. 

1915. 

1916. 

1917. 

1918. 

1019. 

1920. 

1921. 

477 

1  136 

4  'ms 

9  618 
19  875 
22  765 
21  117 
10  910 

2  124 

2  791 

3  424 
872 

225 

587 

1  841 

12  311 

18  819 

20  439 

9  395 

1  859 

1  .579 

2  530 
1  493 

894 

1  298 

3  167 
5  355 

10  613 
21  952 
21  994 
21  118 
10  018 

1  961 

4  398 

2  600 
4  531 

2  119 

13  040 
5  599 

14  637 
21  295 
19  802 

15  147 
2  650 

112 
905 
615 
584 

32  770 
17  184 
24  121 
16  451 
22  247 
15  602 

9  813 
20  465 

3  345 
20  313 

2  920 

1  028 

1  581 

712 

1  578 

10  217 

19  932 

20  000 
18  436 

6  423 
625 
512 
286 
283 

294 

175 

5  572 

1  399 
5  835 

13  075 
17  565 

2  098 
479 
821 
848 
664 

114 

633 

1  493 

6  604 

7  091 

6  910 
11  144 

5  167 
368 
624 
615 

7  084 

3  419 

20  057 

8  146 

7  081 

17  441 

35  559 

11  084 

5  089 

1  030 

3m6 

137 

389 

446 

February  

March 

April 

May 

June 

July  

August 

September 

October 

319 

2  396 

1  531 

14  205 

23  095 

12  350 

29  609 

11  451 

1  204 

November 

679 

December 

1  871 

Yearly  totals  . . 

99  547 

71  972 

108  995 

96  505 

186  259 

80  584 

48  825 

47  847 

108  738 

99  156 
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These  figures  total  948  428  acre-ft.  for  the  10-year  period.  Had  70%  of 
this  quantity  been  deposited  on  the  Bee  Kiver  Kidge  behind  the  levee  system, 
over  a  meandering  width  of  4  miles  and  a  length  of  25  miles,  this  area  would 
have  been  raised  more  than  10  ft.  since  1912, 

The  transportation  of  bed  sand  is  not  included  in  the  quantities,  as  the 
percentages  of  silt  given  ai-e  a  measure  of  the  turbidity.  The  depth  of  scour 
of  the  river  at  Yuma  and  at  Andrade,  Calif.,  during  periods  of  high  flood,  is  as 
much  as  20  ft.  lower  than  the  elevation  of  the  normal  river  bed  during  low- 
water  periods.  Assuming  a  conservative  deepening  of  9  ft.  for  a  width  of  only 
600  ft.,  the  volume  of  soil  moved  in  each  100  miles  of  the  river  is  105  GOO  000  cu. 
yd.  As  much  of  this  soil  probably  falls  behind  the  traveling  flood  wave  to  fill 
the  river  bed  again  at  locations  down  stream  from  its  former  position,  its  travel 
toward  its  destination  on  the  delta  may  not  be  as  rapid  as  that  of  soil  trans- 
ported in  suspension,  but  undoubtedly  great  quantities  are  moved  along  the 
river  in  this  manner. 

The  capacity  of  the  river  for  erosion  in  its  own  alluvium  is  best  conceived 
by  an  example.  Table  2  shows  the  silf  content  to  have  been  more  than  4% 
and,  for  most  of  the  year,  less  than  0.5  per  cent.  If  a  small  part  of  the 
flow  is  diverted  through  its  own  alluvial  deposit  and  its  velocity  is  greatly 
increased,  this  part  has  the  power  to  absorb  and  transport  in  suspension  a 
higher  proportion  of  silt.  Assume  that  it  gathers  only  1%  additional  silt  and 
that  the  flow  is  only  2  700  sec-ft.  This  flow  is  100  cu.  yd.  of  water  per  sec, 
which  is  equivalent  to  1  cu.  yd.  of  soil  transported  per  second,  or  86  400  cu.  yd. 
per  day.  With  such  rapid  erosion,  provided  increasing  volumes  of  water  are 
available  to  the  diverted  course,  any  channel  can  be  quickly  enlarged  so  that 
the  entire  river  flow  will  soon  follow  the  new  course,  especially  if  its  old 
direction  on  flatter  gradients  is  effectively  blocked. 

The  capacity  of  the  river  for  soil  deposition,  or  the  forming  of  silt  bars, 
is  conversely  illustrated.  If  the  flow  was  into  ponded  water,  or  was  stilled  by 
dense  foliage  of  thick  vegetation,  86  400  cu.  yd.  of  soil  would  be  deposited  daily 
for  each  2  700  sec-ft.  of  inflow  charged  with  a  turbidity  of  only  1  per  cent. 
Confine  any  such  possibility  for  deposition  in  a  narrow  channel,  and  it  will 
quickly  be  silted  in  and  become  non-existent. 

Work  Undertaken  to  Commence  the  Diversion 
The  work  to  be  done  was  based  on  the  following  conclusions: 
1.— An  initial  flow  of  5  000  to  10  000  sec-ft.  of  diverted  water,  having  a 
depth  of  several  feet,  and  confined  to  a  channel  having  a  slope  that  would 
produce  erosional  velocities  in  the  alluvial  soils,  was  judged  to  be  the  minimum 
necessary  to  commence  erosion  and  to  maintain  flow  conditions.  A  shallow 
depth  of  flow  would  be  of  no  service;  therefore,  the  bottom  of  an  excavated 
channel  must  be  well  below  the  water  surface  of  the  river.  The  water  surface 
of  the  river  was  about  Elevation  68  for  low-water  conditions  and  Elevation  77.4 
during  the  high  flood  of  June,  1921.  (See  Eig.  4.)  The  bed  of  the  river  was 
at  Elevation  62  for  low  water  and  was  probably  scoured  to  about  Elevation  40 
or  Elevation  45  during  high  floods. 
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2. — The  minimum  excavation  necessary  to  produce  this  flow  required  that 
the  channel  have  maximum  hydraulic  radii  for  depths  of  4  to  8  ft.  of  water. 
Such  a  channel  would  be  semi-circular  in  section,  but  a  rectangular  section  of 
the  same  top  width  and  depth  was  favored,  as  undercutting  was  desired. 

3. — As  the  diverted  initial  flow  is  only  one-fortieth  to  one-twentieth  of  that 
of  high  flood,  it  is  apparent  that,  to  make  the  diversion  complete,  twenty  to 
thirty  times  the  yardage  excavated,  must  be  eroded  and  transported  by  the  river 
in  following  the  diverted  route. 

4. — An  excavated  width  of  more  than  200  ft.  would  be  necessary  for  the 
required  initial  flow.  The  dumping  of  the  excavated  soil  limited  the  width  to 
about  100  ft.;  comparisons  of  discharges  and  velocities  for  one  channel,  216 
ft.  wide,  for  two  parallel  channels,  eacli  108  ft.  wide,  and  for  three  parallel 
channels,  each  72  ft.  wide,  were  made,  as  shown  in  Table  4,  for  each  foot-depth 
of  flow. 

TABLE  4.* 


Width  by 
depth,  in  feec. 


Wet  areas,    Wet  perim- 

in  square         eters,  iu 

feet.  feet. 


Hydraulic 
radii. 


Maximum  silt- 
ing; velocities, 
[    in  feet  per 
'        second. 


Velocities  for 

52.1  ft.  to  mile, 

in  feet  per 

second. 


Discharge, 
in  second- 
.     feet. 


For  Equivalent  Single  Channel,  216  Ft.  Wide. 


216  by  1 

216 

218 

0.9S 

0.98 

1.23 

266 

216  bv  2 

432 

220 

1.96 

1.53 

3.02 

873 

216  by  3 

648 

222 

2.92 

1.98 

2.68 

1  737 

216  bv  4 

864 

224 

3.85 

2.38 

3.25 

2  8r.8 

216  bv  5 

1  080 

226 

4.78 

2.74 

3.76 

4  060 

216  by  6 

1  296 

2-38 

5.70 

3.08 

4.23 

5  482 

216  by  7 

1  512 

280 

6.57 

3.40 

4.64 

7  015 

216  ty  8 

1  728 

282 

7.45 

3.71 

5.02 

8  675 

For  Each  of  Two  Channels,  108  Ft.  Wide. 


108  by  1 

108 

110 

0.98 

0.98 

1.20 

259 

108  by  2 

216 

112 

1.93 

1.53 

2.00 

864 

108  by  3 

324 

114 

2.S4 

1.9S 

2.64 

1  711 

108  by  4 

432 

116 

3.72 

2.38 

3.18 

2  748 

108  by  5 

540 

118 

4.57 

2.74 

3.65 

3  942 

108  by  6 

648 

120 

5.40 

3.08 

4.08 

5  288 

108  by  7 

7.=i6 

132 

6.20 

3.40 

4.47 

6  759 

108  by  8 

864 

124 

6.97 

3.71 

4.82 

8  339 

For  Each  of  Three  Channkls,  73  Ft.  Wide. 


73by  1 

73 

74 

0.97 

0.98 

1.30 

259 

72  by  3 

144 

76 

1.89 

1.53 

1.98 

855 

72  by  3 

216 

78 

2.77 

1.98 

2.59 

1  678 

72  bv  4 

288 

80 

3.60 

2.38 

3.11 

2  687 

72  by  5 

360 

82 

4.39 

2.74 

s.m 

3  845 

72bv6 

432 

84 

5.14 

3.08 

3.95 

5  119 

72  by  7 

504 

86 

5.86 

3.40 

4.31 

6  517 

72  by  8 

576 

88 

6.55 

3.71 

4.61 

7  966 

*  Value  of  n  used  is  0.0225. 


It  was  decided  to  excavate  the  two  108-ft.  channels,  in  preference  to  the 
72-ft.  widths,  as  there  would  be  less  likelihood  of  the  larger  channels  becoming 
choked  with  the  great  masses  of  floating  driftwood.    When  dredging  was  com- 
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menced  on  the  first  channel,  the  bottom  width  was  reduced  to  93  ft.,  with  sidfi. 
slopes  of  —  :  1,  in  order  that  tlie  dumping  distance  in  the  deepest  excavation 

would  not  be  too  great  for  the  50-ft.  boom  on  the  dredges. 

5. — Aa  shown  in  Fig.  4,  the  original  plan  contemplated  a  grade  of  2  ft.  per 
mile,  leaving  the  river  at  Elevation  67,  10  ft.  below  the  banks,  and  changing  to 
a  grade  of  4  ft.  per  mile  at  Station  112.  After  excavation  had  progressed 
up  stream  from  the  arroyo  toward  Station  112,  it  was  decided  to  lower  the 
grade  3  ft.  to  Elevation  64,  at  the  river.  This  explains  the  level  grade  line 
shown. 

To  eliminate  this  level  grade  line  a  further  improvement  was  begun.  As  the 
first  channel  was  nearing  completion  in  December,  1921,  a  cut,  60  ft.  wide, 
was  made  on  the  grade  of  2  ft.  per  mile  from  Elevation  64,  thus  effectively 
lowering  the  original  bottom  3  ft.  As  shown  on  Fig.  4,  this  cut  was  never  com- 
pleted, however,  and  as  it  developed  later,  no  change  from  the  original  grade 
of  2  ft.  per  mile  from  Elevation  67  was  necessary,  as  there  would  have  been 
an  entry  head  of  8  ft.  when  the  cut  was  opened. 

It  was  planned  to  begin  the  diversion  early  in  January,  when  low-water 
conditions  usually  prevail  and  when  the  river  could  be  controlled.  At  that 
time  of  the  year,  the  flow  is  sometimes  as  small  as  5  000  sec-ft.  and,  for  many 
months,  it  may  continue  at  less  than  20  000  sec-ft.  Under  these  conditions,  a 
dam  could  be  built  below  the  inlet  of  the  diversion,  and  such  discharges  as 
were  available  could  be  used  to  begin  recession  and  enlargement  of  the  chan- 
nel prior  to  the  annual  summer  flood  that  has  scouring  velocities  averaging 
8  ft.  per  sec,  on  its  present  slope  of  about  1  ft.  per  mile. 

As  the  initial  capacity  of  the  excavated  channel  was  only  a  small  propor- 
tion of  the  capacity  of  the  river  channel  during  flood,  and  as  the  river  was 
on  a  ridge,  no  dam  could  impound  the  flood  flow.  Discharge  in  excess  of  the 
capacity  of  the  diversion  channel  would  quickly  overflow  the  river  banks  and, 
for  this  reason,  the  dam  was  built  only  3  to  4  ft.  higher  than  the  banks,  and  a 
small  levee,  of  similar  height,  was  built  along  the  north  bank  from  the  dam 
to  the  Ockerson  Levee,  in  order  to  confine  the  overflow  to  the  south  bank,  up 
stream  from  the  diversion  channel. 

The  foundations  and  end  abutments  of  the  dam  could  not  be  made  impervi- 
ous because  of  the  nature  of  the  soil.  A  strong  obstruction  in  the  river  channel 
was  also  not  considered  desirable  until  sufficient  enlargement  had  been 
demonstrated  because,  if  the  levee  along  the  north  bank  should  fail  at  any 
point,  the  river  might  change  its  direction  to  the  north  and  abandon  its  course 
into  the  diversion  channels.  For  high  freshets  prior  to  the  annual  flood,  this 
danger  did  not  exist,  as  such  freshets  only  lasted  a  few  days,  and  the  topography 
and  dense  growth  to  the  north  are  such  that  a  large  stream  flow  with  a  falling 
gauge  could  not  cause  erosion. 

Because  of  this  element  of  danger,  the  dam  was  made  the  weak  link,  its 
function  being  to  divert  the  low-river  flow  so  that  as  much  erosion  as  possible 
could  be  obtained  by  freshets  and  by  the  increasing  flow  of  the  annual  flood. 
If  these  quantities  happened  to  increase  gradually,  the  complete  diversion 
might  have  been  made  without  the  breaking  of  the  dam.    It  would  seem,  also, 
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that  for  such  ideal  conditions  there  must  be  a  free  outlet  at  the  south  end  of  the 
channels,  and  the  fall  of  the  country  makes  this  appear  to  be  feasible. 

Fig.  5  shows  the  work  that  was  done.  Three  channels  are  shown,  but  only 
the  east  channel  was  made  sufficiently  deep  and  long  to  function  effectively 
prior  to  the  June  flood.  The  other  two  channels  were  not  intended  to  be 
opened  to  the  river  until  prolonged  high  water.  Fig.  6  is  a  view  of  the  inlets 
of  the  three  channels,  Channel  No.  3  being  in  the  foreground,  and  Channel 
No.  1  and  Bee  River  in  the  background. 

The  excavation  was  made  with  three  1.5-cu.  yd.  draglines  and  one  1-cu.  yd. 
dragline.  Before  the  end  of  January,  657  093  cu.  yd.  had  been  excavated  by 
working  continuously  day  and  night.  Of  this  excavation,  4,51  637  cu.  yd.  was 
from  the  main  or  east  channel. 


May  27tli  1922  ^25  to  40 

SECTION  A-B 


Fig.   5. 


Contracts  were  made  with  Japanese  laborers  for  clearing  the  ground  along 
the  route  of  the  diversion  and  for  3^  miles  along  the  arroyo  beyond  the  lower 
end  of  the  excavated  channel.  In  all,  583.44  acres  were  cleared  south  of  the 
river.  A  cleared  strip,  comprising  74.52  acres,  was  made  along  the  north, 
bank  of  Bee  River  for  the  levee  and  for  the  railroad  extension  from  the 
Ockerson  Levee.  The  railroad  track  was  first  laid  on  the  surface  of  the 
ground,  in  order  to  deliver  materials  and  equipment  for  the  dam  as  quickly 
as  possible.  Pile-driving  for  the  trestle  of  the  dam  was  commenced  on  Decem- 
ber 1,  1921,  and  by  December  24,  the  trestle  had  been  completed  and  the 
track  laid  across  the  river. 

The  Diversion  in  Progress 

It  was  expected  that  the  channel  would  be  opened  to  the  river,  and  that 
the  dam  would  be  completed  during  January,  1922,  at  which  time  low  flow  con- 
ditions usually  occur.  However,  a  flash  flood  on  December  25,  1921,  de- 
stroyed the  tiestle  which  was  then  nearing  completion.  This  flood  was 
followed  by  another  on  January  4  or  5,  1922,  the  water  surface  in  the 
river  reaching  Elevation  75.55,  less  than  2  ft.  below  the  top  of  the  banks. 
Advantage  was  taken  of  this  high  water,  and  the  barrier,  left  in  the  first 
channel  3  700  ft.  from  the  river,  was  cut  at  7:20  p.  M.,  on  January  5.  On 
the  morning  of  January  6,  the  channel  was  discharging  7  000  to  8  000  sec-ft. 
at  a  velocity  of  about  6  ft.  per  sec.    Fig.  7  is  a  view  of  the  diversion  channel 
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before  the  barrier  was  broken  on  January  5,  1922.  Fig.  8  is  a  view  of  the 
channel,  down  stream  from  the  inlet  on  January  10,  1922.  The  freshet  had 
passed  by  January  8,  and  the  profile  (Fig.  9),  taken  on  January  20,  shows 
how  much  the  bottom  had  been  lowered  in  the  first  day  or  two. 

From  January  to  May,  the  discharges  in  the  diversion  channel  were  metered 
daily  at  a  point  3  700  ft.  from  Bee  Kiver,  and  gauges,  set  along  the  channel  and 
in  the  river,  were  also  read.  These  observations  shown  on  Fig.  10,  revealed 
the  progress  of  the  diversion. 

From  January  15  to  February  11,  1922,  the  discharge  of  the  river  was 
very  low,  and  only  a  small  quantity  of  water  passed  through  the  diversion. 
A  second  freshet  with  twin  peaks,  shown  on  Fig.  10,  reached  a  maximima  of 
14  800  sec-ft.  on  February  14,  and  lasted  10  days.  This  freshet  made  the 
repairs  to  the  dam  a  difficult  task,  but  it  lowered  the  bottom  of  the  cut  about 

4  ft.,  as  shown.  The  freshet  subsided  after  February  20,  when  the  dam  was 
made  effective  and  caused  the  entire  flow  of  the  river  to  pass  through  the 
channel  and  the  lowering  of  an  additional  6  ft.  of  the  bottom,  by  February  27. 
By  March  7,  this  lowering  was  increased  3^  ft.,  thus  making  the  bottom 
at  the  meter  station.  Elevation  47,  or  30  ft.  below  the  top  of  the  river  banks. 
The  profile  along  the  bottom,  taken  on  March  14  (Fig.  9),  showed  that 
the  recession  which  was  evident  at  the  meter  station,  had  extended  up  stream 
to  the  river  and  also  down  stream. 

From  March  6  to  18,  1922,  the  lessening  discharge  of  the  river  caused 
the  discharge  in  the  channel  to  decrease  from  11  400  to  5  500  sec-ft.  However, 
the  bottom  did  not  silt  in,  but  remained  about  at  Elevation  47,  and  the  pondage 
up  stream  from  the  dam  drained  into  the  cut,  leaving  the  dam  high  and  dry. 

A  third  freshet  occurred  on  March  20,  its  arrival  being  very  sudden.     By 

5  A.  M.,  a  flood  wave  of  21  000  sec-ft.  had  arrived  at  the  diversion,  the  discharge 
rising  from  C  000  to  21 000  sec-ft.,  without  any  warning  from  up-stream 
sources.  It  was  thought  that  the  dam  would  withhold  the  strain  on  it,  but  on 
account  of  serious  sloughing,  a  small  gap  in  the  middle  of  the  dam  was  made 
with  explosives.  However,  before  the  gap  became  effective,  the  north  end  of 
the  dam  failed  at  7 :00  a.  m.,  and,  in  a  few  minutes,  130  ft.  of  it  had  washed 
away,  with  the  river  cutting  around  it  into  the  north  bank.  The  failure  of  the 
dam,  together  with  the  rapid  fall  of  the  flood  wave,  was  responsible  for  the 
small  discharges  diverted  and  for  the  raising  of  the  bottom  about  5  ft.  before 
March  23. 

Fortunately,  for  the  work  on  the  cut,  although  not  for  the  cost  of  repairing 
the  dam,  the  freshet  increased,  and  on  March  26,  the  discharge  had  reached 
a  peak  of  30  800  sec-ft.  and  remained  in  excess  of  15  000  sec-ft.  until  April  6. 
The  significance  of  this  third  freshet  was  the  evident  increase  in  that  propor- 
tion of  the  discharge  of  the  river  that  followed  the  diverted  course  of  the 
channel  when  no  obstruction  was  offered  by  the  dam.  This  forecasted  the 
success  of  the  diversion. 

The  break  in  the  dam  was  closed  by  April  11,  and  the  discharge  of  the 
river  decreased  from  16  000  sec-ft.  on  April  12,  to  less  than  9  000  sec-ft.,  on 
April  28.     The  first  water  of  the  spring  flood  arrived  on  April  30,  when  the 


Fig.   6. — View   of   Inlets   of   the   Three   Channels. 


Fig.   7. — Diversion    Channel    Before    Barkirr    Was    Broken,    January    5,    1922. 
Sand  Bag  Dam  Across   Inlet. 
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Fig.  8. — Diversion  Channel  Down  Stream  from  Inlet,  January  10,  1922. 
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Fig.  9. 

gauge  showed  a  sudden  rise  of  3.2  ft.  to  Elevation  75.4.  On  May  1,  tlie  cut 
was  discharging  more  than  27  000  sec-ft.,  and  on  May  2,  the  gauge  was  76.1 
ft.,  or  1  ft.  below  the  river  banks.  Fig.  11  is  a  view  down  stream  from  the  meter 
station  on  May  3,  when  the  channel  was  carrying  29  560  sec-ft.     Channels  1 
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and  2  may  be  seen  to  unite  in  the  baclvground.  Fig.  12  is  a  view  at  the  south 
end  of  the  dam,  showing  where  it  nearly  failed  on  May  3.  Fig.  13  is  a  view  up 
stream  from  the  meter  station  on  May  3,  and  shows  the  effects  of  erosion  on 
the  spoil  banks  of  Channels  1  and  2. 

On  May  6  and  7,  the  dam  was  menaced  and  was  saved  only  by  dumping 
trainloads  of  heavy  rock  along  its  face.  Inlet  conditions  rapidly  improved  with 
the  increasing  discharges,  reaching  42  400  sec-ft.  on  May  7,  56  800  sec-ft. 
on  May  13,  and  71  200  sec-ft.  on  May  18.  It  is  noteworthy  that  the  gauge 
held  steady  within  1.1  ft.,  while  the  diversion  channel  increased  in  capacity 
from  28  400  to  71  200  sec-ft.,  thus  showing  that  erosion  was  taking  place  as 
rapidly  as  the  increasing  volumes  became  available. 

An  inspection  was  made  in  a  motor  launch  along  the  diversion,  for  6  miles 
below  the  dam,  on  May  27,  and  showed  the  excellent  inlet  conditions  illus- 
trated in  Fig.  14,  and  a  river,  400  to  600  ft.  wide,  on  a  straight  course,  over- 
flowing its  banks  on  both  sides  into  the  thick  brush.  However,  it  was  dis- 
appointing not  to  be  able  to  proceed  farther  because  of  sand-bars  that  had 
filled  the  deep  arroyo  at  the  bend  shown  at  a  on  Fig.  5.  From  50  000  to 
60  000  sec-ft.  was  flowing  into  the  inlet,  and  no  ground  was  visible  below  it ; 
a  3-in.  overflow  at,  say,  a  velocity  of  2  ft.  per  sec,  along  the  12  miles  of  banks 
(both  sides),  would  account  for  more  than  30  000  sec-ft.,  and  leave  a  dimin- 
ishing 20  000  sec-ft.  to  follow  the  overflowing  arroyo.  Fig.  15  is  a  view  of  the 
Fescadero  Arroyo  in  1921,  below  the  lower  end  of  the  diversion  cut.  There 
were  many  beaver  dams  impounding  the  water.  The  kink  in  the  arroyo,  the 
fact  that  except  for  a  short  distance  below  the  point,  a,  no  clearing  had  been 
done,  as  well  as  the  curvature  of  the  arroyo  to  the  north,  probably  caused  it 
to  fill  with  the  eroded  soils  from  the  diversion.  The  ground  at  a  is  about 
Elevation  59,  and  the  water  surface  at  the  inlet  was  at  Elevation  76;  there- 
fore, the  slope  of  the  water  surface  was  15  to  17  ft.  in  6  miles,  or  2.5  to  3 
ft.  per  mile,  about  three  times  that  of  the  westerly  course  of  the  Bee  River; 
as  estimated  by  the  speed  of  the  launch,  the  velocities  were  probably  10  to 

15  ft.  per  sec. 

The  probable  bottom  of  the  diversion  at  this  stage  is  shown  as  a  dotted 
line  on  the  profile.  Fig.  4,  and  it  would  api)ear  that  the  hump  between  Mile 
oh  and  the  low  country  at  Mile  7^  was  being  cut  in  a  down-stream  direction. 

After  June  1,  1922,  the  flood  increased  gradually  and  reached  its  peak 
of  112  000  sec-ft.  on  June  10,  with  a  gauge  of  77.7  ft.,  or  1.7  ft.  higher  than 
that  when  the  discharge  was  only  28  400  sec-ft. 

From  June  18  to  June  23,  the  discharge  was  again  in  excess  of  100  000  sec- 
ft.,  and  a  maximum  gauge  height  of  78.0  was  recorded,  0.2  ft.  higher  than  that 
on  June  10,  for  a  little  less  discharge.  ^luch  rock  was  dumped  during  this 
period,  in  order  to  hold  the  levee  at  the  south  end  of  the  dam,  as  it  was 
feared  that  if  the  levee  was  breached  and  deeply  undercut,  back  sloughing 
toward  the  dam  might  occur.  After  June  24  (see  Fig.  4),  the  flood  .sub- 
sided, and  before  August  1,  1922,  the  flow  was  less  than  10  000  sec-ft.     Fig. 

16  is  a  view  of  the  dam  after  the  flood  of  1922.  The  diverted  river  may  be 
seen  in  the  background. 


Fig.   11. — Dtversion  Channel  Down  Stream  from  Meter  Station,  May  3,  1922. 
Channel  Carrying  29  560  Sioc-Ft. 


Fig.   12. — South   End  of  Dam,   Showing   Near   Faiutke  on  May  3,   1922. 


F^G.   13. — Diversion    Channel   Up    Stream    from    Meter    Station.    May    3,    1922, 
Showing  Effects  of  Erosion  on  Spoil  Banks. 
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Fig.  14  shows  the  changing  conditions  at  the  inlet  to  the  diversion  on  the 
dates  given,  from  January  to  June,  1922.  The  principal  features  are:  (1) 
the  difference  between  the  widths  of  the  river  bed  and  the  diversion  channel 
on  January  10,  as  contrasted  with  the  differences  in  May  and  June;  (2) 
the  formation  of  silt  bars  in  the  river  and  across  the  inlet  of  the  channel ;  the 
silt  bar  across  the  inlet  of  the  channel,  and  also  a  part  of  the  spoil  excavated 
from  the  river  bed,  remained  until  the  discharge  exceeded  70  000  sec-ft. ;  and 
(3)  the  direction  of  the  flow  into  the  inlet  channel,  which  was  nearly  reversed 
up  to  the  time  of  the  flood,  when  the  making  of  the  dam  into  a  massive  rock- 
fill  caused  the  flow  into  the  inlet  to  be  more  direct. 


Trestle  broken 
Levee 


January  16th  1922 
Q  =  2622  sec.  ft.         ^- 

Pondage  Elev.  72.8  ft. 
Drained  into  cut  and 
become  dry  13th  to  19th 


May  18th  1922 
Q  =  71  000  sec.  ft. 


June  10th  1922 
Q  =  112  000  sec.  ft. 

Fig.  14. 


May  14th  1922 
Q  =  61  000  sec.  ft. 


The  granite  rock  was  quarried  at  Andrade,  Calif.,  along  vertical  faces  of  a 
developed  quarry,  50  000  to  250  000  cu.  yd.  of  rock  being  blasted  at  a  time. 
The  rock  was  loaded  by  steam  shovel  on  automatic  air-dump  side-tipping  rail- 
road cars  of  16  cu.  yd.  capacity,  which  were  hauled  to  the  levees  and  dam. 
The  distance  from  the  quarry  to  the  dam  is  about  28  miles. 

Cost  of  the  Diversion 

A  detailed  classification  of  costs  was  outlined  before  the  work  was  started 
and  Table  5  is  taken  from  the  report  of  dragline  operations.  In  this  report, 
the  costs  of  operation,  repairs,  and  delays,  of  the  dredges  can  be  compared. 
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together  with  the  yardage  excavated  and  the  unit  costs.  These  prices  include 
the  cost  of  gasoline  and  its  haulage  for  7i  miles. 

As  much  as  1  720  cu.  yd.  per  sliift  of  7}  hours  was  attained  by  these  dredges, 
and  1  100  to  1  500  cu.  yd.  per  machine  per  shift  was  common. 

An  operator's  activity  chart  was  plotted  daily  for  the  inspection  of  the 
dredge  crews,  and  this  had  much  to  do  with  stimulating  rivalry  for  main- 
taining a  high  yardage  output.  A  similar  chart  was  kept  daily  showing  the 
pile-driving  operation  on  the  trestle.  The  trestle  cost  record  is  given  in 
Table  6. 

TABLE  5. 


Dredge. 


Buci/rus  No.  1 
Buciiru!>  No.  2 
Bucyrus  No.  3 
Monighan 

Total... 


Operating 
cost. 


$12  004.88 
9  481.83 
8  088.08 
4  648.05 


$.34  172.84 


Repair 

cost. 


$2  381.40 
1  866.98 
1  747.11 
1  431.03 


$7  376.52 


Dela.vs 
cost. 


Excavation, 
in  cubic 
yards. 


S883.07 
256.22 
248.89 
274.05 


$1  662.23 


239  984 
192  345 
177  100 
47  664 


657  093 


Unit  cost  of 

dredge, 

operation 

only. 


$0.0500 
0.0190 
0.0456 
0.0975 


$0.0520 


TABLE  6.— Trestle  Cost  Record. 


Description. 

Number  of 

piles 

driven. 

Total 

penetration, 

in  feet. 

Co.^t  of 
plle-driviog. 

Driving  cost 
per  pile. 

Total  cost 

of  trestle 

builr. 

First  Construction  : 

1  232-ft.  substructure | 

837-ft.  superstructure j 

Second  Construction  : 

700  ft.  substructure | 

1  OsQ.ft.  superstructure j' 

Third  Const)  uction  : 

Extension  of  north  end  and 
wing  piling 

352 

199 

8  671 
5  877 

$2  397.12 
Kl  972.46 

$6,812 
$9,012 

$19  904.91 
$•21  573. 2S 

$18  592.42 

Total 

$60  070.61 

Tables  7  and  8  show  the  classification  of  the  entire  cost  of  completing  the 
diversion.  Table  7  gives  the  expenditures  to  March  15,  1922,  construction 
operations  having  been  suspended  on  March  1  to  await  the  increase  in  the 
river  flow.  Table  8  shows  the  subsequent  expenditures  to  the  end  of  June, 
making  the  total  cost  $413  320. 

In  the  excavation  costs  (Table  7),  $10  110.55  is  included  for  clearing; 
$3  175.00  for  aerial  survey;  $34  172.84  for  operations,  repairs,  delays,  and  fuel 
of  all  dredges;  $26  283.71  for  depreciation  of  dredges;  $6  570.93  for  deprecia- 
tion of  camps  and  roads;  $17100.56  for  assembling,  moving,  and  dismantling 
the  dredges,  camp  construction,  road,  telephones,  cableway,  metering,  tools, 
supplies,  auto-vehicle  operations,  insurance,  overhead,  and  engineering. 


Fig.  15. — Pkscadero  Arroyo  in  1921,  Below  Lower  End  of  Diversion  Cut. 


riG.   16. — View  of  Dam  After  Flood  of  1922.     Diverted  Rivek  in  Background. 
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TABLE  7. — Classification  of  Costs  of  Diversion  to  March  15,  1922. 


Item. 

Quantity. 

Unit  cost. 

Cost. 

Total  cost. 

451  637  3  cu   yd 

9.iR  41 

$74  117.94 

962.72 

6  223.49 

12  605.32 

3  504.12 

8  789.6      "          1      "io.95 
38  091.9      "                  16.33 
121  136.5      "                  10.41 
37  437.4      "                   9.36 

DeepeniDR  East  Channel,  excavation. . . 

. 

(1)  Total  channel  excavation  to  March 
15  1922 

657  092.7  cu.  yd.        $14.82 

$97  413.59 

$97  413.59 

88    bents,    837-ft. 

$i!65 

$19  9(J4.91 
21  573.28 

superstructure 
51  bents,  1  080-ft. 

^           ,      .,     ,            ,         ,,                                         i      lOnf'Jfii    vH     rr>f«k 

20  288.94 

Dam,  built  from  trestle < 

26  248  cu.  yd.,  silt 

0.105                4  042.87 

(2)  Total  for  damming  river  to  March 
15,1922 

$65  810.00 

$65  810.00 

74  52  acres 

'        $2  680.70 

$0.30        1        20  641.69 
0.51         i          3  379.32 

68  346.3    cu.  yd. 
6  616.3 

(3)    Total    for   overflow   protection   to 
March  15, 1923 

74  962.6  cu.  yd. 

$0,316 

$26  701.91 

$26  701.91 

9K    fi9«  lin     ft 

$2  98 

«Qfi  SJS  41 

Transferring  from  ground  to  levee 25  000  lin.  ft. 

0.55                13  736.66 

(4)  Total  cost  of  railroad  to  March  15, 
1923 

$110  580.07        $110  580.07 

1 

(5)  Preliminary  cost  to  February,  1921. 

1 
$25  180.94      1    $25  180.94 

Total  cost  to  March  15  1922    

$325  686.51 

TABLE  8. — Additional  Costs,  from  March  15  to  June  30,  1922. 


Item. 

Quantity. 

Unit  cost. 

Cost 

Total  cost. 

Channel : 

$    866.96 
1  735.74 

\  29  200  cu.  yd.  rock. 
(    3  040  "      >•     silt. 

$1.11     \ 
0.10     1 

$2  602.70 

Trestle: 
Repairs  and  extension  at    north  end, 
owing  to  breas   of    March   20,    1922; 

$18  592.42 

33  451.67 

304.00 

Dam: 
Total  for  rebuilding  and  strengthening 

$52  348.09 

Levee  on  North  Bank: 
Rai.sing            

23  157  cu.  yd.  earth. 
23  872  '•     '•    rock. 

10  500  lin.  ft. 

$0,083 
0.952 

$0.76 

$1  918.90 
22  737.80 

Rock  revetting  levee 

Railroad: 
Transferring   from   ground   to  levee 
from  March  15  to  June  30,  1922 

$24  C56.70 
$8  036.08 

$8  026.08 

Total  cost  of  diversion  from  March  15  to  June  30,  1922 $87  633.57 
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In  Table  8  is  included  the  cost  of  repairing  and  lengthening  the  trestle, 
the  strengthening  of  the  dam,  and  the  rock  revetment  which  extends  the  entire 
length  of  the  levee  along  the  north  bank. 
The  wages  paid  were,  as  follows : 
For  Dredge  Operations: 

General  foreman  of  machines $9.60     per  day 

General  mechanic   210.00     per  month 

Chief  operators,  one  for  each  machine..  .       9.00     per  day 

Operators   1.00     per  hour 

Enginemau    0.70       "        " 

Groundmau   0.375     "        " 

For  Trestle  Construction: 

Pile-driver  foreman $1.00  per  hour 

Enginemen    0.875  "  " 

Pile-driver  men  and  helpers 0.75  "  " 

Bridge  carpenters    0.75  "  " 

Firemen    0.50  "  " 

Laborers  0.30  "  " 

For  Miscellaneous  WorTv: 

Speeder  drivers $144  and  $102  per  month 

Auto-vehicle  mechanic   0.70  per  hour 

Boatmen   0.30  "       " 

Laborers,  first-class   0.30  "        "     ' 

Laborers,  second-class 0.25  "        " 

Engineering  and  Clerical: 

Instrumentman $204  per  month 

Rodmen  and  chainmen $102  and  102       "         " 

Costkeeper   174      "        " 

Storeman   138      " 

Timekeeper    138       "         " 

Commissary: 

Cooks   , $102  and  $72     per  month 

Flunkies  54       "         " 

There  was  deducted  from  all  labor  $1  per  day  for  meals  furnished  at  the 
Commissary. 

The  Value  of  the  Du'Ersion 

In  studying  the  economy  of  the  diversion,  the  cost  of  all  the  work  that 
would  have  been  immediately  necessary  to  the  Saiz  and  the  Volcano  Lake 
Levees,  had  the  diversion  not  been  accomplished,  must  be  considered. 

A  part  of  this  work  would  have  been  the  construction  of  a  railroad  along 
the  Saiz  Levee  for  revetment  purposes,  all  of  which  would  have  cost  nearly 
$1  000  000.  Also,  it  would  have  been  necessary  to  heighten  and  revet  the 
Volcano  Lake  Levee,  and  this  would  have  cost  $500  000.  To  these  costs  must 
be  added  the  expected  annual  cost  of  repairing  and  raising  these  levees  and 
the  railroads,  for  the  expected  life  of  the  diversion.  If  the  sum  of  these  costs 
is  compared  with  that  of  the  diversion  and  its  expected  maintenance,  an  idea 
may  be  gained  of  the  direct  value  of  the  diversion. 
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Indirect  assets  will  result  because  an  aunuully  increasing  flood  menace  to 
the  welfare  of  a  great  irrigation  project  has  been  alleviated  for  a  number  of 
years,  or  until  permanent  relief  can  be  assured  by  the  eoristruotion  of  the 
Boulder  Canyon  Dam.  The  diversion  tends  to  promote  confidence  that  will 
be  beneficial  in  many  ways.  New  capital  has  already  been  invested,  and  crops 
have  been  insured  against  floods  in  Baja  California  for  the  first  time. 

The  period  that  the  river  can  flow  into  the  Pescadero  Country  before  the 
flood  water  again  reaches  the  heights  of  1920-21  against  the  Volcano  Lake 
Levee,  can  be  estimated  as  f ollow^s :  The  distance  along  the  Bee  River  channel 
from  the  diversion  point  to  Volcano  Lake  is  about  24  miles  and  the  lake  level  is 
about  36  ft.  below  the  ground  surface  at  the  inlet  of  the  diversion.  At  Mile  24 
on  the  profile  (Fjg.  3),  plot  Elevation  40  and  draw  the  grade  line  to  Elevation 
76  at  the  inlet,  extending  tlie  line  toward  the  Gulf.  The  ground  surface  along 
the  meanders  of  the  diverted  river  must  become  eleviited  to  this  line  before  it 
will  have  the  same  slope  that  it  has  toward  Volcano  Lake. 

This  line  is  15  to  20  ft.  above  the  ground  surface  beyond  Mile  7  and,  for 
a  meandering  course  that  will  not  be  less  than  40  miles  long,  15  to  20  years 
of  deposition  would  be  required  to  reach  a  slope  similar  to  that  which  has  been 
made  along  the  course  of  the  Bee  River  since  1909,  This  condition  may  require 
the  building  of  a  deflecting  levee  to  the  south  end  of  Volcano  Lake,  as  the 
growing  elevation  up  stream  from  Mile  24  becomes  apparent,  depending  on 
the  direction  of  the  overflow  streams. 

A  conservative  estimate  of  the  area  below  Elevation  40  and  above  Elevation 
20  in  Pescadero  Basin  is  130  000  acres.  If  it  was  possible  for  the  river  to 
silt  only  this  area  to  Elevation  40  (the  elevation  of  Volcano  Lake),  1300  000 
acre-ft.  of  soil  would  be  necessary,  and  this  would  require  a  flow  equal  to  that 
of  the  last  14  years,  based  on  the  silt  deposit  for  the  past  decade.  It  would 
seem,  therefore,  that  the  river  could  be  directed  into  this  basin  for  at  least 
15  years,  before  water  to  great  depth  can  be  stored  against  the  Volcano  Lake 
Levee. 

Surveys  extending  down  stream  along  the  diverted  river,  made  as  soon  as 
the  overflowed  country  had  become  dry  again,  revealed  a  most  interesting 
unlooked  for  condition  as  an  aftermath  of  the  flood  along  the  diverted  route. 
Along  the  whole  length  for  which  the  clearing  had  been  taken,  the  over- 
flowing river  has  elevated  the  contiguous  ground  from  less  than  1  ft.  at  the 
point  of  diversion,  to  a  gradually  increasing  height  of  13  ft.  maximum  at  4 
to  5  miles  down  stream.  In  other  words,  the  steeper  ground  slopes  did  not 
result  in  a  deepened  channel  on  the  new  course,  but  an  elevated  country  was 
built,  approximating  the  gradients  on  the  former  westerly  course.  The  new 
ground  surface,  elevated  by  deposition  during  the  10  weeks  of  the  1922  flood, 
is  shown  on  Fig.  4;  the  diagram  also  shows  an  intensifled  slope  that  now  exists 
between  Mile  5  and  Mile  10,  due  to  a  difference  in  elevation  of  about  30  ft. 
This  newly  built  country  has  a  maximum  elevation  along  the  banks  of  the 
diverted  river  and  slopes  to  nothing  at  about  3  000  to  4  000  ft.  from  the  river 
A  cross-section  would  show  an  excellent  demonstration  of  a  debris-cone  forma- 
tion produced  by  a  turbid  river. 
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Conclusion 

The  Engineering  Department  of  the  Imperial  Irrigation  District,  under 
the  direction  of  F.  N.  Cronholm,  M.  Am.  Soc.  C.  E.,  made  the  studies  and 
surveys  that  determined  the  diversion. 

The  work  during  1922  was  conducted  by  Ray  S.  Carberry,  M.  Am.  Soc. 
C.  E.,  Chief  Engineer  of  the  Imperial  Irrigation  District,  to  whom  the  writer 
extends  his  appreciation  for  the  opportunities  given  to  follow  the  progress  of 
the  diversion,  and  to  place  this  description  of  it  on  record  before  the  Society. 
E.  E.  Higley,  Superintendent  of  Construction,  is  to  be  commended  for  his 
untiring  efforts  in  maintaining  the  levees  and  the  dam  in  an  efficient  condi- 
tion during  the  flood.  The  diversion  might  not  have  been  completed  during  the 
first  flood,  if  it  had  not  been  for  Mr.  Higley's  ceaseless  vigilance  during  the 
freshets  and  the  10  weeks'  duration  of  the  annual  flood.  E.  E.  Kiefer,  Chief 
Cost  Accountant,  outlined  and  supervised  the  collection  and  classification  of 
costs. 
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DISCUSSION 


Paul  M.  Entenmann,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — This  paper 
is  a  valuable  record  of  an  interesting  river-control  structure  on  the  lower 
reaches  of  the  Colorado,  and  is  particularly  noteworthy  for  its  presentation  of 
the  data  of  the  preliminary  investigations  which  determined  the  type  and 
location  of  the  diversion.  In  a  region  where  rule-of-thumb  methods,  guess, 
and  snap  judgment  often  supplant  critical  scientific  research,  it  is  gratifying 
to  find  that  the  work  was  planned  with  some  care.  Although  this  diversion 
was  developed  exactly  as  had  been  planned,  the  writer  thinks  that  Mr.  Rothery 
is  too  optimistic  in  his  conclusions  with  respect  to  the  feasibility  of  directiiig 
the  river  into  new  channels.  Explaining  the  capacity  of  the  river  to  erode  its 
own  bed,  he  says : 

"With  such  rapid  erosion,  provided  increasing  volumes  of  water  are  avail- 
able to  the  diverted  course,  any  channel  can  be  quickly  enlarged  so  that  the 
entire  river  flow  will  soon  follow  the  new  course,  especially  if  its  old  direction 
on  flatter  gradients  is  effectively  blocked." 

Too  little  emphasis  is  placed  on  the  necessity  of  closing  the  old  channel 
in  order  to  assure  success;  and  the  importance  of  the  rock-fill  dam  across  the 
old  channel  into  Volcano  Lake  and  of  the  levee  which  was  built  along  the  north 
bank  of  the  river,  is  insufficiently  stressed.  In  considering  the  success  of  this 
diversion,  it  should  be  understood  clearly  that  the  river  had  no  choice  of 
direction.  Its  flow  in  any  other  direction  than  that  of  the  diversion  was  most 
effectively  blocked;  and  factors  other  than  that  of  fall  contributed  to  the 
success  of  this  channel  change.  Where  the  river  has  a  choice  of  either  of  two 
channels,  one  on  a  flat  gradient  in  the  general  direction  of  its  flow,  and  the 
other  on  a  steeper  gradient  at  an  angle  to  this  direction,  the  kinetic  energy 
of  the  stream  may  offset  the  theoretical  possibilities  of  greater  velocities  on 
the  steeper  gradient  and  continue  the  stream  in  its  old  channel,  especially  as 
the  eddy  currents  created  at  the  point  of  diversion  immediately  cause  the 
deposition  of  silt  and  the  building  of  bars  across  the  inlet  of  the  new  channel. 

Stating  this  differently,  consider  the  conditions  at  the  point  of  the  diver- 
sion. In  the  direction  of  the  old  channel  of  flatter  gradients,  the  stream  has 
an  initial  velocity  which  may  be  as  high  as  9  ft.  i)er  sec;  in  the  direction  of 
the  diversion,  the  initial  velocity  may  be  zero.  In  fact,  in  Fig.  14, 
Mr.  Rothery  shows  one  inlet  condition  where  the  stream  actually  had  to 
reverse  itself  to  get  into  the  new  channel. 

The  Colorado,  an  alluvial  stream  flowing  in  its  own  alluvium,  has  such 
a  high  silt  content  that  at  all  stages  it  is  chocolate  colored.  As  the  silt 
has  a  specific  gravity  of  2.65,  it  is  held  in  suspension  by  the  internal  work 
of  the  moving  stream;  and  whenever  the  river  is  ponded,  or  its  velocity 
decreased,  deposition  of  the  silt  takes  place  very  rapidly. 

Where  no  obstruction  is  placed  across  the  old  channel,  permitting  the 
major  portion  of  the  stream  flow  to  continue  in  the  old  direction  at  the 
time  the  diversion  channel  is  first  opened,  the  change  in  direction  of  that 
♦City  Engr. ;  Cons.  Engr.    (Allison  &  Entenmann),  Calexico,  Calif. 
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part  of  the  river  which  leaves  the  old  channel  produces  eddy  currents;  and 
there  is  an  area  between  the  eddy  current  and  the  main  current  where  the 
stream  has  zero  velocity.  In  this  area,  sand-bars  are  quickly  formed  and, 
in  general,  the  bar  begins  at  the  mouth  of  the  diversion  near  its  up-stream 
bank.  Further  reversal  of  current  follows  the  formation  of  the  bar,  with 
accompanying  increase  in  deposition  of  silt  and  the  prolongation  of  the 
bar  down  stream,  until  it  extends  entirely  across  the  mouth  of  the  new 
channel.  It  is  evident  that  such  an  obstruction  across  the  inlet  of  the 
diversion  channel  seriously  affects  the  chances  of  successfully  diverting  the 
stream  in  the  new  direction  when  the  old  channel  remains  unobstructed. 

The  writer  is  familiar  with  six  attempts  to  divert  the  Colorado  Eiver  into 
a  new  channel,  no  dam  being  used  to  block  the  old  channel;  and  five  of  these 
attempted  changes  were  failures.  It  is  the  purpose  of  this  discussion  to 
describe  the  cut-off  that  succeeded  and  to  note  the  influences  that  caused  the 
failures. 

About  100  miles  north  of  the  delta  is  a  low-lying,  crescent-shaped  valley, 
30  miles  long  and  approximately  8  miles  wide — the  Palo  Verde  Valley — 
contiguous  to  tlie  west  bank  of  the  Colorado  Eiver.  The  valley  lies  below  the 
flood  level  of  the  river  and  would  be  subject  to  inundation  from  the  annual 
June  floods,  if  it  was  not  protected  by  a  levee  system.  The  land  is  highly 
cultivated,  being  served  by  a  gi-avity  irrigation  system  taking  its  supply  from 
the  Colorado  at  the  north  end  of  the  valley.  Its  protection  system  is  an  earth 
levee  with  a  top  width  of  12  ft.  and  side  slopes  of  3  on  1  on  the  river  side  and 
2  on  1  on  the  land  side.  The  top  of  the  levee  is  about  3  ft.  above  flood  height. 
With  the  exception  of  two  places,  each  about  ^  mile  long,  where  it  is  heavily 
blanketed  with  rock  rip-rap,  at  least  10  ft.  thick,  the  levee  is  unprotected  from 
erosion;  and,  therefore,  it  has  been  built  a  considerable  distance  back  from 
the  normal  channel  of  the  river,  so  that  it  functions  chiefly  as  a  dam  to  hold 
back  the  ponded  flood  waters,  and  not  as  a  guide  to  determine  the  location  of 
the  channel.  During  recent  years,  owing  to  the  tendency  of  the  river  to  build 
up  its  ovm  bed  and  thus  increase  the  slope  toward  the  levee,  the  channel  has 
moved  dangerously  close  to  the  levee  at  four  places;  and  during  the  floods  of 
1921  and  1922  the  barrier  was  breached  and  large  areas  of  the  valley  were 
submerged.  Although  the  value  of  the  crops  destroyed  in  these  floods, 
and  the  resulting  depreciation  of  land  values,  far  exceeds  the  cost 
of  protecting  the  levee  with  rock  rip-rap,  the  settlers  have  been  reluctant 
to  finance  the  work  of  blanketing  the  levee  with  rock  and  of  placing  a  railroad 
on  it. 

As  the  necessity  of  preventing  the  river  from  impinging  on  the  levee  is 
urgent,  and  is  recognized  by  the  settlers,  many  schemes  for  directing 
the  channel  away  from  the  levee  during  floods  have  been  proposed  and 
tried.  Every  cross-roads  theorist  has  some  pet  panacea  for  saving  the 
valley;  and  the  channel  cut-off^  is  the  cure-all  most  often  suggested.  There 
is  a  theory,  which  has  become  almost  a  folk-lore  tradition  among  the  settlers, 
that  if  the  river  was  "straightened",  all  flood  dangers  would  vanish. 
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The  river  meanders  along  the  30  miles  of  valley  in  wide  sweeping  bendfc 
which  increase  the  length  measured  along  its  course  to  more  than  50  miles. 
These  bends  are  convex  toward  the  levee  at  four  places,  and  at  these  places 
attempts  have  been  made  to  divert  the  channel  into  a  cut-ofif  across  the  bend. 

The  Olive  Lake  Bend  offered  the  best  conditions  for  the  success  of  an 
attempt  to  divert  the  river  flow  across  it.  It  is  a  wide  horseshoe-shai>ed  bend, 
8  miles  around  the  curve,  and  only  2  miles  across  it.  As  the  fall  of  the  water 
surface  around  the  bend  is  about  1  ft.  per  mile,  the  fall  across  it  from  water 
surface  to  water  surface  is  4  ft.  per  mile,  but  the  ground  slojpe  for  the  first 
mile  is  steeper.  At  every  spring  flood,  the  river  in  overflowing  its  banks 
dejKJsits  most  of  its  silt  near  its  banks,  the  up-building  of  the  ground  surface 
subject  to  overflow  being  a  maximum  at  the  edge  of  the  channel  and  diminish- 
ing to  zero  at  a  distance  of  3  000  to  4  000  ft.,  the  typical  debris-cone  formation. 
Therefore,  at  this  bend,  the  river  flowed  around  the  rim  of  a  saucer-shaped 
area,  and  the  profile  on  the  line  of  the  proposed  cut-off  showed  a  fall  of 
approximately  5  ft.  for  the  first  mile,  with  flatter  slopes  for  the  remaining 
distance. 

Above  the  head  of  the  bend,  the  river  flows  southward,  turning  to  the  west 
sharply  at  a  right  angle  as  it  enters  the  bend.  The  diversion  was  at  the  apex 
of  this  angle,  and  the  cut-off  was  oriented  so  that,  in  effect,  it  would  be  a  con- 
tinuation of  the  southerly  flowing  channel  above  the  bend. 

In  the  early  spring  of  1920,  a  right  of  way,  300  ft.  wide,  for  the  proposed 
cut-off  was  cleared  through  the  heavy  brush,  and  a  cut,  with  a  bottom  width 
of  50  ft.,  side  slopyes  of  IJ  on  1,  and  approximately  1  ft.  below  the  low-water 
level,  was  excavated  with  teams  and  Fresno  scrapers.  The  excavation  could 
not  be  made  deeper  because  ground-water  conditions  limited  the  depths  at 
which  teams  could  work,  and  no  mechanical  equipment  was  available.  During 
low- water  periods,  when  the  flow  is  between  5  000  and  8  000  sec-ft.,  the  river 
surface  at  this  place  is  5  ft.  below  the  top  of  its  banks;  and  as  its  maximum 
flood  level  is  about  10  ft.  higher,  it  overflows  these  banks  to  a  depth  of  5  ft. 
during  the  June  freshet. 

The  cut  was  opened  on  April  25,  1920,  when  the  river  flow  reached  30  000 
sec-ft.,  and  when  the  head  on  the  cut  was  about  5  ft.  The  effect  was  dis- 
apijointing.  The  channel  above  the  diversion  began  to  develop  a  bend  to  the 
east,  so  that,  instead  of  flowing  directly  into  the  cut  as  had  been  planned,  it 
made  an  angle  with  the  direction  of  the  new  channel,  which  increased  to 
nearly  90°  as  the  bend  above  enlarged.  From  April  25  to  May  2,  the  discharge 
decreased  to  17  000  sec-ft.,  with  no  appreciable  effect  on  the  cut;  but  the  i)oor 
inlet  condition,  due  to  the  unfortunate  channel  change  above  it,  was  aggra- 
vated by  the  formation  of  a  silt  bar  across  the  mouth  of  the  diversion,  which 
threatened  its  early  failure.  After  May  2,  the  river  discharge  increased 
steadily  to  the  peak  of  190  000  sec-ft.  on  June  7,  and  this  discharge,  with  con- 
sequent increased  head  on  the  diversion,  together  with  the  lavish  use  of 
explosives  on  the  silt  bar  across  its  mouth,  increased  the  discharge  through 
the  new  channel;  but  it  was  not  until  the  river  topped  its  banks  on  May  17, 
when  the  total   discharge  had   reached   50  000   sec-ft.,   that   the   anticipated 
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erosion  of  the  bottom  and  banks  of  the  diversion  b^an.  At  the  mouth,  the 
cut  widened  and  deepened  rapidly,  and  the  increased  flow  through  the  new 
channel  indicated  a  possible  success;  but  the  eroded  material,  transported  by 
the  water  in  the  new  channel  at  its  gradient  of  4  ft.  per  mile,  was  carried  to 
the  end  of  the  2-mile  diversion  where  it  re-entered  the  old  channel,  flowing 
at  lessened  velocity  on  a  gradient  of  1  ft.  per  mile.  The  consequent  retarda- 
tion of  the  current  resulted  in  the  immediate  deposition  of  silt.  In  fact, 
within  2  weeks,  a  perfect  delta  cone  had  formed  at  the  outlet,  with  the  water 
flowing  over  it  in  a  wide  thin  sheet  instead  of  through  a  confined  deep  channel. 

Increasing  discharges  in  the  river  had  little  effect  on  this  delta  formation. 
The  cone  continued  to  build  itself  higher,  and  farther  up-stream,  with  the  result 
that  the  gradient  of  the  cut-off  was  flattened  and  no  further  erosion  of  the 
banks  or  bottom  took  place.  When  the  flood  reached  its  peak  on  June  7,  with  a 
discharge  of  190  000  sec-ft.,  the  diversion  carried  approximately  48  000  sec- ft., 
including  the  water  which  overflowed  the  banks  of  the  new  channel.  The 
channel  had  eroded  to  a  width  of  300  ft.,  with  an  average  depth  of  less  than 
4  ft.    Continuous  effort  was  required  to  keep  it  open. 

The  river  in  flood  carries  enormous  quantities  of  drift — dead  tree  trunks, 
branches,  logs,  and  a  large  quantity  of  green  vegetation  from  the  eroded 
banks,  chiefly  young  willows  and  cottonwoods — and  this  drift  fouled  every- 
where throughout  the  channel  and  formed  sand-bars  behind  it,  vsdth  resultant 
decreased  discharge  capacity.  A  patrol  in  a  motor  launch  and  several  row- 
boats  worked  continuously  with  explosives  to  remove  snagged  drift ;  explosives 
were  also  used  in  an  attempt  to  aid  the  erosion  of  the  bottom. 

After  June  7,  the  discharge  continued  to  decrease  steadily  until  July  1, 
when  it  was  50  000  sec-ft.  During  this  reduction  in  quantity  no  change  in  the 
carrying  capacity  of  the  diversion  took  place;  but  the  river  above  the  inlet 
developed  a  sand-bar  on  the  east  side  which  closed  the  bend  that  had  formed 
when  the  cut-off  was  opened,  and  caused  the  main  channel  to  head  straight 
into  the  diversion.  Strenuous  efforts  were  then  made  to  keep  the  cut  open. 
Explosives  were  used  freely  to  remove  all  drift,  and  an  opening  through  the 
delta  cone  at  the  outlet  was  made  by  exploding  large  quantities  of  dynamite, 
in  order  to  confine  the  stream  to  a  narrow  channel.  A  recession  of  the  bottom 
took  place,  and  within  four  days  had  worked  back  to  the  inlet  of  the  diversion, 
lowering  the  water  level  of  the  river  there  nearly  2  ft.,  sufficient  to  reduce  the 
flow  in  the  direction  of  the  old  channel  to  the  point  where  this  channel  was 
rapidly  silted  in.  On  July  18,  when  the  discharge  had  diminished  to  30  000 
sec-ft.,  the  entire  flow  passed  through  the  diversion. 

It  may  be  of  interest  to  note  in  what  respect  the  conditions  that  determined 
the  success  of  the  delta  diversion  described  by  Mr.  Eothery,  differed  from 
those  of  the  Olive  Lake  Cut-Off.  The  ground-surface  gradients  were  almost  the 
same;  but,  in  the  delta  diversion,  the  ground  slope  beyond  the  end  of  the 
excavated  channels  is  steeper  than  the  gradient  to  which  the  channels  were 
excavated,  whereas  at  Olive  Lake,  the  diversion  emptied  into  a  flatter  basin. 
At  the  delta,  increasing  quantities  of  water  were  forced  through  the  diversion 
as  the  discharge  of  the  river  increased,  because  the  dam  across  the  old  channel 
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closed  all  other  routes.  At  Olive  Lake,  the  new  channel  never  carried  more 
than  60  000  sec-ft.  (including  the  quantity  that  overflowed  the  banks).  The 
change  in  direction  at  the  delta  was  effected  by  the  rising  river,  and  was 
complete  at  the  peak  of  the  flood  on  June  7,  whereas  the  change  at  Olive  Lake 
took  place  on  a  falling  river,  and  became  established  when  the  discharge  had 
dropped  to  the  point  where  the  river  was  confined  completely  within  its  banks. 

The  writer  believes  that  the  change  at  Olive  Lake  was  the  result  of  luck 
and  the  freakishness  of  the  river.  If  the  channel  above  the  inlet  to  the  cut-off 
had  continued  around  the  curve,  making  an  angle  with  the  direction  of  the 
diversion,  the  mouth  of  the  new  channel  would  probably  have  been  silted  in 
on  the  falling  river  and  tlie  flow  would  have  continued  around  the  old  chan- 
nel. It  was  the  change  in  the  direction  of  the  channel  above  the  inlet  (a 
change  which  was  purely  accidental  and  in  no  way  related  to  the  conditions 
in  the  cut-off  channel),  which  directed  a  mass  of  water,  with  a  cross-section 
500  ft.  wide  and  15  ft.  deep,  moving  with  a  velocity  of  7  ft.  per  sec,  straight 
into  the  cut,  that  finally  diverted  the  river  across  the  bend. 

Previous  attempts  to  divert  the  river  across  the  Olive  Lake  Bend  had  been 
made  in  1917  and  in  1919.  In  both  attempts,  an  old  overflow  channel  was 
cleared,  and  explosives  were  used  to  help  the  erosive  action  of  the  rising  river. 
The  channel  eroded  to  a  width  of  600  ft.  with  a  depth  of  6  ft.,  but  silted  in 
again  when  the  river  dropped  to  its  low-stage  level. 

Another  attempt  at  diversion  was  made  in  1919,  across  Eaab's  Bend,  where 
an  old  channel  on  the  Arizona  side,  known  as  the  Ehrenburg  Cut-Off,  carries 
part  of  the  river  flow  at  all  stages.  It  has  a  slope  of  3  ft.  per  mile,  and  the 
channel  around  the  bend  slopes  about  1.25  ft.  per  mile.  Two  jetties,  400  and 
700  ft.  long,  respectively,  with  the  longer  one  500  ft.  down  stream  from  the 
shorter,  were  built  from  the  west  bank  into  the  main  channel  of  the  river  at 
an  angle  of  135  degrees.  They  were  just  above  the  entrance  to  the  Ehrenburg 
Cut-Off  on  the  opposite  bank,  and  were  constructed  in  such  a  position  that  the 
current  of  the  river,  if  deflected  along  the  face  of  the  jetties,  would  head 
straight  into  the  cut-off  channel.  The  jetties  were  built  of  3-pile  bents,  driven 
with  a  penetration  of  20  ft.  below  low-water  bottom ;  the  bents  were  15  ft.  from 
center  to  center,  capped  with  10  by  10-in.  timbers,  connected  with  three  lines 
of  8  by  10-in.  stringers,  and  laced  in  both  directions  with  3  by  12-in.  bracing, 
all  bolted.  The  jetties  were  filled  with  brush  bundles,  about  3  ft.  in  diameter 
and  20  ft.  long,  made  of  young  .willows  3  in.  in  diameter  at  the  butt.  These 
bundles  were  tied  with  heavy  wire  and  lashed  to  the  piles  with  light  cables. 
These  jetties  were  built  in  order  to  deflect  the  main  channel  through  the 
cut-off  across  the  bend,  and  were  complete  failures. 

The  theory  which  dictated  the  construction  of  these  jetties  is  fallacious. 
It  was  assumed  that  the  current  of  the  river  striking  an  obstruction  placed 
at  a  wide  angle  with  the  bank,  would  be  deflected  along  the  face  of  the  obstruc- 
tion and  continue  in  this  direction.  Even  if  the  face  of  the  jetties  could  be 
made  very  smooth  and  the  alignment  curved  to  afford  an  easy  transition,  such 
a  deflection  might  not  take  place.  What  actually  happens  is  this:  The 
stream  striking  the  jetty  with  a  velocity  of  9  ft.  per  sec,  loses  this  velocity  at 
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the  up-stream  face  of  the  jetty  by  converting-  its  velocity  head  into  static 
head,  so  that  there  is  a  difference  of  head  between  the  up-stream  and  down- 
stream faces  of  the  jetty  of  12  to  14  in.  in  a  distance  of  15  ft.  This  steep 
slope  around  the  end  of  the  jetty  has  the  effect  of  turning  the  current  back 
toward  the  down-stream  face  in  the  opposite  direction  from  that  in  which 
the  jetty  was  designed  to  send  it.  The  velocity  at  the  end  of  each  jetty  is  very 
high.  Velocities  of  18  ft.  per  sec.  were  measured  when  the  normal  channel 
current  was  moving  at  9  ft.  per  sec. 

Other  feeble  attempts  to  divert  the  channel  into  cut-offs  across  bends  have 
been  made  at  Palo  Verde,  but  all  have  failed  because  it  was  assumed  that, 
if  a  small  channel  was  cut  across  a  bend,  the  river  would  abandon  its  normal 
course  (without  an  obstruction  across  it)  to  flow  down  the  steeper  slope, 
where  it  would  erode  a  channel  of  sufficient  capacity  to  carry  the  flood  flow. 
The  formation  of  a  delta  at  the  end  of  the  cut-off  channel,  the  obstruction  of 
silt  bars  across  the  mouth,  the  accumulation  of  drift  in  the  new  channel,  and 
the  failure  to  construct  the  channels  deep  enough  to  carry  the  entire  low-stage 
flow,  all  help  to  keep  the  flow  in  the  old  course. 

The  diversion  of  the  river  through  the  Olive  Lake  Cut-Off  was  calamitous 
in  its  effects  on  the  further  development  of  Palo  Verde  Valley.  The  organi- 
zation in  control  of  the  protection  system  of  the  levee  rejected  the  policy  of 
blanketing  the  levee  with  rock,  and  made  further  attempts  at  channel  changes. 
In  1921,  the  river  breached  the  levee  and  flooded  about  one-fifth  of  the  valley ; 
and  again,  in  1922,  another  break  in  the  levee,  caused  by  the  river  impinging 
against  it,  brought  a  disastrous  flood  which  submerged  about  one-third  of  the 
most  richly  cultivated  area  of  the  valley. 

In  the  spring  of  1923,  further  attempts  at  river  diversion  were  made  at 
Palo  Verde.  Three  wide  sweeping  bends  in  the  river,  known  locally  as 
Raab,  Hauser,  and  Casad  Bends,  are  convex  toward  the  levee  and  approach 
it  closely;  and  at  each  of  these  bends  an  attempt  was  made  to  divert  the 
river  into  channels  across  the  bend.  The  conditions  effecting  diversion 
are,  in  general,  the  same  at  each  of  the  bends.  The  length  of  the  channel 
around  the  bend  is  4  miles;  the  distance  across  it  is  2  miles;  the  fall  of 
the  water  surface  around  the  bend  is  1  ft.  per  mile  and  across  it,  from 
water  surface  to  water  surface,  is  2  ft.  per  mile.  A  right  of  way,  500  ft. 
wide,  was  cleared  across  each  bend,  and  a  channel,  50  ft.  wide,  5  ft.  below  low- 
water  level,  with  side  slopes  of  1  on  1,  was  excavated  with  dragline  excavators. 
The  cuts  cost  approximately  $75  000  each,  not  including  maintenance  costs. 
They  were  opened  early  in  May,  as  the  river  began  to  rise  with  the  approach 
of  the  annual  summer  flood. 

No  high  peaks  occurred  in  the  June  flood  of  1923.  The  maximum  dis- 
charge of  the  river  did  not  exceed  100  000  sec-ft.  (as  compared  with  high 
peaks  of  twice  this  quantity  in  previous  years),  and  yet  none  of  these 
diversion  channels  carried  the  total  discharge.  At  the  Raab  Bend,  the  cut- 
off channel  carried  less  than  20%  of  the  flood  flow,  the  remainder  continuing 
aromid  the  old  channel.  At  the  Hauser  Bend,  the  flow  was  equally  divided 
between  the  diversion  and  the  former  channel.    At  the  Casad  Bend,  the  cut-off 
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channel  carried  80%  of  the  flood  flow  and,  at  present,  it  seems  probable  that 
at  the  low  stage  the  entire  river  will  be  diverted  through  the  cut-off  channel. 
However,  unless  an  obstruction  is  placed  across  the  old  channel,  there  is  no 
assurance  that  the  next  flood  will  follow  the  diverted  route,  especially  if 
the  peak  should  reach  200  000  sec-ft. 

Present  conditions  forecast  the  failure  of  the  cut-off  across  the  Raab 
Bend  and  indicate  that  the  cut-off  at  the  Hauser  Bend  will  probably  divert 
only  a  part  of  the  low-stage  flow.  As  the  purpose  of  these  cut-off  channels 
is  to  divert  the  entire  flood  flow,  and  as  a  channel  of  sufficient  capacity 
to  carry  the  usual  peak  flood  of  the  river  has  not  been  eroded  along  the 
diverted  route  of  any  of  these  diversions,  the  levee  is  not  safe  from  a  possible 
breach  due  to  widening  of  the  bends  during  flood  stages  of  the  river  unless 
additional  construction  effectively  blocking  the  old  channel  is  completed  and 
the  entire  flow  of  the  river  forced  into  the  cut-off  channels. 

S.  L.  RoTHERV,*  Assoc.  M.  A.\r.  Soo.  C.  E. — Mr,  Entenmann's  discussion 
is  valuable  from  two  viewpoints.  It  is  a  record  of  the  influences  pertinent  to 
the  success  of  a  diversion  known  as  the  Olive  Lake  Cut-Off;  and  it  is  a  warn- 
ing against  the  futility  of  costly  attempts  at  diversion  by  incorrect  or  incom- 
plete measures,  that  are  the  result  of  insufficient  engineering  investigation,  or 
of  ambitious  proposals  that  have  not  had  the  scrutiny  of  competent  engi- 
neers familiar  with  the  river  to  be  diverted. 

The  work  undertaken  to  cause  a  diversion  on  the  delta  of  the  Colorado  was 
no  desultory  effort.  Existing  maps  were  studied,  and  new  surveys  to  determine 
various  grades  and  channel  shapes  were  made;  cost  estimates  and  methods  of 
doing  the  work  were  prepared;  and  the  feasibility  of  erosion  was  studied  and 
discussed.  When  the  work  was  started,  it  was  actively  carried  out  to 
completion. 

The  profiles,  Figs.  3  and  4,  showed  that  there  was  no  obstruction  to  the 
free  discharge  of  any  maximum  volumes  of  flow  into  the  Pescadero  country. 
The  doubtful  features  were,  would  erosion  occur  as  expected,  to  keep  the  main 
discharge  confined  in  a  channel,  or,  would  the  small  excavated  channel  become 
choked  with  driftwood  and  silt  ? 

Adverse  conditions  would  have  caused  failure  as  soon  as  the  overflowing 
spillway  along  the  five  miles  of  the  south  bank  of  Bee  River  had  become 
elevated,  to  the  height  of  the  top  of  the  dam,  by  deposition  due  to  the 
dense  vegetation  there.  Such  conditions  could  have  occurred  in  a  few  days 
and  the  dam  would  have  failed  by  overtopping. 

Erosion  did  occur  as  the  quantity  of  water  increased,  as  illustrated  by  the 
reference,  on  page  1420,  to  the  capacity  of  the  river  for  erosion  in  its  own 
alluvium.  Proof  of  this  is  that,  after  the  river  channel  was  filled  to  over- 
flowing with  30  000  sec-ft.,  the  gauge  never  raised  more  than  1.9  ft. 

Mr.  Entenmann's  exception  to  this  illustration  does  not  apply  exactly  at 
the  Pescadero  Diversion,  as  there  was  no  ponding  in  the  4  to  6  miles  of  channel 
to  retard  erosional  velocity.  At  the  outlet  end,  beyond  the  ridge  of  the  south 
bank  of  Bee  River,  the  whole  Pescadero  country  is  available  for  the  out- 
flowing water.     This  country  is  too  wide  and  has  too  great  a  slope  toward  the 

*  OflSce  Engr.,   Imperial   Irrig.    Dist.,  Calexlco,   Calif. 
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Gulf  to  permit  a  pondage.  Dense  vegetation  has  caused  heavy  deposition  and 
ground  elevation  in  this  country.  The  ground,  however,  may  be  built  much 
higher,  even  above  the  present  tree-tops,  before  its  elevation  would  approximate 
that  of  the  banks  of  Bee  River  up  stream  from  the  dam. 

In  a  stream  having  an  eroding  channel,  in  which  the  quantity  of  flow  is 
increased  ten  to  twenty  times,  the  kinetic  energy  gradually  increases  as  the 
erosion  of  the  channel  gradually  increases  to  the  proportions  of  a  river,  the 


Former  Channel  of  Bee  River 


Fig.   17. 


bed  of  which  is  far  below  the  surface  of  the  ground.  The  moving  flood  is  con- 
fined and  guided  in  that  channel,  so  that  where  a  dam  is  built  the  kinetic 
energy  is  controlled  at  the  diversion  inlet,  exactly  as  at  any  natural  bend  on 
the  river. 

Without  a  dam,  the  flow  would  be  divided  and  it  would  be  impossible  to 
predict  which  channel  would  receive  the  major  part. 

The  rock-fill  dam  and  its  maintenance  is  an  important  feature  to  assure 
success,  and  it  represented  28%  of  the  total  cost  of  the  Pescadero  Diversion. 
Without  a  dam,  increasing  quantities  of  water  are  not  available  to  the  diver- 
sion inlet  of  a  small  excavated  channel  across  a  river  bend,  because  the  water 
passes  around  the  bend  with  increasing  velocities  and  depths  of  scour,  thus 
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leaving  the  cut-off  channel  somewhat  like  an  elevated  canal  in  which  the 
velocity  is  not  sufficient  to  produce  erosion,  and  driftwood  forms  log  jams 
which  cause  silt  deposition  and  the  probable  failure  of  the  cut-off. 

At  the  confluence  of  the  small  stream  flowing  through  the  cut-off  with  the 
larger  stream  flowing  around  the  bend,  eddies  -are  caused  and  changes  in 
velocity  and  direction  are  produced.  As  a  result,  a  delta  cone  of  silt  is  likely 
to  be  formed  at  the  outlet,  with  an  overflowing  thin  sheet  of  a  water  instead  of 
a  confined  deep  channel,  as  has  been  described  by  Mr.  Entenmann. 

Fig.  17  shows  the  present  slopes  for  6  to  10  miles  along  the  diverted  course 
and  the  new  Pescadero  Levee  and  railroad  that  was  extended  southerly  along 
the  west  bank  from  the  dam.  This  levee  was  built  prior  to  the  1923  flood 
in  order  to  prevent  overflow  toward  the  channel  of  the  Bee  River  Bend.  Fig. 
18  is  a  profile  showing  the  height  of  this  levee  and  the  high-water  elevations 
of  the  1923  flood  which  did  not  exceed  100  000   sec-ft.     The  flood  was  of 
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normal  duration  and  undoubtedly  produced  much  silt  deposition  in  the  dense 
foliage  below  the  south  end  of  the  diversion.  At  the  dam  the  gauge  increase 
was  3.75  ft.,  and  at  the  south  end  of  the  Pescadero  Levee,  the  increase  was  1.0 
ft.,  subsequent  to  the  first  freshet  of  30  000  sec-ft.  on  May  10,  thus  show- 
ing that  a  free  discharge  existed  at  the  outlet  end.  The  peak  of  the  flood 
occurred  on  June  9  and  again  on  June  26,  1923. 

Between  July  1  and  August  3,  1923,  the  water  surface  was  lowered  5.5  ft. 
at  the  dam  and  7.9  ft.  at  the  south  end  of  the  levee,  with  a  decreasing  dis- 
charge of  from  63  000  sec-ft.  to  24  300  sec-f*.  This  is  evidence  that  recession 
is  taking  place. 

Also,  on  August  3,  1923,  the  river  was  flowing  in  a  southwesterly  direction 
down  the  steep  slope  below  the  south  end  of  the  levee,  with  velocities  of  about 
8  ft.  per  sec,  and  was  confined  in  a  deep  channel  with  banks  about  10  ft.  high, 
as  shown  in  Fig.  17. 
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Synopsis 

This  paper  describes  the  first  complete  set  of  tests  using  large-sized  appa- 
ratus for  measuring  directly  by  means  of  platform  scales  the  components  of  the 
active  pressure  on  a  model  wall,  6  ft.  high  and  5  ft.  wide.  The  only  restraints 
on  the  wall  were  the  measuring  devices.  Tests  with  sand  under  various  con- 
ditions, using  vertical  and  battered  walls  backed  vnih  wood,  glass,  and  sheet 
iron,  indicate  the  reliability  of  the  Poncelet  theory  of  the  maximum  wedge 
causing  oblique  pressure.  Tests  with  walls  battered  in  both  directions  show 
that  the  direction  of  the  resultant  pressure  is  always  inclined  to  the  normal  at 
an  angle  equal  to  the  angle  of  friction  on  the  back  of  the  wall.  The  effect  of 
surcharge  does  not  agree  with  the  ordinary  theoretical  assumptions.  Settling 
and  variations  in  temperature  cause  remarkable  changes  in  the  lateral  pressure. 

The  discussion  of  recent  experimental  data,  together  with  a  brief  outline  of 
the  earlier  experiments,  furnishes  only  the  minimum  information  necessary  for 
a  comparison  between  the  former  and  the  writer's  results.  The  methods  of 
analyzing  the  earth-pressure  problem  with  the  restrictions  on  each  method,  are 
the  result  of  a  study  of  more  than  650  references,  covering  practically  every- 
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thing  written  on  the  subject  of  earth  pressure.  The  suggested  practical 
formulas  for  the  determination  of  the  lateral  pressure  in  retaining  wall  design 
are  based  on  the  experimental  data. 


Appreciation 


The  experimental  determination  of  lateral  earth  pressure  was  assigned  to 
the  writer  when  he  was  appointed  a  Baldwin  Fellow  in  Civil  Engineering  at 
the  University  of  Cincinnati,  during  July,  1919.  The  problem  has  been 
studied  by  the  Civil  Engineering  Department  of  the  University  since  1912, 
when  G.  M.  Braune,  M.  Am.  Soc.  C.  E.,  then  Professor  in  Civil  Engineering, 
conceived  the  idea  of  a  large  size  apparatus  to  test  the  lateral  pressure  of  soils. 
With  the  co-operation  of  Professor  C.  C.  Meyers,  of  the  Department  of 
Industrial  Engineering,  a  preliminary  design  was  made,  based  on  that  of 
Mueller-Breslau.*  During  1916,  B.  H.  Wolfkoetter,  Fellow  in  Civil  Engineer- 
ing, developed  the  details  for  this  design  and  the  writer,  under  the  advisership 
of  Professor  Braune,  completed  the  present  design.  Suggestions  were  made  by 
several  men,  who  are  mentioned  in  the  description  of  the  apparatus.  To  Pro- 
fessor Braune  is  also  due  the  credit  of  completing  the  apparatus,  obtaining  the 
necessary  funds,  etc.  E.  K.  Ruth,  M.  Am.  Soc.  C.  E.,  checked  the  plans  and 
computations  of  the  design,  Mr.  Gerald  Fitzgerald  aided  the  writer  in 
assembling  the  apparatus  and  in  the  preliminary  tests.  The  Stacey  Brothers 
Gas  Construction  Company,  of  Elmwood,  Ohio,  furnished  the  measuring  parts 
of  the  apparatus. 

The  writer  wishes  to  express  his  gratitude  to  Professor  Braune,  who,  as 
adviser  in  1919-21,  interested  him  in  the  subject  and  supervised  the  work  of 
designing,  constructing,  and  erecting  the  apparatus.  He  is  also  indebted  to 
his  later  adviser,  E.  D.  Gilman,  M.  Am.  Soc.  C.  E.,  who  has  made  many 
suggestions  that  have  aided  in  bringing  the  experimental  and  theoretical 
parts  of  this  work  to  a  successful  end.  Thanks  are  also  due  to  Professor  L.  T. 
More,  Dean  of  the  Graduate  School  of  the  University  of  Cincinnati,  and  D.  B. 
Steinman  and  F.  E.  Schmitt,  Members,  Am.  Soc.  C.  E.,  for  advice  and 
encouragement,  without  which  the  writer  would  probably  not  have  completed 
the  work. 

Notation 

Study  of  the  earth-pressure  problem  has  been  hindered  greatly  by  lack  of 
uniformity  in  notation  and  in  definitions.  It  is  hoped  that  the  following 
definitions  of  the  factors  entering  the  determination  of  the  lateral  pressure 
of  granular  materials,  will  lead  to  standardization.  As  far  as  possible,  refer- 
ence is  made  to  the  originator  of  each  word  or  idea  defined.  The  necessity  for 
such  detail  in  definition  will  be  understood  from  a  comparison  of  the  standard 
books  on  the  subject.  There  seems  to  be  a  hopeless  confusion  of  nomenclature 
as  well  as  a  lack  of  information  on  the  history  and  development  of  the 
theories.    The  following  notation  will  be  used: 

*  H.   Mueller-Breslau,   "Erddruck  auf  Stiitzmauern"    (1906). 
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Distances: 

h  =  width  of  wall,  measured  horizontally. 

h  =  height  of  fill,  measured  vertically. 

I  =  length  of  wall,  measured  along  the  back. 

s  =  height  of  equivalent  fill,  in  case  of  surcharge. 

X  =  height  of  resultant  above  base  of  wall. 


Densities . 


u;  =  weight  of  wall,  in  pounds  per  cubic  foot. 
y  =  weight  of  fill,  in  pounds  per  cubic  foot. 


Coefficients: 

c  =  coefficient  of  cohesion,   in  pounds  per  square  foot. 
/  =  "  of  friction,  corresponding  to  natural  slope. 

/'  =  ''  of  friction  of  the  fill  on  wall. 

/j  =  "  of  internal  resistance. 

/    =  "  of  internal  friction. 


Forces: 


E  =  total  theoretical  earth  pressure. 

P  =  resultant    experimental    earth    pressure,    the    components 

being,  H,  horizontal;   V,  vertical;  N,  normal;  and  2\ 

tangential. 


Angles: 


a  =  angle  between  the  vertical  through  the  heel  and  the  back  of 
the  wall  and  is  negative  if  the  top  of  the  wall  overhangs 
the  heel. 

8  =  angle  between  the  resultant  earth  pressure  and  the  hori- 
zontal. 

(f)  t=  angle  of  natural  slope  or  repose. 
<^,  =  angle  of  internal  resistance. 
(fi'  =  angle  of  friction  between  wall  and  fill. 

c  =  angle  between  the  free  earth  surface  and  the  horizontal 
and  is  negative  if  the  surface  is  below  the  horizontal. 

oj  =  angle  between  the  plane  of  rupture  and  the  vertical. 

Coeffiicients: 

0  :  oi  E  =  ^  y  h'^  C,  in  the  Poncelet  theory. 

^,  ^    rcos  (0—  a)1^ 1_ 

1(1  +  '^)  cos  a  J    cos  (0' 


cos  (0'   +   a) 


jsin 

n   =   -^  — 

X  cos 


(<p  +  (p')  sin  (0—  e) 


cos  (0'  +  a)  cos  («-—£) 

N  :  oi  E  =  ^yh^N,  in  the  restricted  wedge  theory  (E  normal). 
(0—  a)-]^       1 


X  =    fcos  (0—  «)P 
L(l  -\-  n)  cos  a  J 
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1  sin  <p 
\/cos  a 


siu  ((p  —  f) 


COS  (oc  —  e) 
R  :  oi  E  =  h  y  h-  R,  in  the  Rankine  theory. 

cos   £  V  COS^   £  COS-   (p 

11    =    COB   £   . 

COS  e  +  V  cos*^  e  —  cos-  0 

Introduction 

Natural  Repose. — Any  yranular,  semi-solid,  or  semi-fluid  material,  if 
unsupported,  assumes  a  surface  sloped  at  an  angle  to  the  horizontal;  the 
maximum  angle  that  a  material  can  assume  is  called  its  natural  slope,  or 
angle  of  repose,  which  is  designated  by  the  symbol  <^.  The  natural  repose  of 
liquids  is  horizontal.  The  resistance  of  the  grains  or  particles  of  granular 
materials  to  rolling  over  each  other  tends  to  neutralize  the  effect  of  gravity  in 
bringing  the  material  to  a  level.  At  angles  less  than  the  angle  of  repose,  a 
grain  is  held  by  this  resistance,  whereas,  at  angles  more  than  the  angle  of 
repose,  the  resistance  is  less  than  the  gravitational  attraction  and  the  particle 
rolls  down.  Woltmann,  in  1799,  introduced  the  theory  that  the  tangent  of  the 
angle  of  repose  must  be  the  coefficient  of  friction  of  the  granular  material  on 
itself,  and,  until  recently,  this  theory  has  been  accepted.  As  the  angle  of 
repose  is  a  surface  phenomenon,  a  plane  of  equilibrium  on  the  surface,  one  is 
not  justified  in  assuming  the  same  amount  of  resistance  inside  the  mass. 
Experiments  have  proved  that  the  angle  of  friction  inside  the  mass  is  not  the 
angle  of  repose. 

Internal  Resistance. — The  coefficient  of  friction  is  determined  exiDcri- 
mentally  by  measuring  the  force  required  to  move  a  known  mass  of  material 
resting  on  a  plane  of  the  same  material.  It  is  found  that  two  coefficients  may 
be  determined,  one  corresponding  to  the  force  required  to  start  the  mass  in 
motion,  the  other  corresponding  to  the  force  required  to  keep  the  mass  moving 
uniformly.  In  the  first  case,  the  force  required  is  equal  to  the  total  resistance 
exerted  by  the  mass  to  shearing  along  the  plane.  This  resistance  consists  of 
two  parts:  The  resistance  of  the  particles  to  rolling  over  each  other,  called 
friction,  and  the  surface  attraction  between  particles,  called  cohesion.  This 
coefficient  is  called  the  "coefficient  of  internal  resistance",  and  the  correspond- 
ing angle  is  the  angle  of  internal  resistance.  When  motion  occurs,  the  friction 
acts,  but  the  cohesion  does  not,  so  that  the  second  coefficient  found,  which  is 
smaller  than  the  first,  is  called  the  "coefficient  of  internal  friction",  and  the 
corresponding  angle  is  the  angle  of  internal  friction. 

Internal  Friction. — It  was  pointed  out  by  Boussinesq  in  1883  that  the 
formulas  for  the  phenomena  in  a  granular  mass  should  be  functions  of  the 
angle  of  internal  friction  rather  than  the  angle  of  repose.  In  such  phenomena, 
the  mass  is  originally  in  a  state  of  rest  and  changes  to  a  state  of  non-equi- 
librium, either  motion  or  unbalanced  stress,  whereas  the  angle  of  repose  is 
measured  after  the  granular  material  has  changed  from  a  state  of  non- 
equilibrium  to  a  state  of  rest.  This  prediction  has  been  fully  realized  in 
recent  experiments. 
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Laws  of  Friction  and  Cohesion. — In  1781,  Coulomb  formulated  the  laws 
of  friction  of  solid  bodies  and  of  the  cohesion  of  bodies.  He  assumed  that  the 
same  laws  hold  true  for  granular  materials  and,  with  only  few  exceptions,  all 
writers  on  the  subject  have  made  this  assumption : 

1. — The  frictional  resistance  on  any  surface  is  equal  to  a  constant,  that  is, 
the  coefficient  of  friction,  times  the  total  normal  pressure  on  that  surface. 

2. — The  cohesion  resistance  is  equal  to  a  constant  times  the  area  of  the 
surface. 

Both  forces  act  on  the  surface  and  in  a  direction  opposite  to  that  of  the 
attempted  motion.  Whether  the  cohesion  resistance  is  a  cohesion,  a  surface 
attraction  between  like  particles,  or  an  adhesion,  a  surface  attraction  between 
unlike  particles,  is  a  doubtful  point.  It  is  probably  an  adhesion,  because  each 
grain  is  coated  more  or  less  by  a  film  of  water.  In  dry  sand,  there  is  no  cohe- 
sive force;  the  attraction  is  then  between  the  grains  of  earth  and  the  water. 

Active  and  Passive  Pressures. — If  a  mass  of  earth  is  assumed  to  be  divided 
into  two  sections  by  a  plane,  the  forces  exerted  by  one  mass  are  just  neutralized 
by  the  forces  exerted  by  the  other  mass.  Otherwise,  the  plane  would  not  be  in 
equilibrium.  Either  section  may  be  removed  and  replaced  by  a  single  resultant 
force  without  changing  the  state  of  equilibrium.  The  minimum  value  of 
this  resultant  force  is  the  required  strength  of  a  wall  that  is  to  hold  in  place  the 
remaining  section.  If  this  force,  which  is  called  the  "active  earth  pressure",  is 
increased,  it  will  not  only  hold  the  earth  in  equilibrium  but  will  also  tend  to 
move  it  upward.  Such  motion  is  resisted  by  the  friction  and  cohesion  in  the 
mass.  When  the  force  has  been  increased  to  a  value  that  just  overcomes  these 
resistances,  and  the  earth  is  on  the  point  of  moving  upward,  it  is  called  the 
"passive  earth  pressure".  A  better  name  for  it  would  be  the  "passive  resistance 
to  pressure",  because  it  is  equal  to  the  latent  resistance  which  the  mass  can 
exert  to  overcome  forces  tending  to  cause  upward  motion.  A  retaining  wall 
furnishes  an  example  of  active  pressure,  usually  called  "lateral  earth  pressure". 
Foundations  furnish  examples  of  passive  pressure;  when  a  heavy  load  causes 
the  adjacent  soil  to  heave,  the  passive  resistance  of  the  soil  has  been  exceeded. 

Determination  of  the  Lateral  Pressure. — Three  factors  are  necessary  for 
the  complete  determination  of  the  lateral  pressure,  namely,  magnitude,  direc- 
tion, and  point  of  application.  The  theories  of  lateral  pressure  cannot  be  based 
on  the  laws  of  solid  bodies,  nor  on  the  laws  of  fluids.  A  granular  material  is 
neither  a  solid  nor  a  liquid;  it  is  usually  a  combination  of  the  two.  The  laws  of 
granular  materials  have  not  been  fully  developed.  All  theories  include  some 
common  assumptions: 

1. — That  the  mass  is  homogenous. 

2. — That  the  material  consists  of  grains,  which  have  the  resistance  to  rolling 
over  each  other,  called  friction. 

3. — That  the  laws  of  friction  hold  true, 

4. — That  the  laws  of  cohesion  hold  true.  Cohesion  is  usually  disregarded, 
as  it  cannot  be  relied  on  to  act  at  all  times, 
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Wedge  of  Rupture. — If  a  retaining  wall  were  removed,  some  of  the  retained 
fill  would  immediately  slip  down.  Not  all  the  material  above  the  plane  of 
repose  would  fall  at  the  same  time.  The  first  slip  is  called  the  wedge  or  prism 
of  rupture.  The  surface  that  is  left  is  fairly  plane  and  is  usually  called  the 
plane  of  rupture.  Weathering  and  shock  will  soon  cause  the  material  to 
assume  its  natural  slope.  It  is  true  that  clay  banks  with  overhanging  tops, 
ditches  with  vertical  sides,  etc.,  are  often  seen,  but  they  are  merely  examples 
in  which  the  cohesion  is  acting.  Such  banks  and  walls  of  ditches  will  soon 
slip  and  assume  sloping  sides  unless  retained. 

Coulomb  and  Wedge  Theories. — The  early  wedge  theories,  derived  by  Cou- 
lomb, Mayniel,  and  Prony  assume  that  the  pressure  behind  a  wall  is  caused 
by  the  wedge  of  rupture  exerting  a  normal  pressure  on  the  wall.  The  result- 
ant was  assumed  to  act  at  the  one-third  point  of  the  height  of  the  wall.  In 
1840,  Poncelet  developed  the  general  wedge  theory,  in  which  the  resultant 
pressure  was  assumed  to  act  at  the  angle  of  friction  between  the  fill  and  the 
wall  from  the  normal  to  the  wall.  In  all  the  wedge  theories,  an  expression  for 
the  lateral  pressure  is  derived  in  terms  of  the  wedge,  and  a  maximum  value 
obtained  by  setting  the  first  derivative  of  the  expression  equal  to  zero.  Cou- 
lomb, in  1773,  assumed  the  width  of  the  wedge  as  the  variable  with  respect  to 
which  the  diflferentiation  is  performed ;  all  the  other  theories  assume  the  wedge 
angle,  that  is,  the  angle  between  the  wall  and  the  plane  of  rupture,  as  the 
variable. 

RanJcine  and  Stress  Theories. — By  assuming  the  mass  indefinite  in  extent 
and  incompressible,  the  theory  of  the  elasticity  of  materials  can  be  applied  to 
a  unit  parallelopiped  of  volume  in  the  retained  mass  of  earth.  In  this 
manner,  Rankine  obtains  his  theory.  Levy  and  Boussinesq  generalized  the 
stress  theory  by  taking  into  account  the  effect  of  the  wall  surface,  calling  it 
a  restraint  that  causes  a  discontinuity  in  the  mass. 

Many  minor  theories  have  been  issued,  but  lack  of  space  prevents  even  an 
outline  of  them  in  this  paper. 

Design  of  the  Apparatus 
The  design  of  the  large-scale  apparatus  used  in  the  experiments  was  based 
on  that  of  Mueller-Breslau  in  1906,  in  that  the  same  types  of  wall  and  bin 
were  used.  The  readings,  however,  were  to  be  obtained  by  means  of  scales. 
The  plans  were  submitted  for  correction  and  criticism  to  a  number  of  well 
known  engineers.  The  design  required  a  steel  bin  5  ft.  high,  with  side-walls 
that  could  move  parallel  to  the  test  wall,  thereby  attempting  to  eliminate  the 
side-wall  effect.  Professor  J.  H.  Smith,  of  the  University  of  Pittsburgh, 
objected  to  this  part  of  the  design.  Careful  analysis  by  Professor  Braune  and 
the  writer  disclosed  the  error  in  this  method  of  trying  to  eliminate  the  effect 
of  the  side-walls  because  any  motion  of  the  side-walls,  caused  by  forces  exist- 
ing in  the  fill,  changes  the  volume  and  shape  of  the  fill  and  prevents  accurate 
determination  of  the  existing  pressures.  William  Cain,  M.  Am.  Soc.  C.  E., 
warned  against  too  weak  a  test  wall,  as  deflections  of  the  wall  will  cause  a 
dissipation  of  the  forces  in  the  fill.  The  original  design  called  for  a  thin  steel 
wall,  which  was  to  be  counterbalanced  vertically.    D.  B.  Steinmao,  H.  Ato-  Soc. 
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C.  E.,  suggested  that  the  test  wall  be  left  entirely  free,  as  a  retaining  wall  is 
not  counterbalanced,  but  rests  on  the  foundation.  He  also  suggested  that  the 
effect  of  different  methods  of  placing  the  fill  behind  the  wall  be  determined. 
Allen  Hazen,  M.  Am.  Soc.  C.  E.,  suggested  a  careful  study  of  the  effect  of 
vibration  and  shock,  as  well  as  the  question  of  packing  and  water  content. 
Robert  A.  Cummings,  M.  Am.  Soc.  C.  E.,  offered  the  aid  of  the  Special  Com- 
mittee on  the  Bearing  Value  of  Soils  for  Foundations,  etc.,  in  the  proposed 
investigation,  and  suggested  co-operation  to  prevent  unnecessary  duplication  of 
work.  A.  T.  Goldbeck,  Assoc.  M.  Am.  Soc.  C.  E.,  showed  the  writer  the 
methods  used  by  the  U.  S.  Bureau  of  Public  Roads  in  conducting  large-scale 
tests  in  highway  research,  and  gave  some  valuable  suggestions  for  the  actual 
testing. 

The  apparatus,  as  constructed,  has  been  entirely  satisfactory  and  has  proved 
to  be  accurate,  quite  easy  to  manipulate,  and  sufficiently  flexible,  so  that 
changes  for  the  various  tests  could  easily  be  made. 

The  following  points  were  considered  in  the  final  design  as  necessary  for 
the  accurate  determination  of  the  lateral  pressures  of  granular  materials. 
(Fig.  1.)  The  pressures  are  measured  on  a  "free"  wall  that  closes  one  side  of 
the  bin.  This  test  wall  is  supported  by  two  vertical  and  three  horizontal  con- 
tacts for  measuring  the  horizontal  and  vertical  forces.  Provision  is  made  for 
experiments  with  vertical  and  sloped  walls,  and  for  walls  having  various 
surfaces.  The  size  of  the  apparatus  is  such  that  the  arching  action  of  the 
filling  material  may  be  neglected,  the  values  obtained  are  not  miniature,  and 
yet  no  excessive  labor  is  required.  In  order  to  eliminate  side-wall  resistance, 
that  part  of  the  fill  that  may  tend  to  move,  is  made  to  rest  against  a  steel  plate 
supported  on  roller  wheels  bearing  against  the  sides  of  the  bin.  The  bin  is 
sufficiently  large  to  allow  a  full  plane  of  repose,  has  provision  for  sloping  sur- 
faces, and  is  placed  so  that  the  minimum  labor  is  required  to  fill  and  empty  it. 
It  is  well  drained  and  rests  on  a  solid  foundation,  and  is  situated  so  as  to 
be  free  from  vibrations  and  external  shocks. 

Description  and  Construction 
Dimensions. — The  bin  is  constructed  of  reinforced  concrete  and  is  5  ft.  6  in. 
wide,  9  ft.  long,  and  6  ft.  high  in  front  and  12  ft.  high  in  the  back,  with  walls 
6  in.  thick.  The  "free"  test  wall  occupies  the  entire  front  of  the  bin.  The 
back  of  the  bin  has  an  opening  3  ft.  wide,  which  is  closed  by  planks  to  any 
required  height  and  which  facilitates  the  emptying  of  the  bin.  The  top  of 
the  bin  has  a  slope  of  34°,  approximately  the  natural  repose  of  sand.  The 
length  of  the  bin  is  sufficient  to  allow  a  full  plane  of  repose  inside  it  when 
it  is  filled.  The  side-walls  are  tied  together  front  and  back  by  a  reinforced 
concrete  beam  and  are  supported  between  a  longitudinal  beam  at  the  top  and 
the  floor  at  the  bottom.  The  floor  of  the  bin  is  placed  2-^  ft.  above  the  founda- 
tion to  provide  ample  room  for  testing  apparatus  and  also  to  simplify  the  opera- 
tion of  filling  and  emptying.  The  foundation  consists  of  a  12-in.  reinforced 
concrete  slab  placed  on  packed  cinders  which  assure  drainage  and  eliminate 
vibrations.  The  floor  is  6  in.  thick,  and  is  supported  on  three  longitudinal 
walls,  one  on  each  side  and  one  on  the  center  line,  which  are  stiffened  by  three 
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cross-walls,  one  at  the  back  and  two  at  the  third  jwints.  The  floor,  there- 
fore, is  supported  on  a  cellular  construction,  the  forward  two  cells  of  which 
are  open  in  front.  All  these  cells  are  connected  by  drain  pipes  to  prevent  the 
collection  of  water.  Drain  holes  were  left  in  the  floor.  The  entire  structure 
above  the  foundation  was  poured  monolithic.  The  bin  was  made  of  concrete 
because  of  the  economy,  a  design  for  a  steel  bin  having  been  discarded. 

The  "free"  test  wall  is  6  ft.  4  in.  high  and  5  ft.  wide,  and  weighs  290  lb. 
It  is  made  of  7i-in.  sheathing,  stiffened  by  four  3  by  6-in.  timbers  vertically 
and  a  3  by  6-in.  piece  on  top  and  a  4  by  6-in.  piece  on  the  bottom,  horizontally. 
The  bin,  which  is  5^  ft.  wide,  is  faced  with  rough  timber  to  give  a  clear  width 
of  5  ft.,  except  in  front,  where  the  friction  plates  occupy  the  excess  space. 

Two  bent  bolts  inserted  through  the  top  horizontal  timber,  can  be  hooked 
over  a  6  by  6  by  |-in.  angle  rigidly  fixed  into  the  top  of  the  concrete  bin. 
In  this  manner,  the  test  wall  is  safely  held  when  the  apparatus  is  not  being 
used.  Two  short  angles  are  bolted  to  each  side  stiffener,  so  that  the  face  of 
the  angles  is  in  the  plane  of  the  inner  face  of  the  wall  and  the  legs  bear 
against  the  front  of  the  bin  walls.  In  this  manner,  the  wall  is  prevented  from 
moving  toward  the  bin  or  against  the  filling  material.  Two  short  angles  are 
fixed  into  the  front  faces  of  the  bin  walls,  the  faces  of  the  outstanding  legs 
of  the  angles  being  flush  with  the  inner  faces  of  the  walls.  By  adjusting  bolts 
that  pass  through  these  projecting  legs,  with  the  heads  toward  the  test  wall, 
side  or  lateral  motion  of  the  gate  is  prevented.  Such  lateral  movements  may 
result  from  eccentricity  of  filling,  causing  unbalanced  forces  in  the  plane  of 
the  wall.  By  carefully  watching  these  possible  contacts,  eccentricity  may  be 
detected.  The  method  of  changing  the  wall  to  take  care  of  special  cases  is 
described  subsequently  in  the  section  on  Tests. 

Several  methods  for  measuring  the  pressures  were  investigated,  but  plat- 
form scales,  which  are  the  simplest  and  most  accurate  and  sensitive  apparatus 
for  measuring  the  forces  acting  on  the  test  wall,  were  chosen.  The  deciding 
factor  was  the  motion  necessary  to  obtain  readings.  The  platform  scales  used 
were  calibrated  carefully  to  determine  the  deflection  of  the  platform  under 
various  loads.  Two  scales  of  2  000  lb.  capacity  were  used  to  measure  the  ver- 
tical components,  and  three  scales  of  1  000  lb.  capacity  were  used  for  the  hori- 
zontal components.  The  scales  are  equipped  with  a  single  beam  having  a  slid- 
ing poise  with  set-screw.  The  beam,  which  reads  to  100  lb.  and  has  0.5-lb. 
graduations,  passes  through  a  trig  loop,  limiting  its  range  of  motion  to  about 
1  in.,  which  means  a  movement  of  0.01  in.  of  the  platform.  To  decrease  this 
movement,  special  stops  were  inserted  in  the  scale  cap  over  the  end  of  the 
beam.  These  stops  were  shaped  like  an  inverted  T,  with  the  horizontal  arm 
above  the  beam  and  the  vertical  arm,  threaded,  passing  through  lock-nuts  on 
the  cap  of  the  scale.  By  adjusting  the  stop,  the  movement  of  the  beam  can 
be  reduced  to  ^^V  in.,  the  platform  movement  then  being  ^-^\^  in.  Later, 
it  was  decided  to  double  these  values,  because  of  the  difficulty  of  detecting  the 
point  of  balance  when  the  range  of  motion  of  the  beam  was  so  small. 

The  Contacts. — The  "free"  gate  is  restrained  by  two  vertical  and  three 
horizontal  supports.     The  two  vertical  supports  are  symmetrically  placed,  at 
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about  the  quarter-points,  and  rest  directly  on  the  platform  scales.  (See  Fig.  1.) 
Each  vertical  support  consists  of  a  1-in.  steel  rod,  the  upper  end  of  which  i8 
pointed  and  bears  into  a  steel  bearing-plate  screwed  to  the  wooden  wall.  The 
lower  end,  which  is  threaded,  is  screwed  into  a  steel  contact  point  which  rests 
on  a  steel  plate  placed  on  the  scale  platform.  These  contact  points  allow  a 
certain  amount  of  adjustable  motion  of  the  test  wall  vertically.  By  raising 
one  or  the  other,  the  axis  of  the  wall  may  be  tipped  in  either  direction.  In 
this  manner,  the  wall  may  be  adjusted  for  eccentricity.  When  the  wall  was 
vertical,  the  two  scales  had  the  same  initial  or  no  load  reading. 

Three  horizontal  contacts  were  used  to  give  a  stable  system  of  support.  As 
the  stress  on  the  wall  is  a  function  of  the  depth,  the  three  supports  are  placed 
in  a  triangle,  one  at  the  top  in  the  center,  and  one  in  each  of  the  lower  cor- 
ners. Steel  plates  screwed  to  the  wall  at  these  points  formed  bearing  plates. 
Each  horizontal  support  consisted  of  a  strut  pivoted  to  a  bell-crank,  by  which 
arrangement  the  horizontal  pressure  was  transmitted  vertically  to  the  scale  plat- 
fonn.  The  bell-crank  arms  are  in  the  ratio  of  1  to  2,  thereby  decreasing  the 
reading  to  one-haK  the  actual  pressure.  The  vertical  strut  consists  of  two 
5-in.  channels,  at  the  lower  end  of  which  is  an  adjustable  contact  point, 
consisting  of  a  threaded  1-in.  rod  in  a  cast  shoe.  All  parts  are  made  vei-y  rigid 
to  reduce  deformations  to  negligible  values  and  all  pivots  are  fitted  in  phosphor- 
bronze  bushings  to  reduce  frictional  resistance.  By  adjusting  the  threaded 
contact  points,  the  test  wall  may  be  moved  or  tipped  about  its  lower  edge, 
and  adjusted  for  any  deviation  of  the  plane  of  the  wall  from  the  vertical.  The 
bell-cranks  rest  on  steel  plates  fixed  into  stiffened  reinforced  concrete  posts. 

The  scales  were  placed  so  as  to  make  simultaneous  readings  possible.  This 
required  the  compact  arrangement  shown  in  Figs.  1  and  2.  In  order  to  prevent 
any  possible  wobbling  of  the  vertical  supports,  two  lateral  cross-braces  in  which 
turnbuckles  were  inserted,  were  later  hooked  to  the  rods.  These  turnbuckles 
were  found  to  be  very  useful  in  adjusting  either  of  the  vertical  contacts  for 
deviation  from  the  vertical. 

The  retarding  effect  of  the  side-walls  has  always  introduced  an  element  of 
uncertainty  in  earth-pressure  measurements  made  in  boxes  and  bins.  Wink- 
ler* tried  to  determine  the  resistance  of  each  wall  by  duplicating  his  tests 
with  a  center  partition.  The  second  set  of  tests  was  affected  by  four  wall  fric- 
tion losses,  whereas  the  first  set  was  affected  by  two  friction  losses.  This 
method  has  been  shown  to  be  inaccurate.  In  the  apparatus,  it  was  decided  to 
eliminate  the  resistance  effect  of  the  side-walls.  The  first  method  decided  on, 
mentioned  previously,  was  to  have  these  walls  on  rollers,  permitting  slight 
motion  in  a  direction  parallel  to  the  wall.  It  was  thought  that  this  flexibility 
would  remove  the  effect  of  forces  along  the  sides  of  the  fill.  The  objection  that 
any  such  motion  would  cause  a  change  in  the  volume  and  shape  of  the  fill,  as 
well  as  alter  the  stresses  acting  therein,  caused  the  abandonment  of  this  de- 
sign. Professor  Braune  then  suggested  a  method  approximating  actual  con- 
ditions. Behind  a  retaining  wall,  a  certain  part  of  the  fill  tends  to  move 
toward  the  wall.      The  earth  back  of  any  given  length  of  wall  is  not  retarded 

•  Winkler,  B.,  in  Der  Civilingenieur,  1865,  pp.  1-11. 
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by  the  earth  on  each  side,  because  that  too  tends  to  move.  It  was  decided, 
therefore,  to  have  part  of  the  side-walls  of  the  bin  movable  in  the  direction  in 
which  the  fill  tends  to  move,  that  is,  in  a  plane  normal  to  the  test  wall. 

The  part  of  the  fill  that  tends  to  move  is  approximately  a  triangular  prism, 
with  bases  formed  by  the  surface  of  the  fill,  the  back  of  the  wall,  and  the  "plane 
of  rupture".  The  wedge  angle  for  sand  is  about  30  degrees.  Two  triangular 
steel  plates  of  the  required  shape  were  made,  each  of  which  rests  on  three 
phosphor-bronze  bushed  rollers  bearing  against  the  side-walls  of  the  bin.  At 
the  points  of  contact,  the  concrete  was  finished  very  smooth.  That  part  of 
the  side-walls  not  covered  by  these  plates  is  faced  with  timber,  held  to  the 
.  sides  by  bolts  through  the  walls,  so  that  the  bin  has  a  uniform  width  of  5  ft. 
The  steel  plates  are  accurately  counterbalanced  vertically.  Preliminary  tests 
made  before  the  plates  were  counterbalanced  showed  the  necessity  of  eliminat- 
ing the  pressure  due  to  the  tendency  of  these  plates  to  slip  downward.  Two 
rollers  are  placed  at  third  points  along  the  plane  of  rupture  to  eliminate  the 
friction  between  the  plates  and  the  wooden  facing  of  the  walls. 

In  order  to  prevent  sand  flowing  into  the  cracks,  all  joints  were  made  as 
close  as  possible,  thin  strips  of  oiled  paper,  bent  into  angles,  being  placed 
along  all  the  edges  of  the  test  wall.  The  joint  between  the  steel  plates  and 
the  timber  was  also  covered  with  oiled  paper.  The  area  covered  by  this  paper 
was  so  small  in  comparison  with  the  total  exposed  area  that  no  account  of 
its  effect  was  taken. 

The  width  of  fill  being  5  ft.,  losses  due  to  the  frictional  resistances  of  the 
rollers  back  of  the  friction  plates  may  be  disregarded.  No  attempt  was  made 
to  alter  the  shape  of  the  plates,  as  the  wedge  angle  probably  averaged  very 
nearly  30  degrees.  Some  of  the  tests  were  made  with  the  plates  overbalanced, 
that  is,  practically  fixed.  Although  the  resulting  pressures  are  probably  less, 
the  decrease  is  not  v^ry  large.  The  error  thus  incurred  does  not  exceed  the 
errors  due  to  non-homogeneous  fill  or  to  slight  differences  or  speed  of  filling. 

A  brief  description  of  the  apparatus  has  been  published,*  but  on  account  of 
the  remarkable  sensitivity  and  accuracy  of  the  apparatus,  this  detailed  descrip- 
tion is  given  for  the  benefit  of  those  who  may  plan  to  conduct  experiments  in  the 
future.  An  exhaustive  description  of  the  design  and  method  of  operation  is 
included  in  a  thesis  presented  by  the  writer  in  1921,  and  is  in  the  Library  of 
the  Graduate  School  of  the  University  of  Cincinnati. 

Method  of  Operation 
The  most  important  factor  in  the  operation  was  to  guard  against  obtaining 
passive  instead  of  active  pressures.  Before  each  test,  every  contact  i)oint  was 
loosened  until  the  test  wall  was  free  from  the  bin.  The  axis  of  the  wall  was 
placed  in  a  vertical  position  by  adjusting  the  vertical  supports  until  the  two 
scales  showed  the  vertical  components  to  be  equal.  A  plumb-bob  suspended  on 
the  wall  showed  whether  the  plane  of  the  wall  was  vertical.  All  the  horizontal 
contacts  were  then  tightened  until  the  increase  in  readings  on  the  scales  showed 
that  the  wall  was  bearing  against  the  bin.  The  contacts  were  then  adjusted  so 
as  to  give  the  minimum  readings  on  the  scales,  with  the  wall  as  close  to  the  bin 
•  Engineering  News-Record,  August  25,  1921. 


Fig.  2. — Testing  Apparatus  with   Scales  in  Place. 
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as  possible.  In  this  manner,  a  minimum  of  opening  between  the  edges  of  the 
wall  and  the  bin  was  obtained.  The  apparatus  was  then  left  for  at  least  1  hour, 
usually  over  night,  and  the  zero  readings  were  taken  again.  Readings  could 
be  taken  to  i  lb.,  and  were  so  taken  at  the  beginning  and  end  of  each  set;  all 
other  readings  were  taken  to  i  lb. 

Before  any  material  was  placed  in  the  bin,  the  riders  on  the  scale-beams 
were  moved  out,  that  is,  the  scales  were  overbalanced,  to  a  point  beyond 
the  next  reading.  After  a  definite  height  of  fill  had  been  placed,  the  riders 
were  slowly  moved  back,  and  the  readings  were  taken  as  the  beam  just  rose 
from  the  lower  support  of  the  trig  loop.  As  soon  as  the  reading  was  taken,  the 
rider  was  run  out  again  to  a  point  beyond  the  next  possible  reading.  This 
method  probably  reduced  the  motion  of  the  gate  to  one-half  its  possible  move- 
ment, or  to  g  xmo  in.  vertical  and  xiTnTro  ^^-^  horizontal,  which  are  values  less 
than  the  elastic  deformation  of  the  wall,  or  of  any  retaining  wall.  The  pres- 
sure recorded,  therefore,  is  the  active  pressure  of  the  fill,  and  not  the  passive 
resistance  of  the  fill  caused  by  the  movement  of  the  wall. 

To  test  the  sensitiveness  of  the  method,  readings  were  often  repeated  in 
as  short  an  interval  of  time  as  possible,  the  results  being  usually  identical  and 
seldom  varying  by  J  lb.  As  the  average  readings  were  about  500  lb.,  and  some- 
times as  much  as  1  500  lb.,  this  variation  is  negligible. 

To  determine  the  variation  of  pressures  caused  by  greater  movements  of  the 
scale-beams,  and,  therefore,  of  the  wall,  readings  of  one  fill  were  taken  for  the 
scale-beams,  and,  therefore,  of  the  wall,  readings  of  one  fill  were  taken  for  the 
all  the  other  tables  given,  the  scales  are  numbered,  as  follows : 

No.  1. — The  upper  horizontal  reading. 

No.  2. — The  lower  left  (facing  the  bin)  reading. 

No.  3. — The  lower  right  (facing  the  bin)  reading. 

No.  4. — The  left  vertical  reading. 

No.  5. — The  right  vertical  reading. 
The  vertical  readings  less  the  zero  readings  give  the  actual  vertical  pres- 
sures, whereas  the  horizontal  readings  must  be  doubled. 


TABLE  1. 


■  r ■    t  ••   ■ 

Scale  Readings. 

No.  1. 

No.  2. 

No.  3. 

No.  4. 

No.  5. 

Seale-bpam  in  restricted  position i 

554 
533 
541 

553 

464 
451 
459 

465 

52K 
510 

985 
QS1 

701 

Scale-beHm  at  highest  point  of  trig  loop 

675 

Scale  beam  at  middle  point  of  trig  loop 

518         1           ^«in 

683 

Scale-beam  at    lowest  point  of  trig  foop  (same  ^ 
position  as  when  restricted) ) 

527 

9!<5 

701 

The  total  movement  of  the  beams  was  i  in.,  corresponding  to  a  movement  of 
the  wall  of  ^J^  in.  vertical  and  ^j^^  in.  horizontal,  which  movements  had  no 
effect  on  the  recorded  pressures.  Similar  results  were  obtained  in  the  other  two 
tests  to  determine  the  effect  of  the  movements  of  the  wall.  It  may  be  con- 
cluded, therefore,  that,  for  such  values,  the  pressures  are  unaffected.     The 
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effect  of  larger  movements  could  not  be  determined,  because  the  trig  loops  are 
not  removable. 

In  addition  to  the  readings  of  the  scales,  a  record  was  kept  of  the  temper- 
ature, time  of  day,  state  of  the  weather,  and  age  of  the  fill  in  the  bin.  In  the 
first  few  tests,  readings  were  taken  for  every  3-in.  increase  in  height  of  fill. 
This  was  changed  to  6-in.  increments,  as  too  much  time  was  required,  both 
during  the  test  and  in  computing  results. 

The  five  readings  give  the  magnitude,  direction,  and  point  of  application  of 
the  resultant  earth  pressure.  The  vertical  component  is  the  sum  of  the  readings 
on  Scales  Nos.  4  and  5,  less  the  initial  readings  on  these  two  scales.  The  total 
horizontal  component  is  twice  the  sum  of  the  readings  on  Scales  Nos.  1,  2,  and 
3,  after  the  initial  readings  on  these  scales  have  been  subtracted.  The  magni- 
tude of  the  resultant  can  then  be  found.  The  direction  is  the  angle  the  tangent 
of  which  is  the  ratio  of  the  total  vertical  to  the  total  horizontal  component. 
By  taking  moments  about  the  intersection  of  a  plane  through  the  vertical 
supports  of  a  plane  through  the  lower  horizontal  supports,  the  effect  of  these 
four  forces  is  eliminated  and  the  equality  of  moments  caused  by  the  upper  hori- 
zontal support  and  by  the  total  resultant  is  obtained.  The  upper  horizontal 
support  is  6.04  ft.  above  this  line  of  intersection.  Resolving  the  resultant  into 
a  vertical  component  acting  along  the  back  of  the  wall  and  a  horizontal  com- 
ponent acting  at  a  distance,  x,  above  this  axis  of  moments,  and  equating 
moments,  the  height,  x,  or  the  resultant  pressure  is  obtained.  A  vertical  wall 
has  no  moment,  because  the  vertical  supports  are  placed  under  its  center  of 
gravity.  When  additional  parts  were  attached  to  the  wall,  for  glass-backed 
walls,  or  oblique  walls,  the  moment  of  additional  parts  was  considered. 

Tests  were  performed  with  glass  and  sheet  metal  directly  fixed  to  the  back 
of  the  wooden  wall.  For  walls  sloping  toward  the  fill,  a  "false"  wall  was  at- 
tached to  the  wall  at  three  points.  At  the  foot,  it  was  spiked  to  the  main  wall 
and  at  the  mid-point  and  at  the  top,  the  two  walls  were  connected  by  heavy 
timber  struts.  Similar  connections  were  used  for  the  wall  sloping  away  from 
the  fill.  Because  of  the  large  vertical  components  in  the  latter  case,  sixteen 
wires  were  also  run  from  the  lowest  point  of  the  overhanging  wall  to  various 
points  in  the  main  wall  to  aid  in  transmitting  the  vertical  component  and  in 
decreasing  the  deflection  of  the  "false"  wall.  In  both  these  cases,  the  additional 
parts  were  inside  the  bin,  and  care  was  taken  to  prevent  contact  on  the  floor  or 
binding  along  the  sides.  The  results  for  walls  with  considerable  slope  are  not  as 
accurate* as  those  for  vertical  walls.  Some  of  these  tests  were  repeated  to  obtain 
check  values. 

A  sample  of  the  material  used  in  each  test  was  taken.  Air-tight  cans, 
holding  about  15  lb.  of  material,  were  filled  when  each  test  was  about  half  fin- 
ished. The  density,  natural  slope,  coefficient  of  internal  friction,  coefficient  of 
internal  resistance,  and  moisture  content  of  this  material  were  later  carefully 
determined.  The  coefficients  of  friction  and  resistance  (kinetic  and  static 
friction)  of  the  material  of  the  fill  on  itself  and  on  the  back  of  the  wall  were 
also  determined.  The  coefficient  of  internal  resistance  was  measured  by  deter- 
mining the  force  required  to  start  in  motion  a  weighed  quantity  of  material 
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resting  on  the  same  material.  The  force  required  to  keep  the  mass  in  uniform 
motion  gave,  the  coefficient  of  internal  friction.  The  material  was  placed  in  a 
cubical  bottomless  box  that  held  5J  lb.  of  sand,  and  the  lower  edges  were  beveled 
so  that,  practically,  only  the  sand  was  in  contact.  The  coefficient  of  internal 
resistance  was  taken  as  a  measure  of  the  combined  effect  of  friction  and  cohe- 
sion; whereas  the  coefficient  of  internal  friction  was  due  to  friction  alone,  as 
there  can  be  no  cohesion  during  motion.  The  angles  corresponding  to  these 
coefficients  are  called  the  angles  of  internal  friction  and  internal  resistance, 
respectively.  The  angle  of  internal  resistance  in  all  cases  (for  sand)  was  found 
to  be  about  90%  of  that  of  natural  repose. 

Outline  of  Tests 

The  following  is  an  outline  of  the  tests  performed : 

I. — Yariation  in  physical  properties  of  the  sand  under  various  conditions. 
II. — Lateral  pressure  of  horizontal  fills  against  a  vertical  wooden  wall. 
m. — Lateral  pressure  of  horizontal  fills  against  a  glass-backed  vertical  wall. 
IV. — Lateral  pressure  of  horizontal  fills  against  a  sheet-metal-baeked  vertical 
wall. 
V. — Lateral  pressure  of  sloping  fills  against  a  vertical  wooden  wall. 
VI. — Lateral  pressure  of  sloping  fills  against  a  glass-backed  vertical  wall. 
VII. — Lateral  pressure  of  sloping  fills  against  a  sheet-metal-backed  vertical 

wall. 
VIII. — Lateral  pressure  of  horizontal  fills  against  walls  with  positive  back 
batter. 
IX.— Lateral  pressure  of  horizontal  fills  against  walls  with  negative  back 

batter. 
X. — Lateral  pressure  of  sloping  fills  against  a  wall  with  a  positive  back  bat- 
ter  of   1:4. 
XL — Lateral  pressure  of  sloping  fills  against  a  wall  with  a  negative  back 
batter  of  1 : 6. 
XII. — Lateral  pressure  of  irregular  fills  against  a  vertical  wooden  wall. 
XIII. — Effect  of  settling  and  changes  of  temperature  on  the  lateral  pressure 

of  horizontal  fills  against  a  vertical  wall. 
XIV.— Effect  of  static  loads  on  the  lateral  pressure  of  horizontal  fills  against 
a  vertical  wall. 
XV.— Effect  of  moving  loads  on  the  lateral  pressure  of  tamped  horizontal 

fills  against  a  vertical  wall. 
XVI. — Effect  of  static  loads  on  the  lateral  pressure  of  horizontal  fills  against 
a  wall  with  positive  back  batter  of  1:4. 
A  few  of  these  tests  were  made  during  the  spring  of  1921  and  the  re- 
mainder during  the  fall  and  winter  of  1921-22.    The  filling  and  emptying  of  the 
bin  eighteen  times  required  the  shoveling  of  about  150  tons  of  sand. 

I. — Physical  Properties  of  the  Sand. 

River  sand  excavated  from  the  subway  cut  on  Canal  Street,  Cincinnati, 
Ohio,  was  used.    When  first  obtained  the  specific  gravity  of  the  sand  was  about 
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2.6  and  the  moisture  content  was  9  per  cent.  Shoveled  and  slightly  tamped 
into  a  box,  it  weighed  100  lb.  per  cu.  ft.  Exposure  caused  a  slow  drying  and, 
during  the  last  tests,  the  moisture  content  was  as  low  as  3  per  cent.  The  first 
tests,  therefore,  were  made  with  a  "damp"  sand,  and  the  remainder  with  a 
"humid"  sand,  in  accordance  with  the  definitions  of  the  Special  Committee 
of  the  Society  to  Codify  Present  Practice  on  the  Bearing  Value  of  Soils  for 
Foundation,  etc.  Moisture  had  considerable  influence  on  the  other  physical 
properties.     A  mechanical  analysis  is  as  follows: 

Sieve  number 4      8     10     14    28     48     100 

Percentage  passed 92     85     81     78     63     10        2i 

The  material  contained  very  little  clay  and  dirt.  The  natural  slope  was 
determined  by  pouring  the  sand  on  a  table  to  form  a  cone  about  12  in.  high, 
the  slope  being  measured  along  six  elements.  Four  determinations  of  coefficients 
of  friction  and  of  resistance  were  made  for  every  sample.  At  first,  the  coefficient 
of  resistance  was  measured  by  using  a  spring  scale  and  also  by  weights  over 
a  fixed  pulley.  The  results  were  practically  identical,  so  that  only  the  spring- 
scale  method  was  used  in  the  later  tests.  A  complete  set  of  physical  tests  was 
also  made  on  dry  sand. 

TABLE  2. 


Location  of  Material. 


Surface. 


6-ft.  depth. 


lO-ft.  depth. 


Weight  per  cubic  foot. . . 

Moisture  content 

Angle  of  natural  slope. . . 
Angle  of  internal  friction 


100  lb. 


40°  0 
34°  0' 


98  1b. 

9% 
40°  40' 
34°  30' 


101  lb. 
9% 
43°  40' 
35°  30' 


The  unit  weight  of  the  material  was  a  minimum  (90  lb.  per  cu.  ft.)  when 
the  moisture  content  was  between  4  and  5  per  cent.  As  the  moisture  con- 
tent of  the  sand  was  increased,  the  natural  slope  was  increased  like- 
wise, dry  sand  having  a  slope  of  30°  15'  and  sand  with  9%  moisture  a 
slope  of  about  40  degrees.  The  same  holds  true  for  the  angle  of  internal 
friction,  which  was  28°  15'  for  dry  sand  and  34°  for  the  very  moist  sand;  and 
also  for  the  angle  of  internal  resistance,  which  was  28°  15'  for  dry  sand  and  37° 
for  the  very  moist  sand.  It  should  be  noted  that,  for  the  dry  sand,  there  is  no 
difference  between  the  angles  of  friction  and  resistance.  This  difference  was  2° 
for  a  moisture  content  of  3%  and  3°  for  a  moisture  content  of  9  per  cent.  The 
intermediate  values  are  fairly  consistent.  The  difference  between  the  internal 
friction  and  internal  resistance  is  caused  by  the  adhesion  due  to  a  water  film 
around  each  particle  of  sand.  This  property  was  called  "cohesion"  by  Coulomb, 
and  the  name  is  still  used,  although  it  is  difficult  to  understand  how  cohesive 
forces  can  act  between  particles  or  grains  of  a  fill  separated  by  a  film  of  water. 
This  film  is  always  present,  as  there  are  no  perfectly  dry  materials  back  of 
retaining  walls. 

In  order  to  determine  whether  the  physical  properties  of  the  material  varied 
with  the  height  of  the  fill,  two  loosely  built  wooden  boxes,  with  no  covers,  were 
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embedded  in  the  sand  for  three  months,  from  June  to  September,  one  cube 
being  6  ft.,  and  the  other  10  ft.,  below  the  surface. 

Physical  tests  on  the  material  in  these  cubes  and  of  the  surface  material  are 
given  in  Table  2. 

Because  of  the  small  samples  used,  little  can  be  concluded  from  these  tests, 
and  further  investigation  is  necessary. 

II. — Lateral  Pressure  of  Horizontal  Fills  Against  a  Vertical  Wooden  Wall. 

Several  tests  were  made  during  April  and  May,  1921,  while  the  apparatus 
was  being  adjusted  and  calibrated.  The  following  data  were  obtained  after  it 
was  found  that  results  could  be  closely  duplicated  and  the  apparatus  was 
completed  *nd  satisfactory.  In  Test  ISTo.  1  (Table  3),  all  figures  and  com- 
putations are  given  in  order  to  show  the  method.  The  columns  contain  the 
following : 

Column  i.— Height  of  fill  in  bin. 

Columns  2,  S,  Jf,  5,  and  6. — The  actual  readings  on  Scales  Nos.  1,  2,  3, 
4,  and  5. 

Columns  7,  8,  9,  10,  and  11. — The  pressure  recorded,  obtained  by  subtract- 
ing the  initial  readings. 

Column  12. — The  top  horizontal  pressure,  H^,  double  the  reading. 

Columns  IS  and  1^. — The  bottom  horizontal  pressures,  H^  and  H^,  double 
the  readings. 

Column  i5.— The  total  horizontal  component,  the  sum  of  fl^^,  H^,  and  H^. 

Colum,n  16. — The  total  vertical  component,  the  sum  of  the  vertical  scale 
readings,  found  in  Columns  10  and  11. 

Column  17. — The  total  pressure,  the  square  root  of  the  sum  of  the  squares 
of  the  two  total  components. 

Columns  18,  19,  and  20. — The  horizontal  component,  the  vertical  com- 
ponent, and  the  total  pressure  per  foot  length  of  wall. 

Colum,n  21. — The  ratio  of  the  total  vertical  to  the  total  horizontal  com- 
ponent. 

Column  22. — The  angle  the  tangent  of  which  is  the  ratio  of  the  total 
vertical  to  the  total  horizontal  component.  Columns  23  to  27  furnish  data 
on  the  point  of  application  of  the  total  pressure,  by  the  formula  developed 
for  each  type  of  test  wall.  The  results  are  compared  with  three  theories.  The 
Coulomb  theory,  in  which  the  wall  friction  is  disregarded,  is  shown  by  the 
coefficient  of  (i  y  h^)  as  N.  In  the  case  of  a  vertical  wall,  it  is  equal  to 
the  horizontal  component  and  takes  no  account  of  a  vertical  component.  In  the 
cases  of  inclined  walls,  the  horizontal  component,  as  given  by  this  theory,  is 
denoted  by  ISTh-  The  general  wedge  theory,  in  which  the  friction  on  the  wall 
is  taken  into  account,  is  shown  by  the  coefficient  of  (i  y  h-)  as  C.  The  hori- 
zontal component  is  H.  The  Eankine  theory  is  shown  by  the  coefficient  of 
ii  y  h"^)  as  R.  The  horizontal  component  is  K.  It  was  decided  to  compare  the 
theories  by  the  coefficients  of  the  quantities  (i  i/  h^),  in  order  to  compare  the 
results  with  hydrostatic  pressures,  y  being  the  density  of,  and  h  the  height  of, 
the  fill. 
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DETERMIKATION  OP  LATERAL  EARTH  PRESSURE 

TABLE  4.— Test  No.  2. 


Mav  4,  1021  2  3  P.M.,  0-3  ft. 
May  5.  1921,  2-4  p.m  .  3-6  f  t. 
Weatiier :  Clear. 
Temperature :  60-65°  Fahr. 


Piiyslcal  Properties: 
Same  as  in  Test  No.  1  (Table  3). 


Height 

of  fill. 

h,  in 

inches. 

ToTAi-  Pressures,  in  Pounds. 

Pressures  per 

in  pound.s 

Foot, 

Inclina- 
tion OF  P 

X 

h 

Hi. 

H. 

V. 

P. 

H. 

V. 

P. 

*'. 

height  of 
,    P:h 

(1) 

(2) 

(3) 

(4) 

(5) 

(61 

(7) 

(8) 

(9) 

do) 

6 

20 

66 

4 

66 

13.2 

0.8 

13.2 

8» 

9 

22 

78 

9 

78 

15.6 

1.8 

15.6 

6» 

12 

24 

100 

23 

103 

30.0 

4.6 

20.6 

13° 

15 

86 

128 

47 

136 

25.6 

9.4 

26.3 

20° 

18 

30 

170 

80 

188 

34.0 

16.0 

37.6 

25° 

21 

32 

20*5 

111 

234 

41.2 

22.2 

46.8 

33°  40' 

24 

38 

268 

160 

313 

53.6 

32.0 

62.4 

30°  50' 

27 

42 

334 

204 

391 

66.8 

40.8 

78.2 

31°  30' 

30 

50 

386 

253 

463 

77.2 

50.6 

92.4 

33°  10' 

33 

60 

476 

300 

563 

95.2 

60.0 

112.2 

32°  20' 

36 

115 

6.50 

387 

757 

130.0 

77.3 

151.4 

29°  55' 

39 

154 

762 

439 

880 

152.1 

87.8 

176.0 

80°  00' 

42 

!66 

798 

486 

934 

159.6 

97.2 

186.8 

31°  20' 

45 

190 

878 

555 

1  040 

175.6 

111.0 

208.0 

32°  20' 

0.898 

48 

244 

1  026 

654 

1  215 

205.0 

130.8 

243.3 

32°  50' 

0.404 

51 

318 

1  222 

768 

1  443 

244.4 

153.6 

288.6 

32°  10' 

0.395 

54 

353 

1  302 

823 

1  541 

260.4 

164.6 

30S.2 

33°  10' 

0.389 

57 

396 

1  400 

893 

1  661 

380.0 

176.6 

,332.2 

32°  30' 

0.391 

60 

469 

1  582 

993 

1  851- 

312.4 

198.3 

370.1 

32°  20' 

0.391 

63 

.556 

1  706 

1  071 

2  016 

341.3 

214.2 

403.2 

32°  10' 

0.402 

66 

700 

1  986 

1  234 

2  333 

397.2 

344.8 

466.6 

31°  40' 

0.404 

69 

752 

2  112 

1  344 

2  502 

422.4 

268.8 

500.4 

33°  30' 

0.400 

72 

834 

3  293 

1  443 

3  708 

458.4 

388.6 

541.6 

32°  10' 

0.390 

To  find  the  height  of  the  total  pressure,  note  that  the  intersection  of  the 
plane  through  the  vertical  contacts  and  through  the  lower  horizontal  contacts 
is  level  with  the  bottom  of  the  fill.  The  upper  horizontal  contact  is  6.04  ft. 
above  this  axis;  the  back  of  the  wall  (along  which  the  vertical  component,  V, 
acts),  is  0.23  ft.  from  the  axis.    Calling  x  the  height  of  the  horizontal  component, 

Hx^  iSMH^  f  0.2:3  F, 
or 

_  6.04  H^       0.23  V 

^  ~    H    ^    ir~' 

The  weight  of  the  wall  has  no  effect,  because  the  vertical  supports  are  below 
the  center  of  gravity.  The  large  number  of  data  in  each  test  makes  it  imprac- 
tical to  present  all  the  tests  in  full.  Except  for  the  first  test,  only  the  essential 
data  are  presented. 

The  bin  was  filled  in  two  days.  The  readings  for  the  height  of  36  in.  are 
the  averages  of  the  readings  at  the  end  of  the  first  day  and  at  the  beginning 

X 


of  the  second. 


The  hish  values  for  ^  are  due  to  the  settling  of  the  fill  over 
h 


night  (see  Test  XIII  for  the  effect  of  settling).     The  low  values  of  ^'  at  the 
beginning  of  the  test  are  caused  by  the  dry  wall. 
The  Coulomb  and  Rankine  formulas  are : 

P  =  iyh^  tan^  i  (90°  —  cjy)=Nay  /i')  =  R  (i  y  h^). 
Both  theories  give  a  horizontal  resultant. 
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TABLE  5. — Showing  Comparison  Between  Experiment  and  Theories  for 

THE  Case  of  a  Horizontal  Fill  and  a  Vertical  Wall. 

(See  Fig.  3.) 


Pressures 

PER  Foot 

OP  Wall, 

IN  Pounds 

1 
H 

Height  of 

P 

All  in  bin, 

Test  No.  1. 

Test  No.  2. 

Average. 

)4  y*  /i^t 

in  inches. 

l^yh--' 

^2/'»-' 

H. 

P. 

H. 

P. 

//. 

P. 

13 

16.8 

19.9 

20.0 

30.6 

18.4 

30.3 

50 

0.368 

0.406 

15 

37.6 

30.5 

25.6 

36.3 

26.6 

28.4 

78 

0.341 

0.369 

18 

33.4 

89.9 

34.0 

37.6 

38.7 

38.8 

113.5 

0.300     i 

0.345 

21 

46.2 

55.0 

41.3 

46.8 

43.6 

50.9 

153 

0.284 

0.3S2 

24 

57.4 

69.8 

5.3.6 

63.4 

55.5 

66.1 

200 

0.278 

0.3-31 

87 

72.2 

87.3 

66.8 

78.3 

69.5 

83.9 

253 

0.275 

0.328 

30 

86.4 

104.3 

77.2 

93.4 

81.7 

98.3 

313 

0.263     i 

0.315 

33 

112.8 

134.9 

95.2 

112.3 

104.0 

123.6 

378 

0.376     , 

0.327 

36 

131.4 

158.3 

130.0 

151.4 

1.30.7 

154.9 

450 

0.390     ! 

0.344 

39 

150.8 

181.8 

153.4 

176.0 

151.6 

178.9 

.539 

0.387 

0.338 

42 

170.2 

303.3 

159.6 

186.8 

164.9 

194.5 

611 

0.270     ' 

0.318 

45 

188.8 

325.0 

175.6 

208.0 

183.3 

216.5 

703 

0.360     1 

0.309 

48 

206  6 

250.6 

205.2 

243.3 

205.9 

346.5 

800 

0.357     ' 

0.308 

51 

232.6 

280.0 

344.4 

288.6 

238.5 

284.3 

903 

0.265 

0.316 

54 

255.8 

306.3 

260.4 

308.2 

353.1 

307.2 

1  013    . 

0.350 

0.301 

57 

281.4 

888.0 

280.0 

333.3 

280.7 

335.1 

1  128 

0.249 

0.297 

60 

308.6 

370.6 

312.4 

370.1 

310.5 

370.3 

1  250 

0.348 

0.296 

63 

331.3 

899.0 

341.3 

403.2 

336.3 

401.1 

1  380 

0.344 

0.291 

66 

394.6 

469.2 

397.2 

466.6 

395.9 

468.9 

1  510 

0.362 

0  310 

69 

435.8 

506.4 

423.4 

500.4 

434.1 

503.4 

1  650 

0.257 

0.305 

72 

454.6 

544.3 

458.4 

541.6 

456.5 

542.9 

1  800 

0.254 

0.303 

Averages  f 

rom  24  in. . 

0.264 

0.3U 

*y  = 

100  lb.  per  cu.  ft. 

tft.= 

height,  in 

feet. 

If  we  take 

4>  =  40°,  the  natural  slope,  R  =  N  =  tan^  25°  =  0.218 
<^  =  37°,  the  internal  resistance,  N  =  tan^  26i°  =  0.248 
^  =  34°,  the  internal  friction,      iV^  =  tan2  28°     =0.283 

The  total  pressure  in  the  general  wedge  theory  for  this  case  is : 
N  „  0.248 


=  C\  = 


=  0.294; 


cos  0'  ' '  cos  32°  30' 
for  <^  =  internal  resistance;  (/>'  =  friction  along  the  wall.  In  C^,  the  nature 
of  the  wall  has  been  assumed  to  have  no  effect  on  the  horizontal  component. 
Assuming  that  it  has,  for  <j>  =  37°,  </,'  =  32°  30',  n  =  0.818,  C^  =  0.230. 

H  =^  C.^  cos  0' 


0.193; 


=  si 


sin(0+  <p')  sin  0 


cos  0' 

Conclusions. ^Tests  Nos.  1  and  2  give  the  same  results,  and  agree  quite 
closely.  It  is  evident  that  a  vertical  component  exists.  The  average  of  all  the 
readings  gives  33°  for  the  angle  of  inclination  of  the  resultant  pressure.  The 
fill  was  quite  moist,  and  the  wooden  wall,  when  it  was  exposed  after  the  test, 
was  quite  damp.  The  coefficient  of  friction  between  the  sand  and  a  wet  yellow 
pine  board,  across  the  grain  (identical  with  the  case  of  the  test  wall),  was  found 
to  be  32°  30'. 
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The  point  of  application  varies  from  0.350  h  to  0.400  h,  depending  on 
conditions.  The  cause  and  nature  of  this  variation,  as  well  as  that  of  the  in- 
clination, are  considered  in  subsequent  tests. 

For  this  case,  the  Rankine  and  Coulomb  theories  give  the  same  formula, 
which  seems  to  give  the  horizontal  component  very  closely,  if  the  value 
given  to  cf>  is  the  angle  of  internal  resistance.  Low  values  are  obtained 
by  using  <^  as  the  angle  of  natural  slope.  Using  (f>  as  the  angle  of  internal  fric- 
tion gives  high  values,  which  is  to  be  expected,  as  the  effect  of  cohesion  can  then 

JT 

be  disregarded.     The  average  value  for  —  =    0.264,     which    corresponds 

J  ^  '*■ 

almost  exactly  to  iV  ^  tan-  i  (90°  —  <^),  in  which  ^  =  36  degrees.  The  experi- 
mental value  of  the  angle  of  internal  resistance  was  37  degrees.  The  general 
wedge  theory  gives  low  values  both  for  the  horizontal  component  and  for  the 
total  pressure,  but  the  ratio  is  the  same  as  that  found.  The  curves  shown  on 
Fig.  3  give  a  graphical  comparison  between  the  two  experimental  results,  the 
Coulomb-Rankine  theory  for  (^  =  natural  slope;  and  the  formula, 

n  =hy  h^  tan2  i  (90  —  <^,), 
in  which  <^j  is  the  angle  of  internal  resistance.  It  was  first  assumed  that  <^ 
should  be  the  angle  of  internal  friction.  Graphical  comparison  with  the  ex- 
perimental curves  showed  a  constant  difference  between  theory  and  experiment, 
evidently  due  to  disregarding  the  effect  of  cohesion.  Introducing  the  effect  of 
the  cohesion  into  the  value  of  <^  has  solved  the  difficulty. 

III. — Lateral  Pressure  of  Horizontal  Fills  Against  a 
Glass-Backed  Vertical  Wall. 

Closely  fitting  sheets  of  glass  were  fastened  to  the  back  of  the  wooden  wall 
to  a  height  of  24  in.  above  a  2-in.  strip  of  wood  nailed  at  the  bottom  of  the 
wall,  and  this  held  the  glass  in  place  and  prevented  slipping.  Accuracy  could 
not  be  expected,  because  of  the  small  heights  used  and  the  method  of  fastening. 

In  general,  the  conclusions  from  the  test  with  a  wooden  wall  hold  also  for  a 
smoother  wall.  The  large  value  of  the  angle  of  inclination  is  due  to  the  method 
of  holding  the  glass  in  place,  the  bottom  clamp  allowing  the  fill  to  rest  directly 
on  the  wall.  It  should  be  noted  that  </>'  decreases  as  the  height  of  the  fill  in- 
creases, and  a  greater  proportion  of  glass  surface  is  effective.  This  is  well 
shown  in  the  test  of  sloped  surfaces  against  a  glass  wall. 

IV. — Lateral  Pressure  of  Horizontal  Fills  Against  a 
Sheet-Metal-Backed  Vertical  Wall. 

In  order  to  determine  whether  the  nature  of  the  wall  had  any  effect  on  the 
lateral  pressure,  sheet  metal  with  a  clean,  polished  surface  was  nailed  to  a 
height  of  3  ft.  directly  to  the  wall. 

The  results  check  the  conclusions  given  previously.  The  lateral  horizontal 
pressure  is,  therefore,  independent  of  the  nature  of  the  wall.  The  high  value 
for  the  angle  of  inclination  -was  expected.  The  surface  of  the  sheet  metal  was 
rusted  and  roughened  by  the  contact  and  rubbing  of  the  damp  sand. 
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TABLE  6.— Test  No.  3. 


Octobers,  1921. 

Weather  =  Clear. 

Temperature  —  12"  cent.  (54°  Fahr.) 

Moisture  Content  =  A.^°'o 


Physical  Properties: 

Weight  per  cubic  foot  =  93  lb. 

Angle  of  Natural  Slope  =  85">80' 

'■     "  Internal  Resistance  =  33°50' 

'•  Internal  Friction       =  SloSO' 

"     '■  Wall  Friction  =  IWIO' 


ToTAi,  Pressures,  in  Pounds. 

Pressures 

,  lij  Pounds  pee  Foot. 

h,  in 

Tan  <\>' 
y 

*' 

H 

inches. 

V2  V  h'' 

ffi. 

H 

r. 

P. 

H. 

V. 

P. 

H 

12 

2.5 

61.5 

46.5 

77 

12 

9 

15 

0.755 

37° 

0.528 

15 

5.5 

107.5 

74.5 

153 

22 

15 

31 

0.694 

35° 

0.304 

18 

9.5 

144.5 

98.5 

175 

29 

20 

35 

0.6*11 

34° 

0.276 

21 

14 

172 

122.5 

211 

34 

£5 

42 

0.712 

35° 

0.240 

24 

23 

263.5 

172.5 

314 

53 

35 

63 

0.655 

33° 

0.285 

Average  

0.273 

Ci  =  tan2  1,^  (90  —  <t>i)  =  tan2  28°05' 
C  =  tan2  y2  (90  —  <^  )   =  tan2  27°15' 


0.284. 
0.265. 


V. — Lateral  Pressure  of  Sloping  Fills  Against  a  Vertical  Wooden  Wall. 

Two  tests  were  run  to  determine  the  lateral  pressure  of  non-horizontal  fills 
against  a  vertical  wall.  In  the  first.  Test  'No.  5,  the  bin  was  filled  to  a  depth 
of  5  ft.,  with  the  surface  sloping  at  the  maximum  possible  angle  below  the  hori- 
zontal.   The  fill  was  then  changed,  in  intervals  of  about  3°,  until  the  greatest 


TABLE  7.— Test  No.  4. 


October  9,  1921. 

Weather  :  Clear. 

Temperature  =  17°  cent.  (63='  Fahr.) 

Moisture  in  Fill  =  4.29b 


Physical  Properties : 

Weight  per  cubic  foot  =  94  lb. 

Angle  of  Natural  Slope  =  38°  30' 

'•  Internal  Resistance  =  37°  30' 

"  Internal  Friction        =  34°  50' 

Wall  Friction  =  28°  00' 


N  =  R  =  tan2  J^  (90  —  *)  -  tan2  25°  45'  =  0.232. 
iV'i  =  Ri  =  tan2  ^  (90  —  (J)i>  =  tan^  26°  15'  =  0.243. 


C  = 


■Vl 


ToTiL  Pressu 

RES,  IN 

Pressures,  in  Pounds 

Inclina- 

h, in 
inches. 

Hi. 

Pounds. 

PER  Foot 

tion  of  p. 

H 

V 

\^Vhi 

^yhs 

H. 

r. 

P. 

H. 

V. 

P. 

*' 

14 

4 

81 

51.5 

96 

16 

10 

19 

32°  25' 

0.250 

0.297 

17 

5.5 

106.5 

74.5 

128 

21 

15 

26 

35°  00' 

0.224 

0.277 

20 

8.5 

160.5 

97.5 

188 

32 

20 

38 

31°  15' 

0.244 

0.290 

23 

13 

220 

135 

258 

44 

27 

52 

31°  .35' 

0.255 

0.801 

26 

20.5 

279.5 

168 

326 

56 

34 

65 

31°  00' 

0.254 

0.295 

29 

31' 

354 

210.5 

412 

71 

42 

82 

30°  45' 

0.258 

0.298 

32 

41.5 

415.5 

245.5 

483 

83 

49 

95 

30°  30' 

0.248 

0.284 

35 

58 

.501 

293.5 

580 

100 

59 

116 

30°  20' 

0.251 

0.291 

38 

78 

584 

340 

675 

117 

68 

135 

30°  15' 

0.248 

0.286 

31°  00' 

0.248 

0.291 

0.883 


cos  <t> 
0.243 
C  =  — — ;  =  0.284  (4> 


=  0.275  (*'  =  28°) 


31°). 


DETERMINATION  OF  LATERAL  EARTH  PRESSURE 


1473 


possible  slope  above  the  horizontal  was  obtained.  In  this  manner,  a  comparison 
is  had  of  all  possible  surfaces  with  a  fixed  height  of  wall.  In  the  second  test, 
No.  6,  the  surface  slope  was  kept  constant  and  different  heights  of  fill  were 
tested.  It  was  found  to  be  impractical  to  use  the  angle  of  repose  as  the  slope 
to  be  tested,  because  the  material  would  slip  and  the  larger  particles  would  roll 
down  to  the  wall.  A  slope  as  steep  as  possible  was  used.  Further  tests  with 
sloped  surfaces  and  broken  surfaces  are  described  subsequently.    (See  Fig.  4.) 

Table  8,  which  shows  the  results  of  Test  No.  5,  furnishes  the  following  data : 
The  value  oi  h  =  5  it.;  a,  the  inclination  of  the  wall,  is  zero.  In  Column  1  is 
given  values  of  the  surface  inclination,  s,  negative  below  the  horizontal  and 
positive  above  it.  As  it  was  difficult  to  obtain  plane  surfaces  without  consid- 
erable disturbance  of  the  fill,  a  rod  was  fixed  at  the  proper  height  across  the  bin, 
8  ft.  back  of  the  wall,  and  the  sand  filled  to  a  plane  surface  by  eye.  The  sur- 
faces below  the  horizontal  were  probably  somewhat  concave,  whereas  those 
above  the  horizontal  were  convex. 

Column  2  gives  the  top  horizontal  pressure.  The  first  two  readings  were 
probably  a  little  too  high,  because  of  the  impact  of  the  fill  as  it  was  thrown 
against  the  wall. 

Columns  3,  4,  and  5  give  the  total  horizontal  and  vertical  components  and 
the  total  pressure  on  the  wall. 


0.45 


25        20         15        10 
Below  Horizontal 


Surface  Slope  of  Fill 
Fig.  4. 


10        15        20        25 
Above  Horizontal 


Column  6  gives  the  angle  of  inclination  of  the  resultant. 

Columns  7,  8,  and  9  give  the  horizontal  and  vertical  components  and  the 
total  pressure  per  foot  of  width  of  the  wall. 

Column  10  gives  the  ratio  of  the  height  of  inclination  to  the  total  height 
of  fill.    This  value  is  found  in  the  same  way  as  in  Tests  Nos.  1  and  2. 
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Column  11  gives  the  coefficient  oi  (^  y  hr)  for  the  experimental  horizontal 
component  per  foot  of  wall. 

Column  12  gives  the  coefficient,  J,  of  the  formula:  Horizontal  compo- 
nent ==  J  (^yh^),  in  which  the  general  wedge  theory  is  used,  disregarding 
friction  on  the  wall,  and  taking  <^  as  the  internal  resistance. 


/cos^y  Un  <p  sin  (4>  -  e) 


J=  

cos 

Column  13  gives  the  coefficient,  E,  of  the  formula :  Horizontal  component 
=  K  (i  y  li-),  in  which  the  Eankine  theory  is  used.  The  theory  does  not  apply 
for  negative  slopes.    ^  is  taken  as  the  angle  of  internal  resistance. 

2     cose — V  cos^  £  —  cos^  0 


cos  £+  Vcos^  £  —  cos^  <p 
By  comparing  the  horizontal  components  (in  this  case,  also  the  normal  com- 
ponents), the  different  assumptions  as  to  the  direction  of  the  total  pressure  are 
eliminated. 

Column  14  gives  the  coefficient,  H',  of  the  formula:  Horizontal  compo- 
nent =  H'  (i  y  h-),  in  which  the  general  wedge  theory  is  used,  taking  into  ac- 
count the  friction  of  the  wall.     <j>  is  taken  as  the  angle  of  internal  resistance. 


H'  =  f^Sl_^\    .  „  ^       sin  (0  +  0')  sin  (cp  —  e) 

Column  15  gives  the  percentage  ratio  of  the  area  of  the  theoretical  wedge 
of  rupture  to  the  area  of  the  wedge  when  the  surface  is  horizontal.  The  plane 
of  rupture  was  assumed  to  bisect  the  angle  between  the  vertical  and  a  line 
drawn  at  the  angle  of  internal  resistance  to  the  horizontal : 

, ,,        sin  00  cos  £  ,  ,       ^   ,  -, 

^  =  i  /r ,    Gj  =  the  ansfle  of  the  wedsre. 

^       sin  (90°  —  E  —  Gj)  ° 

In  this  case,  <^  =  38°,  oj  =  26  degrees. 

Column  16  gives  the  percentage  ratio  of  the  horizontal  component  to  the 
horizontal  component  when  the  fill  is  level.  The  same  filling  material  was  used 
in  Test  No.  6,  and  the  fill  was  placed  at  an  angle  of  34°  above  the  horizontal, 
to  a  depth  of  3  ft. 

The  theoretical  coefficients  of  (^  y  h^)  are: 

i?  =  0.334;  (7  =  0.396  for  the  wedge  theory,  wall  friction  being  considered. 

N  =  0.384  for  the  wedge  theory,  wall  friction  being  disregarded. 

K  =  0.333,  R  =  0.402  for  the  Eankine  theory. 

The  coefficient  for  the  total  pressure,  corresponding  to  N  =  0.384,  and 
<^'  =  32°  30',  as  in  Test  No.  5,  is  0.455. 

For  (f>'  =  31°,  as  seems  to  be  case  in  this  test,  the  coefficient  is  0.445. 
Conclusions. — For  a  vertical  wall,  with  any  inclination  of  the  surface  of 
the  fill,  the  value  of  the  lateral  earth  pressure  is  given  in : 

(a)  Magnitude,  by  the  formulas  derived  by  the  wedge  theory  for  the 
horizontal  component,  assuming  the  presstire  to  be  normal  to  the 
wall,  that  is,  disregarding  the  wall  friction.  This  might  be  ex- 
I)ected,  as  the  previous  tests  showed  that  the  nature  of  the  wall 


DETERMIXATIOX  OF  LATERAL  EARTH  PRESSURE 


1475 


.be 


1/3  OS  5g  «"?* 


II    II    II    II 


*  o 

..a-OjKfetJ 

to  o —  —  « 'r 


■50 

.   •  <e  o 

as  0/  ••  w   r 
aagS  II 


i*2 

oaTM 

■o 

gSr:JtSgg3§§gS2;?,gj52;s?B2 

Percent- 

wedge 
area. 

? 

g&gSSSg§SS8||2£2S|§^? 

S2 

■* 

0303  — «>r-i5oejaoioo»oaoo>OT)<aiU5'»'<nr-c» 
«o-.o»-i^ao30osCTio  —  dojeciotot-oj  —  ■*{-« 

-;—_—'->•-  —  ".-.51  •3J'MOJOJlNCIO»(NmCCCO^ 

0  0  0  d  0  0  d  d  0  0'  0  0'  0  0"  d  c  0  0  ='  0  0 

d 

t^ 

^ 

:  :  :  ::::::  rJoM^^^SooS^Sg 

.........     j  e«  ot  (N  OJ  OJ  OJ  iJJ  01  «  03  33_ 

'.'.'.'.'.'.'.'.'.    '.00000000000 

1 

s 

"« 

C:03t*»H:2  —  XC»3t^»Cl*C<3'*WtncO'^C5'>?»-«W3 
T-^  «  Tl  —.-•««  S«  CJ  W  N  «  H  OJ  «  CJ  93  «  03  «  •» 

ddddddddddddddd  o'd  d  o'o"o' 

g 
0* 

a; 

Si 

= 

o;o»l-^-Oi-"■cec-^••rt^-co■^^xx^-  —  —  003 

l~L-i-l^t~XX050<MOTlC«XX=:IM0  3-.  0(M 

^_^^^^^,-.515iej(N«tNeie0=3MO303-T 

d 

00000000000000000=0  00 

Hi.<i 

'o 

0?03«C0CC03035303-^'^»(3»COOO0^O3;-^03 
03SOCCC'3O3030303O3CCCC03C'3^^^'^TP  '^  I*  ^' 

- 

i 

i 
0 

^«; 

»  a 
a,  a 

te  S 

tn 

H 

a; 

% 

03(MO  —  Tji  —  Tt>i-->j<->i<oo»03ix«  —  moaj-* 

0*C»0«IN0»O»0«0«<N030503o3O303TrTj.-*.niOU3 

U" 

« 

O-.0  33t-X^-j;O0*-f03C-.  Ijffl0-"X<00:=0 

coo303  03  03Tr^it3  5Di>xxo  —  jjco^asoogi 

5; 

3 

03TJOO03Xp<SOC0t-»^C-.  tOOJt^XtO-COS— 1 
03e*SN53cijJ(JjSN«l3iKMC003a3^^-a'O 

3° 

^ 

« 

do                 odd     oddodd)         d- 

03  03                           03        03        03        O303:CCC03O3              03 

0»«O3?7M03W'^C»3r;C?M7J'3l^(MC^r3JO3Ct3'3J 
D3CC03O303CC030303O303»03030303^Ct30303O3 

ai 
Q 

S! 
D 

H 
03 
C3 

to 

PS 

a. 
0 

Eh 

q; 

Ifl 

W3owu30»no»noo  0000001/50  000 

OCOlO>n<-OIMXi-t-XOU3-!fO:-.OOX  —  ir:o 

o^»j«3»«o3rtcOTj<u3tot-xoio:^03-r03:ro 

i:x 

^ 

oxoinososoxox-'j's:— .00000000 
t^f^t-XOD— C0<-i-<a3r--^^xot-rj':o0rr;^ 
OOOOS>i-i>l-XX005  0  0THi-.M03iniOSD 

:::■ 

5 

-JX(N5JMOT-i'H'0:i'(Ml-J-0(NmO>35C5->5'-* 
OlClftU30XO-^C**-t.-'X-^t~  —  03:ct-T--rO 

000000.-  —  «MTrTrin-^f-X3;o«o3«3 

.-c.-.  —  —  —  —  —  —  ^  —  —  Ti  —  —  rl— i-.?<«0*(N 

■s 

fj^ 

irT03»-'— 'lC^-X^-3^  —  l'300t''>*05XO:C-r-»' 
ir5if5i.'3»!3  0U31/3X010303;  —  — 0300X05003 
•N0JdlNlN(3»«N«X0?03^U3i0inoa5r-XX 

Surface 

<a 

a 

c 

E 

•*      0      incoo5i-<}>in      m^Slt^SS      0 

03  03  o«  fr^ «  ^H  —  *^                     — -H  — .  ©J  c*i  04  CO  00 

1 1   M  1 1 1 1 1 1     ++++++++++ 

1476  DETERMIXATIOX  OF  LATERAL  EARTH  PRESSURE 

surface  had  no  effect  on  the  horizontal  component.    The  vertical 

component  is  equal  to  the  horizontal  component  multiplied  by  the 

coefficient  of  friction  on  the  wall. 
(h)  Direction,  by  the  angle  of  friction  between  the  fill  and  the  surface 

of  the  wall, 
(c)  Point  of  application,  by  the  value,  0.33  h  to  0.40  h,  depending  on 

conditions.    These  conditions  are  discussed  in  later  tests. 

TABLE  9.— Test  No.  6. 


Date:  September  23, 1921. 

Weather:  Clear. 

Temperature:  21°  cent.  (70°  Fahr.) 


Physical  Properties: 

Same  as  for  Test  No.  5. 
Fill  at  e  =  34°. 


h,  in 

TOTAI. 

Pressures,  in  Pounds. 

PRBSSURES  ,  IN  POUXDS 

PER  Foot. 

Inclina- 
tion of  P. 

X 

H 

V2  y  hi 

P 

inches. 

y-i  y  h-i 

Hi. 

ff. 

T'. 

P. 

H. 

V. 

P. 

*• 

12 

13 

112 

43 

120 

24 

9 

24 

0.58 

0.53 

18 

15.5 

163 

103 

192 

33 

21 

38 

32° 

6.48 

0.33 

0.86 

24 

25 

373 

211 

429 

75 

42 

86 

30° 

0.28 

0.419 

0.480 

30 

40.5 

501 

300 

584 

100 

60 

117 

31° 

0.33 

0.356 

0.416 

36 

102 

756 

473 

891 

151 

95 

178 

82° 

0.33 

0.373 

0.440 

Averages,  2  ft. 

to  3  ft 

0.382 

0.444 

The  point  of  application  of  the  resultant  for  fills  below  the  horizontal  is  at 
J  h,  and  is  higher  for  fills  above  the  horizontal,  reaching  0.40  h  for  fills  having 
the  greatest  slopes.  This  test  proves  the  presence  of  a  vertical  component  for 
all  cases.  The  Rankine  theory  would  give  an  upward  component  for  all  the  cases 
of  negative  e.  Columns  15  and  16  were  computed  in  order  to  compare  the  vari- 
ation of  pressure  with  that  of  the  wedge  area.  The  pressures  seem  to  vary 
much  more  than  the  area  of  the  wedge,  especially  at  the  greater  slopes.  The 
value  of  the  pressure,  therefore,  is  a  function  of  a  number  of  variables,  including 
the  area  of  the  wedge,  and  not  on  the  area  of  the  wedge  itself,  as  is  assumed  by 
some.  This  is  based  on  the  assumption  of  a  plane  of  rupture  which  bisects 
the  angle  between  the  vertical  and  the  line  drawn  at  the  angle  of  internal 
resistance  to  the  horizontal.  The  general  wedge  theory  furnishes  low  values, 
because  the  friction  of  the  wall  is  assumed  to  diminish  the  pressure. 

VI. — Lateral  Pressures  of  Sloping  Fills  Against  a  Vertical 
Glass-Backed  Wall. 

A  few  readings  were  taken  of  the  pressure  of  a  fill,  2  ft.  high  and  inclined 
at  31°  to  the  horizontal,  against  a  glass-backed  vertical  wall. 

The  pressure  was  107  lb.  per  ft.  of  width,  the  horizontal  component  was 
92  lb.,  or  a  coefficient  of  0.500.  Theory  gives  N  =  0.495,  for  <^^  =  33°  50',  c  = 
31  degrees.  The  angle  of  inclination  was  about  30°,  which  is  somewhat  more 
than  the  coefficient  of  friction  on  the  glass  wall,  due  to  the  obstructions  caused 
by  clamps  on  the  wall.  The  results  agree  with  the  conclusions  given  in  Sec- 
tion V, 
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VII. — Lateral  Pressures  of  Sloping  Fills  Against  a  Sheet-Metal- 
Backed  Vertical  Wall. 

In  order  to  determine  whether  the  conclusions  of  Section  V  were  affected 
by  changing  the  wall,  the  test  for  fills  above  the  horizontal  was  repeated  with 
a  sheet-metal  wall,  the  height  of  the  fill  being  3  ft. 

TABLE  10.— Test  No.  7. 


Date:  October  9,  192). 

Weather:  Clear. 

Temperature  =  17°  cent.  (63°  Fahr.) 

Height  of  fill  =  3fr. 

Wall  Vertical. 


Physical  Properties: 

Weight  per  cubic  foot  =  94  lb. 

Angle  ot  Natural  Slope  =  38° 

"    Iniernal  Resistance  =  31°  30' 
"    Internal  Friction      =  32° 
"    Wall  Friction  -  28° 


Surface 
slope. 

Total  Pressures,  in  Pounds. 

Pressures,  in  Pounds  per  Foot. 

Inclination 
of  P. 

X 

H 

Hi. 

H. 

V. 

P. 

H. 

V. 

P. 

*' 

V2Vh2 

0 
+  4°  4.5' 
+11°  20' 
41G°  40' 
+21°  50' 
+26°  30' 
+27°  40' 

122 
127 
143 

167 
206 
237 
270 

585 
601 
669 
764 
895 
996 
1105 

340 
350 
397 
434 
495 
544 
592 

675 

695 

779 

884 

1  045 

1  138 

1  252 

117 
120 
134 
153 
175 
199 
221 

68 
70 
79 
87 
99 
109 
118 

135 

139 
156 
177 
209 

228 
250 

:iO° 
30° 

30°  30' 
29°  30' 
29° 

28°  30' 
28° 

0.333  1     0.280 
0  339       0.297 
0.348  1     0.316 
0.358  :     0..S37 
0.375  j     0.366 
0.402  1     0.409 
0.415  1     0.423 

Averages 

28°  45' 

1     0.347 

The  same  conclusions  may  be  drawn  from  the  results  given  in  Table  10 
as  from  those  of  Test  No.  6.  The  resultant  acts  at  the  angle  of  friction  on 
the  wall,  and  above  J  h^  especially  for  the  greater  slopes.  The  amount  of  the 
horizontal  component  is  given  by  the  wedge  theory,  which  disregards  the  effect 
of  the  friction  of  the  wall.  Sections  V,  VE,  and  VTI  show  that  the  horizontal 
component  of  the  pressures  of  any  kind  of  fill  on  a  vertical  wall  is  independent 
of  the  nature  of  the  wall  surface. 

Table  11  is  presented  in  order  that  the  coefficient  of  (^  y  h-)  as  found 
experimentally  may  be  compared  with  those  values  found  by  the  various  the- 
ories, for  horizontal  components. 

TABLE  11. 


Experiment: 

N    (wedge  theory) 

K  (Rankine  theory)  ... 
H  (wall  friction  theory) 
e    (surface  slope) 


0.280 

0.297 

0.316 

0.837 

0.366 

0.409 

0.277. 

0.288 

0.311 

0.336 

0.363 

0.403 

0.277 

0.277 

0.284 

0.296 

0.317 

0.349 

0.220 

0.228 

0.254 

0.279 

0.308 

0.S47 

0 

4°45' 

11°20' 

16°40' 

21°50' 

26°30' 

0.423 
0.416 
0.362 
0.363 
27°40' 


VIII. — Lateral  Pressures  of  Horizontal  Fills  Against  Wooden  Walls 
with  Positive  Back  Batter. 

In  this  test,  four  walls  were  used,  with  backs  sloping  at  1  :  12  (4°  45'), 
1  :  8  (7°  15'),  1  :  6  (9°  30'),  and  1  :  4  (14°  00').  The  fixed  parts  of  the  record- 
ing apparatus  required  the  entire  test  wall  to  be  placed  inside  the  bin.    The 
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desired  shape  of  wall  was  constructed  and  nailed  to  the  inside  face  of  the 
wooden  vertical  wall.  Several  of  the  tests  were  repeated  because  sand,  leak- 
ing through  cracks  and  getting  under  the  wall,  decreased  the  vertical  com- 
ponent. In  the  repeated  tests,  it  was  found  that  this  trouble  had  little  effect 
on  the  horizontal  readings,  as  the  friction  under  the  wall  was  quite  small. 

A  preliminary  test  was  made,  with  a  1  :  4  wall,  to  determine  the  direction 
of  the  resultant.  Special  care  was  taken  in  this  test  to  have  the  wall  free. 
The  fill  was  about  4  ft.  high,  but  because  of  several  changes  in  its  shape, 
made  to  prevent  leakage,  no  attempt  to  deduce  the  magnitude  of  the  pressure 
from  the  data  of  this  test  is  made.  The  height  of  fill  was  always  measured 
vertically. 

TABLE  12. — Actual  Pressures,  in  Pounds. 


Top  horizontal. 

Bottom 
horizontal. 

Vertical. 

Total  horizontal. 

V 
H 

(*'  +  a) 

a 

87 

708 

714 

795 

0.895 

4r55' 

b 

85 

714 

739 

799 

0.925 

42»45' 

c ... 

85 

712 

716 

797 

0.898 

41»55' 

d 

81 

716 

749 

797 

0.910 

43°10' 

e 

83 

714 

737 

797 

0.925 

43»45' 

/ 

83 

714 

743 

797 

0.930 

42''00' 

9 

84 

715 

727 

799 

0.910 

42020' 

Averag* 

0.918 

42»25' 

The  space  beneath  the  wall  was  cleaned  after  each  reading.  This  pro- 
cedure necessitated  raising  the  wall  about  ^^^  in.  each  time,  and  lowering  it 
again ;  however,  the  readings  are  quite  consistent. 

The  resultant  is  inclined  to  the  horizontal  at  an  angle  of  42°  25'  and  the 
wall  slopes  14°  00'  from  the  vertical,  so  that  the  resultant  makes  an  angle  of 
28°  25'  to  the  normal  to  the  wall.  The  angle  of  wall  friction,  as  determined 
experimentally  for  this  sand  (93  lb.  -per  cu.  ft.;  moisture  content,  3.2%;  ^^  — - 
31°),  was  slightly  less  than  29  degrees.  This  proves  that  on  a  wall  inclined 
with  positive  batter  the  resultant  acts  at  an  angle  to  normal,  which  angle  is 
equal  to  the  angle  of  friction  between  the  wall  and  the  fill. 

To  determine  the  magnitude  and  point  of  application  of  the  resultant,  a 
test  was  made  on  each  wall,  with  horizontal  fills,  and  a  test  with  oblique  fills 
(described  subsequently)  was  made  on  the  1 :4  wall. 

The  readings  and  the  computation  of  the  components  and  of  the  total  pres- 
sure were  the  same  as  in  the  tests  with  the  vertical  walls.  In  addition,  the 
values  of  the  normal  and  tangential  components  (N  and  T)  on  the  wall  are 
given.  The  relations  between  the  P  (total  pressure),  H  (horizontal  compo- 
nent), V  (vertical  component),  N,  T,  cf>'  (angle  of  wall  friction),  and  a  (angle 
of  inclination  of  the  wall  from  the  vertical),  are: 


P  =  ^H^  -f  F^ 


tan  ((p'  +  a)  = 


H 
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H  =  P  cos  {<})'  +  n-)-,    N  ^  P  cos  0' 
F  =  P  sin  (0'  +  rt);     T  =  P  sin  0' 


cos  (0'  -|-  a) 
H  sin  0' 


cos  (0'  +  a) 

In  computing  the  height  of  the  resultant,  the  moment  of  the  wall  about  the 
vertical  supports  had  to  be  considered,  as  the  wall  was  no  longer  balanced. 
The  height  of  the  resultant, 

6.04  H^+V  /'o.48  +  -)  +   Fo  /'o.4S  +  — ) 
x  = %^^ "- 

H  +  - 

a 

For  taking  moments  about  the  vertical  supports, 

Hx  =  H^  (6.04)  +  0.4S  F  +  F(6  —  a;)  -  +  F^  (oAS  +  ^)  ; 

a  \  3  0./ 

in  which, 

H  =  total  horizontal  component; 

H^  =  top  horizontal  component  with  lever  arm  of  6.04; 

y  =  total  vertical  component,  taken  to  act  at  the  same  point  on  the 

back  of  the  wall  as  H; 

Vq  =  additional  weight  of  the  wall  due  to  false  wall ; 

a  =  batter  ratio  (1  :  a). 

/               6  - 
F  acts  at  a  distance     0.48  H 


ft.  from  the  axis. 


Fq  acts  at  a  distance  (0.48  +  : —  )  ft.  from  the  axis,  assuming  the  additional 


piece  to  be  a  solid  triangular  wedge  of  base   —    ft. 

TABLE  13.— Test  No.  8. 


Date :  November  17,  1921. 
Weather  :  Clear. 

Temperature  =  14°  cent.  (57°  Fahr.) 
Wall  Slope  =  +  1  :  12  (4°45') 
Moisture  Content  =  3.5% 


Physical  Properties; 
Weight  per  cubic  foot  =  96  lb. 
Angle  of  Natural  Slope  =  32°45' 

"      '■  Internal  Resistance  =  39°40' 
'•  Internal  Friction       =  27°30' 
"      "  Wall  Friction  =  5i9». 


Height 

Pressures,  per  Foot  of  Wall,  in  Pounds. 

Height 
OF  P. 

Coefficients  of 

of  fill, 
in  feet. 

H. 

V. 

P.               N. 

T. 

X 

T 

H. 

P.              N. 

2.5 
3. 
3.5 
4. 

70 
93 
125 
154 

47 
62 
84 
104 

84 
112 
151 

187 

73 
93 
183 
163 

44 
5t 
74 
90 

0.39 
0.39 
0.405 
0.396 

0.284 
0.218 
0.213 
0.203 

0.280     :       0.244 
0.260           0.215 
0.257           0.225 
0.247           0.215 

0.395 

0.216 

0.271 

0  225 

F=  frtan  (<^'  +  a);  7=iVtau  (<<>'). 
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TABLE  14.— Test  No.  9. 


Date  :  November  20,  1921. 
Weather  :  Clear. 

Temperature  =  9.5°  cent.  (49°  Fahr.) 
Wall  Slope  =  +  1  :  8  (7°  15') 
Moisture  Content  —  3.5% 


Averages. 


Physical  Properties : 
Weight  per  cubic  foot  =  96  lb. 
Angle  of  Natural  Slope  =  Si'-JS' 

"  Internal  Resistance  =  29°40' 
"  "  Internal  Friction  =  27°.30' 
"      "  Wall  Friction  =  29° 


PKESSCRES,  FEB 

Foot  op  Wall,  in  Potjnds. 

Height  ! 
OF  P. 

CoEynciENTs  op 

Height 

of  fill, 

in  feet. 

H. 

V. 

P. 

N. 

T. 

X 

H. 

P. 

N. 

2.5 

69 

49 

8.T 

74 

41 

0.315 

0.230    1      0.283 

0.247 

3. 

86 

64 

108 

95 

53 

0.337     1 

0.204    1      0.250 

0.220 

3.5 

115 

84 

142 

124 

69 

0.378     1 

0.195           0.241 

0.211 

4. 

148 

108 

184 

160 

89 

0.420 

0.193           0.239 

0.208 

0.370 


0.208 


0.253 


0.222 


In  order  to  compare  the  experimental  results  with  the  various  theories, 
the  following  coefficients  were  computed  for  each  type  of  wall.  The  Eankine 
theory,  as  originally  given,  does  not  apply  to  a  sloped  wall.  The  general  wedge 
theory,  assuming  the  resultant  to  act  at  an  angle,  ^',  to  the  normal  to  the 
wall,  that  is  (<j>'  +  a)  to  the  horizontal,  gives, 

P  =  ^yhHC)  and  H  =  iyh^  (H) 
for  the  total  and  horizontal  components.    For  a  level  fill, 

«)  \^  1  .  .,  ^      Isin  (0  +  0')  sin  (0). 


_   /cos(0-a)y 

\(n  +  1)  cos  a/    cos  (0'  +  a)' 
(H)  =  Ccos  (cp'  4-  «)• 


'cos  (a)  cos  (0'  +  a) 


The  wedge  theory,  which  assumes  the  resultant  pressure  to  act  normal  to 
the  wall,  gives  N  =  ^yh^  (N)  as  the  normal  component,  in  which. 


/cos(0  — a)y      1  /  cos  (0  —  g)  \ 

^     ^  ~  \(n  +  1)  cos  a/    cos  a  ~  Vsin  <P  +  cos  a/ 


,(?i  +  1)  cos  a/ 

TABLE  15. 


sin  0  +  cos 
Test  No.  10. 


cos  a 


sin  0 
cos  a 


Date:  November  21,  1931. 
Weather:  Clear. 

Temperature  =  10°  cent.  (50°  Fahr.) 
Wall  Slope  =  4-l:6(9°30') 
Moisture  Content  =  3.7o/o 


Physical  Properties: 

Weight  per  cubic  foot  =  97  lb. 

Ans-le  of  Natural  Slope  =  36° 

"      "   Internal  Resistance  =  32° 
"      "  Internal  Friction      =  29°40' 
"      "   Wall  Friction  =  29° 


Height 

Pressures,  per  Foot  of 

Wall,  in 

Pounds. 

Hkight 
of  P. 

Coefficients  of  (ViVh^)- 

in  feet. 

H. 

V. 

P. 

N. 

T. 

X 

T 

H. 

P. 

N. 

2.5 
3 

3.5 
4 

61 
81 
121 
157 

48 
65 
97 
125 

78 
104 
155 
194 

73 
91 
136 
176 

34 
50 
75 
97 

0.388 
0.373 
0.392 
0.405 

0.202 
0.186 
0.204 
0.203 

0.254 
0.238 
0.261 
0.250 

0.241 
0.208 
0.229 
0.227 

0.390 

0.199 

0.251 

0.226 
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TABLE  16.— Test  No.  11. 
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DatP:  November  23,  1921. 
Weather:  Clear. 

Temperature  =  14°  cent.  (57°  Fahr.) 
Wall  Slope  =  +  1:4  (14o00') 
Moisture  Conteot  =  3.7% 


Physical  Properties: 

Weight  pT  cubic  foot  =  97  lb. 
Angle  of  Natural  Slope  =  35° 

"  Internal  Resistance  =  31° 
•'      "  Internal  Friction       =  2J°15' 
"      "  Wall  Friction  =  29° 


Height 
of  fill, 
in  feet. 

Pressures,  per  Foot  op  Wall,  in  Pounds. 

Height 
OF  P. 

Coefficients  of  (i^y/i^). 

H. 

V. 

P. 

N. 

T. 

X 

H. 

P. 

N. 

2.5 

3 

3.5 

93 
125 
152 

86 
117 
142 

127 
172 
209 

Ill 
150 
182 

61 
83  - 
101 

0.390 
0.38S 
0.409 

0.308 
0.287 
0.256 

0.420 
0.394 
0.852 

0.367 
0.344 
0.306 

Averages 

0.396 

0.284 

0.389 

0.339 

The  ratio  between  the  experimental  and  theoretical  values  of  fl  = 
0.790;  oi  C  —  0.795;  and  oi  N  =  0.65;  therefore,  the  tests  seem  to  show 
that  the  general  wedge  theory,  taking  into  account  the  wall  friction,  applies  to 
battered  walls  and  a  horizontal  fill  within  20  per  cent.  The  resultant  is  inclined 
to  the  normal  at  an  angle  equal  to  that  of  wall  friction.  The  resultant  acts  at 
about  I  h.  The  error  in  these  tests  seems  to  be  quite  large,  unless  all  theories 
are  disregarded  as  giving  too  high  results.  The  writer  does  not  believe  that 
the  error  of  these  tests  is  greater  than  10%  in  any  one  case. 

TABLE  17. — Comparison  of  Experiment  with  Theory — Inclined  Walls. 
(See  Fig.  5,  Horizontal  Fill,  Heel  of  Wall  in  Fill.) 


Slope 

Experimental. 

Theoretical. 

Experiment. 

of 
wall. 

a 

</.' 

y. 

H. 

C. 

N. 

C. 

H. 

N. 

J. 

X 

h 

</> 

+  1:12 
+  1:  8 
+  1:  6 
+  1:4 

4°  45' 
7<>15' 
9°  30' 
14°  00' 

29° 
29° 
29° 
29° 

S6 
96 
97 
97 

0.216 
0.208 
0.199 
0.234 

0.271 
0.253 
0.251 
0.38S 

0.225 
0.222 
0.226 
0.339 

0.338 
0.360 
0.255 
0.413 

0.281 
0.290 
0.278 
0.302 

0.371 
0.383 
0.374 
0.428 

0.370 
0.380 
0.368 
0.415 

0.395 
0.370 
0.390 
0.396 

29°  40' 
29°  40' 
32°  00' 
31°  00' 

Averagf 

;S 

0.227 

0.291 

0.253 

0.367 

0.288 

0.389 

0.383 

0.388 

IX. — Lateral    Pressure    of    Horizontal   Fills    Against    a   Wooden   Wall   with 

Negative  Back  Batter. 

In  this  test,  five  walls  were  used  with  backs  sloping  at  1  :  12  (4°  45'),  1  :  6 
(9°  30'),  1  :  4  (14°  00'),  1  :  3  (18°  25'),  and  1  :  2  (27°  15').  The  wall  was  con- 
structed in  the  same  manner  as  that  described  in  Section  VIII.  As  the  lower 
end  of  the  wall  was  an  edge,  the  upper  end  overhanging,  there  was  no  trouble 
in  attaching  the  extra  wall  to  the  original  vertical  wall  and  no  possibility  of 
sand  leaking  under  the  wall.     These  tests  are,  therefore,  more  accurate. 

The  readings  and  the  computation  of  the  pressures  are  the  same  as  for  tho 
vertical  walls.    In  computing  the  height  of  the  resultant,  the  moment  of  the 
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wall  about  the  vertical  supports  had  to  be  taken  into  account,  because  the  wall 
was  not  absolutely  balanced.  The  height  of  the  resultant,  x,  is  given  by  the 
formula : 


6.04  ff,  +  0.48  V+V^  /o.48  +  ^\ 


a 
The  derivation  of  this  formula  is  the  same  as  that  given  in  Section  VIII. 

TABLE  18.— Test  No.  12. 


Date  :  October  30. 1921. 

Weather  :  Clear. 

Temperature  :  18°  cent.  (65">  Fahr.) 

Wall  Slope  =  —1:12,  (4°  4.5');  (<|)'  +  a) 

Moisture  Content  =  3.65% 


25° 


Physical  Properties: 

Weight  per  cubic  foot  —  97  lb. 

Angle  of  Natural  Slope  =  34°  50' 

"  Internal  Resistance  =  :iO°  30' 
■'  Internal  Friction  —  27°  55' 
"      Wall  Friction  =  29°  45' 


Heiffht 

of  fill, 

ft,  In  feet. 

Hx. 

Total  Pressurks, 
in  podnds. 

W  +  a) 

Pressures  per  Foot. 

X 

T 

H 

V2  y  h-^ 

P 

H. 

V. 

P. 

H. 

V. 

P. 

V2Vh^ 

2 

2.5 

3 

3.5 

4 
4.5 

45 
67 
ins 
l.'J2 
219 
238 

204 
298 
458 
639 
892 
1067 

84 
127 
207 
3U7 
441 
532 

220 
308 
503 
710 
995 
1190 

22° 
23° 
24° 
26° 

26°  20' 
26°  30' 

41 

60 

92 

128 

178 

213 

17 
25 
41 
61 
88 
106 

44 
62 
101 
142 
199 
238 

0.370 
0.344 
0.313 
0.340 
0.377 
0.375 

0.216 
0.201 
0.214 
0.218 
0.231 
0.222 

0.232 
0.208 
0.235 
0.246 
0.262 
0.248 

Averages 

24°  38' 

0.358 

0.221 

0.239 

TABLE  19 —Test  No.  13. 


Date  :  November  6,  1921. 

Weather  :  Clear. 

Temperature  =  14°  cent.  ^57°  Fahr.) 

Wall  Slope  =  —1:6,  (9°  30');  (<i,'  +  a)  =  19°  30'. 

Moisture  Content  =  3.25% 


Physical  Properties: 

Weight  per  cubic  foot  =  94  lb. 

Angle  of  Natural  Sloi)e  =  38°  20' 

"     Internal  Resistance  —  31°  50' 

"      Internal  Friction       =  28°  30' 

"     Wall  Friction  =  29°  + 


Height 

ffi. 

Total  Pressures, 
IN  Pounds. 

(<#>'+«) 

Pressures  per  Foot. 

X 

h 

H 

P 

of  fill, 
ft,  in  feet. 

H. 

V. 

P. 

H. 

V. 

P. 

V^yh^ 

ViVhi 

2.5 
3 

3.5 
4 

26 
43 
74 
126 

306 
421 
565 
645 

91 
139 
199 
256 

320 
445 
599 
695 

16"  30' 

18°  10' 
19°  20' 
21°  40' 

61 

85 
113 

129 

18 

28 
40 
51 

64 
89 
120 
139 

0.40 
0.35 
0.34 
0.40 

0.208 
0.201 
0.196 
0.172 

0.218 
0.210 
0.208 
0.185 

19°  00' 

0.37 

0.195 

0.205 

i 

It  was  noticed  that  the  sand  seemed  to  "creep"  away  from  the  wall. 
There  seemed  to  be  a  space,  between  the  sand  and  the  wall,  at  least  1  ft.  deep 
and  about  i  in.  wide.  As  the  depth  of  fill  increased,  the  lower  part  probably 
had  a  better  grip  on  the  wall,  hence  the  increase  in  the  value  of  (<^'  +  «)• 
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Date  :  November  10,  1921. 

Weather :  Clear. 

Temperature  =  7.5°  cent.  (47°  Fahr.) 

Wall  Slope  =  —1:4,    (14°);  (</>'  + a)    =  13° 

Moisture  Content  —  3.5%. 


Physical  Properties : 

Weight  per  cubic  foot  —  97  lb. 

Angle  of  Internal  Resistance  =  81°. 

"     Natural  Slope  =  34°. 

■'     Internal  Friction        =  29°. 

"     Wall  Friction  =  27°. 


TABLE  21.— Test  No.  15. 


Height  of 
fill,  ft,  in 

Hi. 

Total  Pressures, 
IN  Pounds. 

i<t>'   +   a). 

Pressures  per 
Foot. 

X 

h 

H 

V2yh2 

P 

feet. 

H. 

F. 

P. 

H. 

V. 

P 

V2yh-'i 

2.5 
3 

3.5 
4 

20 
39 
88 
134 

260 
372 
545 
695 

58 
84 
123 
154 

266 
380 
560 
710 

12°  25' 
12°  35' 
12°  45' 
12°  30' 

53 
74 
109 
139 

12 
17 
25 
31 

53 
76 
112 
142 

0.40 
0.32 
0.36 
0.36 

0.173 
0.167 
0.185 
0.183 

0.177 
0.171 
0.190 
0.187 

12°  34' 

0.36 

0.177 

0  181 

Date  :  November  11,  1921. 

Weather:  Cloudy  and  Rain. 

Temperature  =  8°  cent.  (46°  Fahr.) 

Wall  Slope  =  — 1  :  3,  ( 18=>  25'  i  :  (<j,'  +  a.)  =  1 1°  35'. 

Moisture  Content  =  3.55^'o 


Physical  Properties : 
Weight  per  cubic  foot  =  97  lb. 

Angle  of  Internal  Resistance  =  30°  20' 
Natuial  Slope  =  36°  20' 

Internal  Friction       =  27°  30' 
"        Wall  Friction  =  30° 


Height  of 
fill,  h,  in 

Hi. 

ToTAi.  Pressures. 

IN   POU.NDS. 

(<!>■  +  a) 

Pressures 
Foot. 

PER 

X 

h 

H 

P 

0.181 
0.171 
0.167 
0.163 

feet. 

U. 

V.        P. 

1 

H. 

V. 

P. 

Vs  y  h2 

2.5 
3 
3  5 

18 
38 
79 
122 

269 
365 
488 
619 

67       276 
80       373 
101     1  499 
128       630 

14° 

12°  20' 
11°  40' 

54 
73 
98 

13 
16 
20 
26 

55 
75 
100 
126 

0.40 
0.:« 
0.39 
0.40 

0.185 
0.175 
0.170 
0.166 

4 

11°  10' 

124 

12»  53' 

0.395 

0.171 

0  174 

TABLE  22.— Test  No.  16. 


Date  :  November  13,  1921. 

Weather  :  Cloutiy. 

Temperature  =  6  5°  cent,  (44°  Fahi-.) 

Wall  Slope  = —24.75:48,  (27°  15')  :  (<#>'  + a) 

Moisture  Content  =  3.55"o. 


2°  45'. 


Physical  Properties : 

Weight  per  cubic  foot 
Aug.e  of  Internal  Resistance 
Natural  Slope 
"     Internal  Friction 
"     Wall  Friction 


97  lb. 
30°  20' 
36°  30' 

27°  30' 
30° 


Height  of 
fill,  h,  in 

Hi. 

Total  Pressures. 
m  Pounds. 

(-*-'  +  a) 

Pressures 
Foot. 

PER 

X 

H 

V2  y  h^ 

P 

feet. 

H. 

V. 

P. 

E. 

V. 

P. 

V2  y  h^ 

2.5 
3 

3.5 
4 

11 
16 
30 
55 

1 

184 

235 

1  300 

!  378 

14 

21 
29 
41 

185 
236 
301 
381 

4°  30' 
5° 

5°  30' 
8°  20' 

37 

47 
60 
76 

3 
4 
6 

8 

37 
47 
60 
76 

0.40 
0.35 
0.40 
0.40 

0.124 
0.110 
0.103 
0.100 

0.124 
0.110 
0.102 
0.100 

5°  50' 

0.39 

0.109 

0  109 
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In  order  to  compare  the  experimental  results  with  the  various  theories, 
the  coefficients  were  computed  as  in  Section  VIII.  The  formulas  are  the 
same,  but  the  value  of  a  is  now  negative.  Instead  of  the  normal  pressure, 
N,  the  horizontal  component,  J,  of  the  normal  pressure  is  given :  J  =  iV  cos  <j>'. 

TABLE  23. — Comparison  of  Experiment  with  Theory.    Inclined  Walls. 
(See  Fig.  5.     Horizontal  Eill.     Top  of  Wall  Overhanging.) 


Slope 

* 

*' 

11 

Direction  of  P. 

Experiment. 

Theory. 

Experi- 
ment, 

X 

HT 

of 
wall. 

Experi- 
ment. 

Theory. 

H. 

^• 

H. 

P. 

J. 

12 

6 

4 

3 

2 

30=  30' 
ai"  50' 
31°  00' 
SO"  20' 
30°  20' 

29°  45' 

29° 

29° 

30° 

30° 

97 
94 
97 
97 
97 

24°  38' 
19°  00' 
12°  34' 
12°  53' 
5°  50' 

25° 

19°  30' 
13° 

11°  35' 
2°  45' 

0.221 
0.195 
0.177 
0.171 
0.109 

0.239 
0.205 
0.181 
0.174 
0.109 

0.229 
0.197 
0.189 
0.172 
0.113 

0.256 
0.210 
0.194 
0.176 
0.113 

0.295 
0.245 
0.226 
0.208 
0.144 

0.358 

0.37 

0.36 

0.395 

0.39 

14°  59' 

14°  22' 

0.175 

0.182 

0.180 

0.190 

0.224 

0.375 

The  total  pressure  is  given  very  closely  by  the  general  wedge  formula, 
taking  into  consideration  the  wall  friction.  Its  direction  is  always  at  an 
angle,  ^',  to  the  normal,  and  its  height  at  about  |  h.  The  height  of  applica- 
tion seems  to  rise  with  an  increase  in  the  inclination  of  the  wall. 

X. — Lateral  Pressure  of  Sloping  Fills  Against  a  Wall 
with  a  Positive  Back  Batter  of  1  :  4. 

As  in  the  tests  with  a  vertical  wall,  various  surfaces,  with  a  constant  height 
of  wall  of  3  ft.,  were  tested.  For  the  method  of  computation,  see  Section 
VIII.    In  calculating  the  theoretical  values,  the  following  formulas  were  used : 


0.40 
0.38 
0.36 
0.34 
0.32 


CURVES  FOR   SLOPED  WALLS  AND 

HORIZONTAL  FILL 
HORIZONTAL   COMPONENTS   OF  THE 

LATERAL    EARTH    PRESSURE 

ExpcnniL'utal 


4-        jliXpcnniL'Utai  , 

Wedge  Theory-  Resultant  at  <P 

-    Wedge  Theory  -  Norma)  Resultant 


14'  12"  10"    8"     6'     4'     2'"  0      2'     4      6      8     10'   12     14"   16     18     20     22    24"    26"  28 
Positive  Batter  Nesjative  Batter 

Angle  of  inclination  of  Back  of  Wall 
Fig.  5. 
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The  general  wedge  theory,  taking  into  consideration  the  wall  friction,  is : 

cos  (0  —  a)  \^  1 


'  \(n  +  1)  cos  a/ 


+  1)  cos  a/    cos  (0'  +  a)' 


__      /sin  (0  -|-  0')  sin  (0  —  e) 


'cos  (0'  +  a)  cos  (a  —  e) 
The  horizontal  component  coefficient,  H  =  C  cos  (^'  -(-  a). 

TABLE  24.— Test  No.  17. 
(See  Fig.  6.) 


Date  :  November  24, 1921, 
Weather  :  Clear. 
Temperature  =  i4''  cent.  (5? 
Wall  Slope  =  1  :4,  (14°). 
Moisture  Content  =  3.7%. 


Fahr.) 


(<!.'  + a)  =  43°.       ]4yh2 


Physical  Properties : 

Weight  per  cubic  foot  =  93  lb. 

Angle  of  Natural  Slope  =  35° 

"       Internal  Resistance  =:  31° 

"        Internal  Friction  =  29°  15' 

"        Wall  Friction  =  29° 
=  419 


COEPPICIKNTS   OF   V^ 

yh^ 

Pressures,  in  Pounds 
Foot. 

PER 

Height 
OF  P. 

slope. 

Experimental. 

Theoretical. 

H. 

F. 

P. 

y. 

T. 

X 

H. 

P. 

N. 

H. 

N. 

J. 

63 

58 

86 

75 

42 

0.33 

0.151 

0.206 

0.179 

0.168 

0.266 

0.258 

77 

73 

106 

93 

50 

0.33 

0.184 

(1.253 

0.222 

0.195 

0.299 

0.390 

90 

84 

124 

108 

60 

0.34 

0.215 

0.296 

0.258 

0.235 

0.351 

0.340 

100 

94 

139 

120 

66 

0.34 

0.239 

0.332 

0.287 

0.255 

0.373 

0.362 

110 

102 

150 

131 

73 

0.35 

0.263 

0.358 

0.313 

0.276 

0.400 

0.388 

124 

115 

170 

148 

82 

0.376 

0.296 

0.405 

0.3.O4 

0.302 

0.428 

0.415 

132 

123 

180 

157 

87 

0.396 

0.315 

0.430 

0.375 

0.336 

0.464 

0.450 

1-10 

131 

192 

168 

93 

0.415 

0.335 

0.459 

0.401 

0.380 

0.514 

0.494 

155 

145 

213 

188 

103 

0.416 

0.370 

0.509 

0.445 

0.425 

0.557 

0.540 

160 

149 

219 

191 

106 

0.420 

0.382 

U.523 

0.456 

0.451 

0.583 

0..')65 

166 

1.'55 

228 

199 

110 

0.439 

0.397 

0.545 

0.474 

0.571 

0.685 

0.665 

178 

166 

244 

213 

118 

0.446 

0.425 

0.583 

0.510 

0.765 

0.863 

0.837 

0.298 

0.408 

0.357 

0.363 

0.482 

The  normal  pressure  wedge  theory,  disregarding  the  wall  friction,  is ; 

cos  (0  —  a)\"      1 


E  =  ^y  hm,   N  = 


Xn  +  1)  cos  a 
H  _  298 
^  ~  408 
The  point  of  application  varies  from 


sin  0  sin  (0  —  e) 
cos  a  cos  (a —  e) 


The  direction  of  P  is  cos 


0.732,  or  43^ 


h  to  ^  h,  depending  on  the  slope. 
The  experimental  value  of  the  resultant  is  82%  of  the  theoretical,  as  given  by 
the  general  wedge  theory,  and  74%  of  the  normal  pressure  wedge  theory. 

XI. — Lateral  Pressure  of  Sloping  Fills  Against  a  Wall 
with  a  Negative  Back  Batter  of  1  :  6. 

A  test  similar  to  the  previous  one  was  made  with  a  wall  having  an  over- 
hanging top,  that  is,  a  negative  batter.  The  computations  and  theoretical 
formulas  are  the  same  as  in  Sections  IX  and  X. 

The  direction  of  the  resultant  to  the  horizontal  is  (<^'  +  a),  or  at  an  angle, 
(f>\  to  the  normal.  The  point  of  application  varies,  but  is  always  above  the 
third  point  and  rises  with  increased  slopes  of  fill.    The  average  magnitude  of  the 
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resultant  is  given  very  accurately  by  the  general  wedge  theory,  the  theoretical 
values  being  about  5%  lower  than  the  experimental  values,  except  for  the  very 
steep  slopes  above  the  horizontal,  in  which  case  the  experimental  are  much 
lower  than  the  theoretical  values. 


0.85 
0.80 
0.75 
0.70 
0.65 
0.60 
0.55 
.0.50 
0.45 


CURVES  FOR  SLOPED  FILLS  AND  SLOPED  WALL. 
HORIZONTAL    COMPONENT   OF  THE 
LATERAL    EARTH    PRESSURE 
Wall  with  —  l:t  batter. 


^  4-  Experimunt*!. 

-  —  Wed?e  Theory  Normal  Resultant 

-•—  Wedge  Theory  Resultant  at  ^' 

Wall  with+l;l  batter. 
.— X  Experimental 

.—  'Wedge  Theory  Normal  Resultant 
,—  ^edge  Theory  Resultant  at  0' 


/      / 


30'  20 

Be'.o-W  H.orizQntal 


Surface  Slope  of  Fill 
Fig.  6. 


10'  20'  30' 

Above  Horizotitttl 


XII. — Lateral  Pressure  of  Irregular  Fills  Against  a  Vertical  Wooden  Wall. 

This  test  was  made  to  determine  the  presence  or  absence  of  a  wedge  of 
rupture.  The  bin  was  filled  to  a  level  of  6  ft.  and  several  readings  were  taken. 
Starting  at  the  back,  9  ft.  from  the  wall,  the  fill  was  raised  1  ft.  Headings  were 
taken  as  the  increased  height  of  fill  approached  the  wall.  In  this  manner,  the 
rate  of  increase  in  lateral  pressure  was  determined.  If  there  is  a  fixed  prism 
of  rupture,  the  increase  in  fill  beyond  the  plane  of  rupture  will  have  no  effect 
on  the  lateral  pressure,  but  an  increase  in  fill  between  the  wall  and  the  plane 
of  rupture  will  cause  an  increase  in  pressure.  The  increase  in  fill  was  governed 
by  placing  a  board  across  the  bin  at  the  required  distance  from  the  back,  1  ft., 
2  ft.,  etc.,  successively.  Sand  was  shoveled  behind  this  board  to  a  height  of  1  ft., 
and  readings  were  taken.  This  procedure  practically  corresponded  to  a  uniform 
load  of  100  lb.  per  sq.  ft.  moving  toward  the  wall.  After  these  readings  were 
taken,  the  board  was  removed,  which  allowed  the  sand  to  take  a  position  of 
natural  repose.  The  distance  from  the  wall  to  the  toe  of  the  slope  was  about  6 
in.  less  than  the  distance  from  the  wall  to  the  previous  vertical  face  of  the 
increased  fill.    Readings  were  taken  after  this  change. 
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The  report  of  the  test  in  Table  26  gives  the  horizontal  and  vertical  com- 
ponents and  the  resultant  pressure  per  foot  of  width  of  wall  for  each  increment 
of  fill  in  both  shapes,  together  with  the  percentage  increases  in  each  value. 
Assuming  the  plane  of  repose  to  be  36°  to  the  horizontal,  and  the  plane  of 
rupture  to  bisect  the  angle  between  the  vertical  wall  and  the  plane  of  repose, 
the  areas  of  the  wedges  between  the  wall  and  the  two  inclined  planes  were 
computed.  These  values  include  the  additional  fill.  The  percentage  increases 
in  these  values  are  also  given. 

TABLE  25.— Test  No.  18. 
(See  Fig.  6.) 


Date  :  November  8, 1931 . 
Weather  =  Clear. 

Temperature  =  13"  cent.  (54°  Fahr.) 
Wall  slope  =  —1:6,  (9°  30'). 
Moisture  Content  =  3.3% 

/i  =  3  ft. 


(</.'  +  a)  =  20°  30= 


Physical  Properties : 

Weight  per  cubic  foot  =  94  lb. 

Angle  of  Natural  Slope  =  38<>  20' 

"      •'  Internal  Resistance  =  32" 
•'      "  Internal  Fricticm       =  28°  20' 
"      "  Wall  Friction  -  30° 


}4y  h2  =  423. 


Pressures 

PBR 

Inclination 

Theoretical 

Foot 

IN  Pounds. 

OF  P. 

H 

P 

Coefficients. 

Surface  si 

ope,  e 

h 

Hyh2 

I4yh2 

H. 

F. 

P. 

(*'  +  ") 

H. 

C. 

J. 

—38°  20' 

19:24 

63 

33 

67 

20°  00' 

0.398 

0.149 

0.158 

0.139 

0.148 

0.187 

—30°  15' 

1:3 

67 

34 

73 

19°  40' 

0.383 

0.158 

0.170 

0.153 

0.164 

0.198 

-12°  30' 

3:9 

76 

26 

80 

19°  10' 

0.353 

O.ISO 

0.189 

0.176 

0.187 

0.2-3:^ 

—  6°  20' 

1:9 

83 

31 

87 

20°  50' 

0.358 

0.194 

0.305 

0.186 

0.199 

0.233 

Level 

91 

33 

97 

19°  55' 

0.3.58 

0.215 

0.329 

0.198 

0.211 

0.345 

6°  30' 

1  :9 

98 

K6 

104 

20°  10' 

0.385 

0.331 

0.246 

0.311 

0.2-.^5 

0  260 

12°  30' 

3:9 

109 

40 

117 

20°  20' 

0.365 

0.2.i8 

0.277 

0.232 

0.348 

0.380 

18°  35' 

1  :3 

iir 

44 

135 

20°  40' 

0.374 

0.276 

0.396 

0.358 

0.276 

0.305 

24°  00' 

4:9 

138 

48 

136 

20°  40' 

0.385 

0.300 

0.321 

0.397 

0.317 

0.343 

29°  00' 

5:9 

HI 

54 

151 

31°  00' 

0.3(58 

0.333 

0.3.57 

0.369 

0.394. 

0.407 

31°  30' 

11:18 

147 

5? 

158 

21°  10' 

0.370 

0.347 

0.374 

0.475 

0.507 

0.495 

Averages 

30°  20' 

0.340 

0.357 

0.345 

0.261 

0.289 

Conclusions. — The  test  shows  the  presence  of  a  "wedge"  or  ''prism"  of 
rupture,  closely  approximating  the  theoretical  wedge.  Loading  beyond  the 
theoretical  plane  of  rupture  had  practically  no  effect  on  the  pressure.  As  soon 
as  the  load  crossed  the  plane  of  rupture,  the  horizontal  and  vertical  components 
increased,  the  vertical  somewhat  faster  than  the  horizontal.  The  variation  in 
the  total  pressure  is  very  close  to  that  in  the  theoretical  wedge  of  rupture.  The 
height  of  the  resultant  remained  practically  unchanged.  It  is  evident  that  all 
the  material  above  the  plane  of  repose  does  not  act  as  the  wedge  of  rupture. 
Whether  or  not  the  surface  of  rupture  is  a  plane,  is  difficult  to  determine. 
There  was  no  indication  of  a  break  in  the  top  surface  of  the  fill  in  any  of  the 
tests.  Such  a  break  could  hardly  be  expected  from  the  small  movements  of  the 
wall. 

XIII. — Effect  of  Settling  and  Changes  of  Temperature  on  the  Lateral  Pressure 
of  Horizontal  Fills  Against  a  Vertical  Wall. 
Several  tests  were  conducted  to  determine  the  effect  of  changes  in  tempera- 
ture, humidity,  etc.,  and  to  investigate  the  effect  of  settling.    Readings  were 
taken  about  1  hour  apart.     One  test  consisted  in  taking  readings  for  a  period 
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of  8  days,  during  which  there  was  a  temperature  variation  of  13°  cent.  (23' 
Fahr.),  and  several  rains. 

TABLE  26.— Test  No.  19. 


Date  :  May  19,  1921 

Weather  :  Cleai-. 

Temperature  :  28°  cent.  (82°  Fahr.  > 


Physical  Properties  :  Same  as  in  Test  No.  1. 
Original  Fill :  6  ft.,  level. 


Additional  fill 
1  ft.  high. 


None.. 
Vert... 
Sloped. 
Vert... 
Sloped. 
Vert... 
Sloped . 
Vert. . . 
Sloped. 
Vert... 
Sloped. 
Vert... 
Sloped. 
Vert... 
Sloped. 
Sloped. 


s  :»  ^ 
5     £. 

«  S  _. 
'^o3 


7.5 

7 

6.5 

6 

5.5 

5 

4.5 

4 

3.5 

3 

2.5 

2 

1.5 

0 


Pressures,  per 
Foot,  in  Pounds. 


H. 


467 
468 
46S 
468 
468 
470 
470 
471 
471 
473 
473 
481 
484 
499 
500 
569 


298 
297 
297 
297 
297 
298 
299 
299 
301 
301 
316 
320 
341 
341 
374 


P. 


Height  of  P. 


V. 
H. 


552 
554 
555 
555 
555 
556 
550 
558 
558 
561 
561 
576 
580 
605 
605 


0.633 
0.633 
0.63:i 
0.633 
0.633 
0.633 
0.633 
0.634 
0.634 
0.635 
0.636 
0.655 
0.662 
0.684 
0.682 
0.656 


0.368 
0.367 
0.367 
0.367 
0.367 
0.368 
0.368 
0.369 
0.369 
0.369 
0.370 
0.369 
0.363 
0.361 
0.360 
0.380 


Sums 50 


Percentage  Increases. 


H. 


0.0 
0.2 
0.2 
0.2 
0.2 
1.0 
1.0 
1.0 
1.0 
1 
1 
3 
4 
7 
7 
22 


V. 


78 


0 

3.5 

3.5 

7.0 
7.0 

11.0 

11.0 

15 

15 

19 

19 

23 

23 

27 

27 

36 


250 


0.0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

3.5 

3.5 

14.5 

14.5 

28 


64 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
—2 
—2 
+3 


0.0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
3.5 
4.5 
8 
8 
4 


28 


*  Area  between  wall  and  plane  of  repose  for  6-ft.  level :  24.78  sq.  ft. 
t  Area  between  wall  and  plane  of  rupture  for  6-ft.  level :  9.18  sq.  feet. 

A  "blank  test",  in  which  readings  on  the  scales  were  caused  by  a  mechan- 
ically applied  pressure  against  the  walls,  showed  very  little  variation,  thereby 
proving  that  the  variations  in  the  following  tests  are  due  to  changes  in  the  fill 
and  not  to  changes  in  the  apparatus.  In  these  tests,  only  those  readings  are 
given  in  which  changes  occurred.  During  the  8-day  test  mentioned  previously, 
80  sets  of  readings,  distributed  in  such  a  manner  that  the  effect  of  extremes 
of  temperature  and  humidity  could  be  investigated,  were  taken. 

The  maximum  (a;)  and  minimum  {n)  values  are  given  in  Table  27. 


TABLE  27. 


Age  of 

fill, 

in  hours. 

Time  of 
day. 

H. 

V. 

P. 

V 
H 

X 

h 

0 

5  p.m. 

456 

229  (X) 

545 

0.658 

0.355  (n) 

14 

12      M. 

419  (n) 

286 

508  (n) 

0.680  (x) 

0.363 

88-90 

9a.m. 

465 

278  (n) 

542 

0.597 

0.370 

90 

11A.M. 

468 

278 

544 

0.594  (n) 

0.371 

114 

11  A.M. 

473  {X) 

286 

553  (.r) 

0.603 

0.874  (.r) 

Percentage  variations : 

Of  maximum 

Of  minimum 

3.7 

8.1 

0 
6.3 

1.5 
6.8 

3.3 

9.7 

5.4 

0 

Total  variations... 

11.8 

6.3 

8.3 

13.0 

5.4 
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TABLE  28.— Test  No.  20,  Time  Test. 
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Date:  May  12-19,  1921. 
Wooden  wall  :  vertical. 
Horizontal  fill  :  6  ft.  hitrh. 


Physical  Properties;  Same  as  in  Test 

No.  1. 


.9  ■ 

Pressures  per 

Percentage  Changes. 

-o 

Age  of 
fill,  in 

0  3 

b  »■   • 

3  U  01 

Foot, 

IX  Pounds. 

Tan  <f)' 

a  .• 

"  ? 

Day. 

Hour. 

£«■§ 

F 

X 

S2  ^ 

hours. 

^^    1)    U 

as? 

H. 

V. 

P. 

~  H 

h 

H. 

V. 

P. 

X 

'h 

1st 

5  P.M. 

0 

12 

456 

299 

545 

0.658 

0  355 

Rain. 

2d - 

12  M. 

19 

14 

419 

286 

508 

O.OSO 

0.363 

-k'.i 

"—Z.9 

■-6'.8 

"+2.h 

Storm . 

2  P.M. 

21 

12 

4-.i2 

286 

509 

0.678 

0.364 

-7.4 

-3.9 

-6.6 

+2.5 

Clear. 

6  P.M. 

25 

12 

422 

286 

509 

0.679 

0.361 

-7.4 

-3.9 

-6.6 

+1.7 

" 

3d - 

9  A.M 

40 

19 

426 

2S0 

510 

0.660 

0.363 

—6.6 

—5.7 

—6.4 

+2.3 

•' 

12  M. 

43 

20 

432 

284 

517 

0.658 

0.365 

-5.3 

-4.5 

-5.1 

+2.8 

" 

4  P.M. 

47 

20 

432 

286 

518 

0.662 

0.364 

-5.3 

-3.9 

-5.0 

+2.5 

" 

11   A.M. 

66 

16 

450 

279 

530 

0.620 

0.361 

—1.3 

-6.0 

-2.8 

+2.5 

" 

4th....- 

12  M. 

67 

17 

451 

279 

530 

0.620 

0.365 

-1.1 

-6.0 

-2.8 

+2.8 

" 

12:30p.m 

67.5 

17 

453 

279 

532 

0.616 

0.365 

-0.7 

-6.0 

-2.4 

+2.8 

" 

8  A.M. 

87 

13 

4U0 

2T9 

538 

0.607 

0.366 

+0.9 

-6.0 

—1.3 

+3.1 

" 

9  A.M. 

88 

15 

465 

278 

542 

0.597 

0.370 

+2.0 

-6.3 

— O.H 

+4.2 

" 

10  A.M. 

89 

15 

466 

278 

543 

0.599 

0.371 

+2.2 

-6.3 

—0.4 

+4.5 

'■ 

11    A.M. 

90 

17 

468 

278 

544 

0.594 

0.371 

+2.6 

-6.3 

-0.2 

+4.5 

" 

12  M. 

91 

17 

469 

280 

545 

0.595 

0.3T2 

+2.8 

-5.7 

0.0 

+4.8 

5th....- 

1   P.M. 

92 

17.5 

469 

2S0 

547 

0.596 

0.372 

+2.8 

-5.7 

+0.4 

+4.8 

" 

2  P.M. 

93 

17.5 

469 

283 

547 

0.599 

0.371 

+2.6 

-5.1 

+0.4 

+4.5 

" 

3  P.M. 

94 

17.5 

469 

282 

547 

O.fiOl 

0.370 

+3.8 

-5.1 

+0.4 

+4.2 

" 

5  P.M. 

96 

17 

467 

283 

546 

0.606 

0.370 

+2.4 

-4.8 

+  0.2 

+4.2 

" 

6  P.M. 

97 

16.5 

466 

283 

545 

0.608 

0.370 

+2.2 

—4.8 

0.0 

+4.2 

" 

10  P.M. 

101 

14 

469 

283 

548 

0.604 

0.369 

+2.8 

-4.8 

+0.6 

+4.0 

" 

6  A.M. 

111 

14 

461 

281 

540 

0.608 

0.369 

+1.1 

-5.4 

—0.9 

+4.0 

" 

9   A.M. 

112 

16 

463 

280 

541 

0.605 

0.371 

+1.5 

-5.7 

—0.7 

+4.5 

" 

10  A.M. 

113 

17 

466 

282- 

545 

0.605 

0.373 

+2.2 

-5.1 

0.0 

+5.1 

" 

6th....- 

11   A.M. 

114 

19 

473 

286 

553 

0.603 

0.374 

+  3.7 

-3.9 

+1.5 

+5.4 

" 

12  M. 

115 

19 

471 

288 

552 

0.612 

0.374 

+3.3 

-3.3 

+1.3 

-i-5.4 

" 

2  P.M. 

117 

19 

469 

290 

551 

0.617 

0.373 

+2.8 

—2.7 

+1.1 

+5.1 

" 

5  P.M. 

120 

18 

465 

292 

549 

0.628 

0.372 

+2.0 

—2.1 

+0.7 

+4.8 

" 

l 

8  A.M. 

135 

17 

450 

287 

534 

0.638 

0.368 

-1.3 

-3.6 

-2.0 

+3.1 

" 

7th.... -^ 

12  M. 

139 

20.5 

452 

289 

536 

0.640 

0.372 

-0.9 

-3.0 

-1.7 

+4.8 

" 

} 

8  P.M. 

147 

20 

452 

294 

539 

0.650 

0.366 

-0.9 

—1.5 

—1.1 

+3.1 

" 

f 

8  A.M. 

159 

19 

443 

292 

580 

0.659 

0.363 

-2.8 

-2.1 

—2.8 

+2.3 

" 

8th....-! 

11   A.M. 

162 

23 

446 

291 

533 

0.652 

0.366 

-2.2 

-2.4 

—2.2 

+3.1 

" 

12  M. 

16H 

2.S.5 

451 

291 

534 

0.650 

0366 

-1.8 

-2.4 

-2.0 

+3.1 

" 

i 

2  P.M. 

165 

26 

451 

294 

539 

0.651 

0.364 

—1.1 

—1.5 

—1.1 

+2.5 

Warm. 

Conclusions. — The  conclusions  from  this  test  may  be  stated  as  follows: 

1. — The  pressure  just  after  filling  is  practically  the  maximum. 

2. — A  rise  in  temperature  is  accompanied  by  an  increase  in  both  com- 
ponents, and  an  increase  in  the  height  of  the  resultant. 

3. — A  drop  in  temperature  is  accompanied  by  a  decrease  in  both  com- 
ponents and  a  decrease  in  the  height  of  the  resultant. 

4. — The  ratio  of  vertical  to  horizontal  components  seems  to  be  unaffected 
by  the  age  of  the  fill  or  by  changes  in  temperature.  It  is,  however,  affected 
by  the  humidity  because  of  changes  in  the  water  content. 

5. — The  hf^ight  of  the  resultant  varies  as  just  noted,  and  also  slowly  rises 
as  the  age  of  the  fill  increases.  For  a  fill  with  a  horizontal  top  surface,  the 
height  of  the  resultant  seems  to  be  a  maximum  at  |  h. 

6.^ — Settling  of  fill  is  accompanied  by  a  slight  decrease  in  pressure,  with 
intermittent  sudden  increases,  due  to  small  ruptures  in  the  fill.  These  inr 
creases,  however,  soon  vanish. 
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7. — The  minimum  pressures  occur  soon  after  the  filling'.  (Tests  described 
subsequently  show  this  more  clearly  than  those  given  in  this  Section). 

8. — Curves  plotted  for  this  test  give  an  average  variation  of  the  pressure 
of  0.15%  per  degree  centigrade,  taking  the  average  for  each  day. 

The  curves  of  "pressure  with  time"  are  similar  to  the  curve  of  "damped 
vibrations".  The  total  variation  in  the  horizontal  component  of  11.8%  is 
worthy  of  note.  A  short  report  of  the  preliminary  tests  on  the  effect  of  sur- 
charges has  been  published.*  It  may  be  of  interest  to  note  that  this  article, 
as  well  as  the  preliminary  description  of  the  apparatus,  have  appeared  in 
German  technical  periodicals.! 

TABLE  29.— Test  No.  21,  Time  Test. 


Date: 

May  19-23.  1921 

Physical  Properties: 

Weather  :  Clear. 

Same  as  Test  No.  1. 

Time 

test  on  a  tamped  fill:  7 

ft.  high 

;  6-ft.  vertical  wall.    The 

fill 

was  168  hours  old  when  t 

he  test  began. 

Day. 

u 
3 
0 

m  *>£  =* 

c  ^  a 
c  a  iJ 
».::  o 

r- 

Pressures  per  Foot, 
IN  Pounds. 

Tan<<>' 
V 
~  H. 

X 

h 

Pehcentagb 

Changes  in: 

H. 

V. 

P. 

H. 

V. 

P. 

X 

li 

1st 

4  p.m. 

5  P.M. 

0 

1 

26 
25 

569 

570 

374 

378 

680 
6S4 

0.659 
0.664 

0.380 
0.381 

+0.2 

+i.i 

+0.6 

+0.3 

2d.... 

8  a.m. 

16 

21 

560 

373 

6S2 

0.665 

0.383 

—1.6 

-0.3 

•i-0.3 

+0.8 

13  m. 

20 

24 

5fi6 

373 

678 

0.659 

0.385 

-0.5 

-0.3 

-0.3 

+1.3 

1  P.M. 

21 

25 

565 

373 

677 

0.660 

0.3R5 

-0.7 

-0.:^ 

—0.4 

+1.3 

2  p.m. 

22 

26 

561 

375 

682 

0.658 

0.379 

-1.4 

+0.3 

+0.3 

-0.3 

5  P.M. 

25 

25 

583 

376 

6<.t0 

0.645 

0.379 

+2.5 

+0.5 

+1.5 

-0.3 

3d.... 

10  A..M. 

42 

25 

568 

371 

678 

0.654 

0.378 

-0.2 

-0.8 

—0.3 

-0.5 

1  P.M. 

45 

25 

569 

370 

678 

0.651 

0.377 

0 

—1.1 

—0.3 

—0.8 

5th... 

1  P  M. 

93 

27 

563 

366 

671 

0.651 

0.377 

—1.1 

—2.1 

-1.3 

-0.8 

The  variation  in  tamped  fills  seems  to  be  very  much  less  than  in  ordinary 
fills.  The  temperature  range  in  this  test  was  only  5°  cent.  (9°  Fahr.),  so  that 
large  variations  cannot  be  expected. 

TABLE  30.— Time  Tests. 


Test  No.  22a. 

Test  No.  326. 

Temperature 

:  20<-  cent.  (68"  Fahr.) 

Temperature  :  30°  cent.    (68°  Fahr.) 

Bill  is  5  ft 

.  hiah.  top  surface  at  +  31°.     Vertical 

Fill  is  7  ft.  9  in.  high  against  a  vertical  wooden 

wooden  wail. 

wall,  6  ft.  high. 

Total  Pressures, 

Total  Pressures, 

in  Pounds. 

Age 

IN  Pounds.         j 

of  fill, 

Hi 

Weather. 

of  fill, 
in  hours. 

Hi 

Weather. 

in  hours. 

H. 

V. 

H. 

V. 

0 

834 

2  504 

1  458 

Clear. 

0 

1  100 

2  962 

2  033 

Clear. 

% 

843 

2  539 

1  509 

1 

1  114 

3  021 

2  036 

'■ 

Vn 

844 

2  515 

1  522 

m 

1  108 

2  991 

2  013 

" 

% 

846 

2  553 

1  533 

433,i 

1  088 

2  960 

3  004 

Rain 

1 

815 

2  553 

1  535 

67 

1  079 

2  890 

1  987 

■» 

H4 

845 

3  551 

1  536 

73 

1  098 

2  923 

1  993 

Cloudy. 

1% 

845 

2  554 

1  541 

V  . 

2 

844 

2  552 

1  541 

*  Engineering  Neios-Record,  January  19,  1922. 

t  Der  Bauingenieur   (Leipzig),   March   15,  1922;   Der  Eisenbau   (Berlin),  July   25,   1922. 
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Conclusions. — The  conclusions  from  this  test  are  as  follows:  The  maxi- 
mum pressure  occurs  soon  after  filling.  The  fill  undergoes  a  settling  as  soon 
as  it  is  placed,  causing  an  increase  in  pressure  in  about  1  hour.  The  pres- 
sure then  slowly  decreases,  reaching  a  low  point  within  24  hours.  It  then 
oscillates  each  day,  as  shown  in  the  previous  tests. 

XIV.— Effect  of  Static  Loads  on  the  Lateral  Pressure  of  Horizontal  Fills 

Against  a  Vertical  Wall. 

Forty-five  square  boards,  11|  by  11|  by  1  in.,  were  used  to  cover  the 
surface  of  a  6-ft.  horizontal  fill  of  sand.  A  keg  of  nails  weighing  100  lb. 
was  placed  on  each  square,  starting  with  the  one  farthest  from  the  wall. 
Headings  were  taken  while  the  load  rested  on  the  fill  and  after  it  had  been 
removed.  The  effect  was  that  of  a  localized  surcharge  of  100  lb.  per  sq.  ft. 
The  averages  of  the  five  positions  of  the  load  at  each  distance  back  of  the 
wall  gave  the  values  shown  in  Table  31.  The  readings  for  the  five  positions 
of  the  load  at  each  distance  back  of  the  wall  were  about  the  same.  The 
surprising  feature  of  this  test  was  that,  after  the  load  had  been  removed,  the 
pressure  did  not  diminish  immediately.  The  fill  returned  to  its  original 
condition  several  days  later. 

The  theoretical  plane  of  rupture,  <j>  =  36°,  cuts  the  top  surface  at  3.06  ft. 
The  plane  of  slope  cuts  the  top  surface  at  8.25  ft. 

Conclusions. — There  is  an  appreciable  increase  in  pressure  due  to  loads 
not  on  the  wedge  of  rupture.  The  increase  is  much  more  rapid,  however,  as 
the  load  moves  on  the  theoretical  wedge.  The  effect  of  a  static  load  is  to 
change  the  physical  characteristics  of  the  fill,  as  the  changed  pressure  con- 
tinued after  the  load  had  been  removed.  Assuming  that  the  unit  weight 
has  not  been  changed  throughout  the  fill,  and  is  100  lb.  per  cu.  ft.,  the  final 
horizontal  component  requires  a  <^  of  35°  10'.  Assuming  that  the  concen- 
trated load  compresses  the  entire  fill  to  I  of  its  former  weight,  or  116.7 
lb.  per  cu.  ft.,  <f>  is  then  38°  40'.  Assuming  that  the  final  density  is  the  average 
of  these  two  extreme  values,  or  108.3  lb.  per  cu.  ft.,  <^  is  then  37°  00'.  The 
formula  used  is  li  =  i  y  h~  tan^  i  (90  —  (/>).  The  experimental  value  for 
<j>  of  the  material  used  is  about  37°.  It  is  probable,  however,  that  both  the 
density  and  the  coefficient  of  resistance  of  the  fill  are  changed. 

The  present  method  used  in  practice  to  take  account  of  static  surcharges 
assumes  that  </>  is  not  changed,  but  that  the  density  is  changed.  It  requires 
that  the  readings  for  a  concentrated  load  at  any  point  on  the  wedge  be 
the  same.  The  test  does  not  show  this  to  be  the  case.  It  was  impossible 
to  place  the  load  closer  than  1  ft.  to  the  wall.  The  results  clearly  show 
that  the  effect  of  a  load  depends  on  its  distance  from  the  wall. 

XV. — Effect  of  Moving  Loads  on  the  Lateral  Pressure  of  Horizontal  Fills 
Against   a   Vertical  Wall. 

After  completing  the  previous  test,  an  attempt  was  made  to  measure 
the  effect  of  loads  rolling  across  the  fill,  parallel  to  the  wall.  The  keg  of 
nails  was  rolled  three  times  across  the  width  of  the  fill,  at  various  distances 
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from  the  wall,  starting  at  the  greatest  distance.    Readings  were  taken  directly 
after  this  rolling,  the  load  having  been  removed  from  the  fill.     The  previous 
test  had  compacted  the  fill  fairly  well,  so  that  the  effect  was  that  of  a  moving 
'load  on  a  settled  or  tamped  fill. 

TABLE  31.— Test  No.  23. 


Date:  May  6, 1921. 

Weather :  Clenr. 

Temperature:  15°  cent.  (59°  Fahr.) 

Readings  are  the  averages  of  five  positions  of  load. 


Physical  Properties  :  Same  as  in  Test  No.  1. 
d  =  distance  of  surcharged  load  of  100  lb.  from  back 
of  wall. 


Pressures  per  Foot, 

Perckntage  Chanoes 

IN  Pounds. 

Tan  if,' 

X 

Distance,  d. 

in  feet. 

_    V 

h 

V 

H. 

V. 

P. 

H 

H. 

V. 

P. 

H 

h 

No  load 

469.2 

286.8 

551.6 

0.610 

0.367 

8.5 

472.5 

288.6 

553.6 

0.610 

0.367 

+0.7 

+0.6 

+6.4 

6 

0 

7.5 

473.4 

288.9 

554.6 

0.611 

0.367 

0.9 

0.7 

0.5 

+0.2 

0 

6.5 

474.4 

289.4 

555.8 

0.611 

0.367 

1.1 

0.9 

0.8 

0.2 

0 

5.5 

475.3 

290.0 

556.8 

0.611 

0.368 

1.3 

1.1 

0.9 

0.2 

0.3 

4.5 

476.3 

290.5 

557.9 

0.611 

0.367 

1.5 

1.3 

1.1 

0.2 

0 

3.5 

478. 1 

291.7 

560.1 

0.611 

0.368 

1.9 

1.7 

1.5 

0.2 

0.3 

2.5 

479.7 

203.8 

562.7 

0.612 

0.368 

2.2 

2.4 

2.0 

0.2 

0.3 

1.5 

483.1 

297.5 

567.6 

0.617 

0.380 

3.0 

3.7 

2.9 

0.3 

3.5 

After  test 

483.5 

299.3 

.586.6 

0.620 

0.380 

3.0 

4.5 

3.1 

1.6 

3.5 

Rolling  or  moving  loads  on  a  tamped  fill  have  no  effect  on  the  pressure. 
In  order  to  investigate  the  action  of  this  compressed  fill  as  it  aged,  it  was 
allowed  to  stand  for  seven  days.  The  summary  given  in  Table  33  of  pressures 
exerted  by  this  fill  is  of  interest.  The  height  of  fill  was  6  ft.,  originally,  y  =  100 
lb.  per  cu.  ft.,  ,^  =  36°. 

The  fill  returns  almost  to  its  original  state,  except  that  the  resultant  rises 
6.8  per  cent.  The  decrease  in  the  vertical  comx)onent  is  due  to  the  drying 
out  of  the  sand  along  the  wall.  The  maximum  at  96  hours  is  due  to  a 
slight  rupture  in  the  fill.  It  is  interesting  to  note  that  this  packing  and  load- 
ing of  the  fill  caused  a  variation  of  only  8.9%  in  the  horizontal  component, 
which  is  less  than  the  variation  in  a  similar  fill  caused  by  a  change  of  13°  cent, 
in  temperature  over  a  like  period  of  166  hours. 

XVI. — Effect  of   Static  Loads  on  the  Lateral  Pressure  of  Horizontal  Fill 
Against  a  Wall  with  Positive  Back-Batter  of  1:4. 

A  test  similar  to  that  in  Section  XIV  was  made  with  a  4-ft.  fill  and  a 
wall  sloping  at  +  1 :  4.  The  distance  of  the  load  is  measured  from  the  top  of 
the  wall.  The  heel  of  the  wall  was  1  ft.  closer  to  the  back  of  the  bin,  so 
that,  in  the  last  position,  the  load  was  directly  above  the  heel  of  the  wall. 

The  results  of  this  test  are  similar  to  those  obtained  with  a  vertical 
wall.  The  change  in  vertical  component  disappears  soon  after  the  load  is 
removed,  whereas  the  horizontal  component  remains  undiminished.  In  the 
last  position,  the  100-lb.  load  is  directly  over  the  wall,  yet  the  increase  in  total 
vertical  component  is  only  17  lb. 
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TABLE  32.— Test  No.  24. 

The  pressures  given  are  per  foot  of  width  of  wall  exerted  by  a  6-ft.  horizon- 
tal fill  against  a  vertical  wooden  wall,  after  a  load  of  100  lb.  has  been  rolled 
across  the  fill  at  a  distance,  d,  from  the  wall. 


Date  :  May  6, 1921. 


Physical  Properties  : 
Same  as  for  Test  No.  23. 


Prkssurbs,  per 

Foot, 

Perce.stage  Changes. 

IN  Pounds. 

Tan<^' 

Distance, 
d,  in  feet. 

V 

h 

H 

H. 

V. 

P. 

H. 

V. 

P. 

No  load 

483.6 

299.4 

568.6 

0.620 

0.369 

8.5 

4«4.4 

299.8 

569.6 

0.620 

0.368 

+0.2 

+0.1 

+0.2 

7.5 

484.6 

300.0 

570.0 

0.619 

0.368 

0.2 

0.2 

0.2 

6.5 

484.6 

300.1 

570.0 

0.620 

0.368 

0.2 

0.2 

0.3 

5.5 

485.0 

300.1 

570.4 

0.619 

0.369 

0.3 

0.2 

0.4 

4.5 

485.4 

300.4 

570.8 

0.619 

0.369 

0.4 

0.3 

0.5 

3.5 

485.8 

300.6 

571.2 

0.619 

0.369 

0.5 

0.4 

0.5 

2.5 

485.9 

300.9 

571.4 

0.619 

0.369 

0.5 

0.5 

0.7 

1.5 

486.6 

301.6 

572.4 

0.619 

0.370 

0.6 

0.7 

1.0 

TABLE  33. 


Pressures,  per  Foot, 
IN  Pounds. 


H. 


P. 


Tan  <}>' 
V 


Percentage  Changes  Over 
Original  Values. 


H. 


Just  after  filling 

48  hours  later 

After  static  test 

1  hour  later 

After  dyoamic  test 

96  hours  later  (144  total) . 

118'-        "         (166     "     ). 


458.4 
469.2 
483.5 
483.6 
486.6 
499.0 
464.8 


299.3 
299.4 
301.6 

287.0 
268.2 


541.6 
551.6 
568.5 
568.6 
572.4 
575.6 
537.0 


0.652 
0.611 
0.620 
0.620 
0.619 
0.575 
0.577 


0.367 
0.367 
0.380 
0.369 
0.370 
0.384 
0.392 


+2.4 
+5.5 
+5.5 
+6.2 
+8.9 
+1.4 


-0.6 
3.7 
3.7 

4.5 

-0.1 

-7.1 


+1.8 
+5.0 
+5.0 
+5.7 
+6.3 
-0.8 


0 
+3.5 

+0.5 
+0.8 
+4.6 
+6.8 


Maximum  values  occurred  at  96  hours  (total  144  hours.) 
Minimum        "  "  '"118      "       (    '•      166        "     ) 


General  Conclusions  on  the  Pressure  of  Sand  Fills,  Deduced  from  the 
Cincinnati  Experiments. 

1. — The  fill  does  not  act  like  a  liquid.  The  transmission  of  pressure  does 
not  obey  the  Pascal  law. 

2. — The  fill  does  not  act  like  an  elastic  solid.  Loads  on  the  fill  cause 
a  change  in  physical  properties  as  well  as  a  deformation.  These  changes 
slowly  disappear,  but  not  according  to  any  definite  law. 

3. — There  :3  no  sharply  defined  wedge  of  rupture,  nor  can  any  surface 
of  rupture  be  detected  on  the  surface  of  the  fill.  However,  loads  on  the  fill 
beyond  the  wedge  of  rupture  have  practically  no  effect  on  the  lateral  pres- 
sure. Loads  on  the  wedge  of  rupture  do  not  increase  the  pressure  by  as 
much  as  would  be  required  by  a  well-defined  and  distinct  wedge. 
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TABLE   34.— Test  No.   25. 


Date  :  December  4,  1921. 
Weather  ;  Clear 
Temperature  =  31,1.°  cent,  {i 


Physical  Properties  :  Saine  as  in  Test  No.  1". 
Height  of  fill  =  4  ft. 
Fahr.)  Wall  battel- =+ 1  :  4  (14°  00'). 

Load  -  100  II).  per  sq.  ft. 


d  =  distance,  in  feet,  of  load  from  top  of  wall. 


Distance, 

d, 
in  feet. 

Total  Pbessurks  on  Wall, 
IN  Pounds. 

Tan  </)' 
V 

~  H 

Percentaoe  Increases 

H. 

V. 

H. 

V. 

No  load 

823 

823 

823 

823 

823 

825 

828 

831 

810.5 

840 

840 

746 
746 
748 
748 
748 
748 
748 
756 
761 
763 
747 

0.907 
0.907 
0.909 
0.909 
0.909 
0.908 
0.905 
0.910 
0.907 
0.908 
0.890 

0 
n 
(1 

0 
0 
+  0.2 
0.6 
1.0 
2.1 
2.1 
2.1 

0 

8 

7 

+  0.3 
0.3 
0  8 

6     

5 

4 

0  3 

3 

0  3 

2 

1 

1.3 

2  0 

No  load  

2  3 

1  hour  later 

0  1 

4. — The  lateral  earth  pressure,  for  all  types  and  kinds  of  wall  and  for  all 
types  of  loading  and  fill,  acts  at  an  angle  to  the  normal  to  the  wall  equal 
to  the  angle  of  static  friction  between  the  fill  and  the  back  of  the  wall.  The 
height  of  application  is  above  the  \  point,  but  below  the  -^-^  point  of  the  height. 

5. — For  a  vertical  wall  with  horizontal  fill,  the  value  of  the  horizontal  pres- 
sure is  given  by  the  formula,  E  =  ^  y  h^  tan-  4  (90°  —  (^),  in  which  (f>  is  the 
angle  of  internal  resistance  of  the  fill,  corresponding  to  the  static  friction  of 
the  filling  material  on  itself.  This  formula  is  a  special  case  of  both  the 
Rankine  and  Coulomb  theories.  The  value  of  the  vertical  component  is  easily 
determined  from  a  consideration  of  Conclusion  4. 

6. — For  all  general  cases,  the  pressure  is  obtained  closest  by  the  general 
wedge  theory 

cos  ((p  —  a)  \''  1 


E  =  i  y  h-C; 


H  =^  E  cos  {(p'  +  a); 


C 


.) 


{n  -\-  1)  cos  a/    cos  (<p'  +  a)' 


_      Isiu  ((p  -j-  (p')  sin  {(p  —  e) 


nI 


'cos  {(p'  -\-  a)  cos  (a  —  e) 

The  wedge  theory  that  disregards  wall  friction  gives  too  high  results  except 
for  a  vertical  wall,  in  which  case  it  gives  results  closer  to  the  experimental 
results  than  the  general  wedge  theory. 

7. — The  general  wedge  theory  gives  low  results  for  a  vertical  wall,  and 
it  is  better  to  use  the  wedge  theory,  disregarding  the  wall  friction. 


H 


\  y  Ji'  J ; 


J  = 


cos   (p 


n  =      P^"  ^  ^^^  (^  —  ^) 


E  =^  H  sec  (p'  ; 

"^ '  cos  £ 

8.— The  experimental  results  are  not  in  agreement  with  the  Rankine  theory, 
except  as  noted  in  Conclusion  5. 
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9. — The  effect  of  settling  is  to  increase  the  pressure  exerted  by  the  fill,  the 
maximum  being  attained  within  2  hours  of  placing  the  fill.  The  pressure 
then  decreases  to  the  minimum  within  24  hours,  after  which  the  pressure 
oscillates  toward  equilibrium  between  the  maximum  and  minimum  thus  found. 

10. — The  pressure  is  a  direct  function  of  the  temperature. 

11. — The  pressure  is  only  slightly  affected  by  humidity,  except  that,  in  dry 
weather,  evaporation  of  moisture  from  the  fill  along  the  wall,  near  the  sur- 
face, causes  a  greater  horizontal  and  a  less  vertical  component. 

12. — Surcharges,  both  static  and  dynamic,  compress  the  fill  and  increase  the 
resultant  pressure.  Such  an  increase  disappears  in  time,  usually  in  about 
seven  days. 

Resume  of  Previous  Experiments. 

In  the  early  literature  on  the  subject  of  lateral  earth  pressure,  little  is 
said  about  experiments,  although  many  of  the  contributors  to  the  theoretical 
development  probably  made  some  tests.  Belidor,  in  1720,  stated  that 
"experiment  leads  him  to  assume  a  45°  prism  of  rupture".*  The  earliest 
description  of  an  apparatus  is  that  of  Gadroy  who,  in  1745,  tried  to  check 
Belidor's  assumptions.!  Although  his  experiments  in  a  bin  3  in.  high  showed 
a  plane  of  rupture  at  a  slope  of  2  :  3  for  a  sand  with  a  natural  slope  of  1  : 1, 
which  is  an  experimental  proof  that  the  plane  of  rupture  is  not  the  plane  of 
repose,  the  only  conclusion  drawn  was  that  a  wedge  of  rupture,  moving  on  the 
plane  of  slope,  did  exist.  The  early  method  of  testing  was  to  construct  a  box 
with  one  side  closed  by  a  gate,  hinged  at  the  bottom.  The  top  of  the  gate  was 
restrained  by  a  cord,  passing  over  a  fixed  pulley,  tied  to  a  pan.  Weights  placed 
in  the  pan  balanced  the  overturning  effect  of  the  pressure  on  the  gate.  It  is, 
therefore,  not  surprising  that  a  vertical  component  was  not  detected.  It  is 
surprising  how  many  conclusions  the  experimenters  did  not  notice.  For 
example,  Gauthey,  in  1785,  using  a  wedge-shaped  box  with  the  measuring  gate 
vertical,  obtained  data  showing  that  the  pressure  is  constant  for  angles  of  the 
wedge  between  22i°  and  67^°,  the  material  being  sand.  This  proves  that  the 
wedge  of  rupture  does  not  include  all  the  material  above  the  plane  of  slope, 
and  yet,  although  Coulomb  had  issued  his  theory  of  the  wedge  of  maximum 
pressure  in  1773,  Gauthey  starts  his  theoretical  discussion  with  the  assump- 
tion of  a  wedge  sliding  on  the  plane  of  slope.:}: 

The  danger  of  obtaining  the  passive  pressure  and  the  method  of  over- 
balancing the  gate  to  insure  that  the  active  pressure  is  being  determined,  was 
first  discussed  by  Woltmann  in  1791.  "With  a  test  gate  4  ft.  square  his  results 
were  much  lower  than  those  required  by  theory.  The  discrepancy  would  have 
been  accounted  for  if  he  had  taken  into  account  the  effect  of  a  vertical  com- 
ponent. §  Experiments  by  Mayniel  in  1806  and  by  de  Koeszegh  in  1828  showed 
similar  results. 

As  early  as  1800,  Coulomb's  contributions  were  misinterpreted.  Hagen 
comments  on  this,  emphasizing  that  Coulomb  had  called  the  friction  coeffi- 

*  Belidor,  "La  Science  des  Ingenieurs",  1st  edition,  1729. 

t  Maynlel,  "Poussee  des  Terres",  1808. 

t  Gauthey,   "Ouvres",  Vol.   I,  edited  by  Navier,  1809. 

§  Woltmann,  "Hydraulische  Arkitektur",  Vol.  3  and  4,  1794-99. 
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cient  of  earth, — ,  and  had  made  no  mention  of  any  relationship  between  this 

coefBcient  and  the  natural  slope.  It  was  Woltmann  who  first  made  the  assump- 
tion that  the  coefficient  of  internal  friction  was  the  tangent  of  the  angle  of 
repose.  Unfortunately,  he  used  this  assumption  in  his  German  translation  of 
Coulomb's  "Essai",  and  it  is  from  this  translation  that  later  writers  copied 
the  Coulomb  theory.* 

Hagen  repeated  Woltmann's  experiments,  and  discovered  that  if  he  assumed 
a  resultant  inclined  at  a  constant  angle  to  the  wall,  there  was  perfect  agree- 
ment between  theory  and  experiment.  The  full-scale  walls  built  and  tested 
by  Lt.  Hope  in  1845  showed  results  similar  to  those  obtained  from  the  Cin- 
cinnati tests.f  A  wall,  23  in.  thick,  failed  under  the  pressure  of  10  ft.  of  fill, 
the  material  being  ballast  weighing  95  lb.  per  cu.  ft.,  and  having  a  natural 
slope  of  37°.  The  stability  moment  of  the  wall  is  1  920  ft-lb.  and  the  over- 
turning moment  of  the  fill  is  3  970  ft-lb.,  disregarding  the  vertical  component, 
as  was  done  by  the  late  Sir  Benjamin  Baker,:}:  Hon.  M.  Am.  Soc.  C.  E.,  in 
his  discussion  of  Hope's  tests.  If  the  vertical  component  is  taken  into  account, 
the  overturning  moment  of  the  fill  is  2  240  ft-lb.  Baker's  contention  that  the 
wedge  theory  gives  a  factor  of  safety  of  2  (i.  e.,  3  970:  1  920),  is  not  true,  the 
overturning  moment  is  slightly  greater  than  the  resisting  moment. 

Gen.  Burgoyne,  in  1834,  built  four  20-ft.  walls,  the  average  width  of  each 
being  one-sixth  the  height,  and  tested  them  to  destruction.  No  attempt  was 
made  to  compare  the  results  with  theory;  the  application  of  the  Cincinnati 
results  gives  the  following: 

Wall  A :  Both  faces  sloping  1  :  5,  held  a  20-ft.  fill  weighing  87  lb.  per  cu.  ft. 
during  heavy  rains.    Mr  :  34  200 ;  M^  :  14  900. 

Wall  B :  Vertical  back,  front  battered  at  1  :  5,  held  a  20-ft.  fill  after  tipping 
about  2h  in. ;  Mr  :  32  400 ;  M^  :  17  350. 

Wall  C :  Vertical  front,  back  battered  at  1 :  5,  failed  by  bulging  and  burst- 
ing at  one-third  the  height  when  the  fill  reached  a  height  of 
17  ft.  There  was  no  tendency  to  overturn.  Mr  :  17  000 ; 
Mq  :  6  000 ;  failure  due  to  low  shear  strength. 

Wall  D :  Both  faces  vertical,  failed  by  overturning  when  the  fill  reached  a 
height  of  17  ft. ;  Mr  :  15  500;  M^  :  17  500. 
The  result  of  each  test  agrees  closely  with  the  Cincinnati  results.  Because 
the  fill  was  saturated,  it  was  assumed  that  the  unit  weight  was  100  lb.  per 
cu.  ft.,  the  natural  repose,  34°,  and  that  the  resultant  acted  at  an  angle  of  34° 
to  the  normal,  the  walls  being  of  rough  rubble,  laid  dry.§ 

Aude,  in  1848,  obtained  values  that  were  about  85%  of  those  obtained  by 
the  Coulomb  theory.]]  Considere,  in  1870,  showed  that  the  results  agreed  very 
closely  with  theory,  by  taking  into  account  the  wall  friction.f 

♦Hagen,    Annalen    der    Physik    und    Chemie.    Vol.    116     (1833),    pp.    17-48,    297-323; 
Berichte  tier  k.  Akademie  der  Wissenschaften    (1853),  pp.   35-42. 

t  Hope,  London  Royal  Engineers  Papers,  Vol.  7    (1845),  pp.  69-86. 

t  Baker,  "Lateral  Pressure  of  Earthwork,"  1883. 

§  Owen,  Transactions,  Irish  Inst.  Civ.  Engrs.    (1845),  Vol.  I,  pp.  138-144. 

II  Aude,  Memorial  de  I'Offlcier  du  Genie,  Vol.  9. 

H  Considere,  Annales  des  Fonts  et  Chaussees  (1870),  Vol.  19,  p.  547. 


DETERMINATION  OF  LATERAL  EARTH  PRESSURE  1497 

Winkler,  in  1863,  found  a  resultant  always  inclined  at  an  angle  equal  to  the 
angle  of  friction  on  the  wall.  To  correct  his  results  for  the  side-wall  resist- 
ances, he  repeated  the  tests  with  a  thin  partition  wall  in  the  center  of  the  bin. 
From  the  difference  in  readings,  he  obtains  the  retarding  effect  of  a  side-wall. 
This  method  would  be  reliable  if  the  width  of  the  bin  was  so  great  that  there 
would  be  no  chance  of  arching  action  in  the  narrow  bins.  By  the  use  of  two 
axes  of  rotation,  one  under  the  inner  face  of  the  wall  and  the  other  at  the 
toe,  he  obtains  the  vertical  and  horizontal  components,  because  in  the  first 
reading  the  vertical  component  is  eliminated  and  the  second  shows  the  effect 
of  both  components.*  The  objection  to  this  method  is  that,  in  order  to  deter- 
mine the  total  pressure,  two  indei)endent  tests  must  be  made,  and  no  account 
can  be  taken  of  changes  in  the  conditions,  which  must  be  identical  for  accuracy. 
The  experiments  of  Constable  in  1874f  and  of  Darwin  in  1877:}:  were  made  on 
so  small  a  scale  that  the  results  are  unreliable. 

Leygue,  in  1885,  reported  a  very  complete  set  of  experiments  covering  every 
phase  of  the  earth-pressure  problem.  He  proved  experimentally  the  co-exist- 
ence of  friction  and  cohesion  in  soils,  an  assumption  made  by  Coulomb,  but 
not  accepted  by  some  of  the  later  scientists.  By  the  use  of  a  bin  with  glass 
walls,  he  investigated  the  shape  of  the  wedge  of  rupture.  He  discovered  that 
the  surface  of  rupture  varied  but  little  from  a  plane,  and  that  its  shape  was 
independent  of  the  height  of  the  fill,  the  method  of  wall  failure  (rotation  or 
translation),  of  the  nature  or  the  sloi)e  of  the  wall,  and  of  the  surface  slope  of 
the  fill.  His  quantitative  results  are  not  so  valuable  because  of  the  small 
sized  apparatus.  Winkler's  method  was  used  to  determine  the  effect  of  the 
side- walls. § 

A  large  apparatus  was  constructed  at  the  University  of  Nebraska  by  A.  A. 
Steel  in  1899,  a  test  wall  14^  ft.  high  being  inserted  in  a  pit.  The  horizontal 
and  vertical  components  on  two  12-in.  square  sections  of  the  wall  were  meas- 
ured by  levers.  For  such  a  depth  the  pit  was  too  small  in  cross-section,  and  the 
effect  of  the  solidified  earth  walls  caused  inconsistent  readings.  The  labor 
involved  prohibited  more  than  a  few  tests  and  some  of  these  were  performed 
in  parts.  Steel  noticed  the  drop  in  pressure  over  night,  which  he  attributed 
to  interference  with  the  apparatus  by  troublesome  boys.  The  same  drop  in  pres- 
sure was  noticed  in  the  Cincinnati  tests,  during  which  the  apparatus  was  safe 
from  intrusion.  II 

The  Mueller-Breslau  apparatus,  on  which  the  Cincinnati  design  was  based, 
was  "an  attempt  to  reproduce  the  actual  action  of  a  retaining  wall  under 
earth  pressure".  A  complete  translation  of  the  section  of  Mueller-Breslau's 
book  dealing  with  his  apparatus  and  experiments  is  included  in  the  writer's 
thesis,  filed  in  the  Library  of  the  University  of  Cincinnati.  Mueller-Breslau 
determined  the  horizontal  and  vertical  components  by  measuring  the  deforma- 

*  Winkler,  Der  CitHlingenieur  (1865),  Vol.  II,  pp.  1—11;  "Neue  Theorie  des  Erd- 
drucks"    (1872).    (Not  obtainable). 

t  Constable,  Transactions,  Am.  Soc.  C.  E.   (1874),  Vol.  3,  pp.  67-75. 
t  Darwin,  Minutes  of  Proceedings,  Inst.  C.  E.    (1883),  Vol.  71,  p.  350. 
§  Leygue,  Annales  des  Pcnts  et  Chaussees  (1885),  Vol.  10,  pp.  780-1000. 
II  Steel,  Engineering  Neivs   (1899),  Vol.  42,  pp.  261-263. 
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tions  in  calibrated  steel  struts,  restraining  a  wall  29  in.  high.  No  attempt  was 
made  to  measure  the  effect  of  the  side-walls,  which  were  coated  with  graphite 
to  reduce  the  friction.  One  noteworthy  observation,  which  caused  the  use  of 
graphite,  was  that  the  angle  of  friction  of  sand  on  these  walls  was  14°,  whereas 
that  of  sand  on  glass  was  22°.* 

His  conclusions  were  that  the  measured  earth  pressure  is  somewhat  greater 
than  the  value  from  the  Coulomb  theory.  By  using  the  angle  of  internal 
resistance  in  place  of  the  angle  of  repose,  the  writer  has  shown  that  very 
close  agreement  exists  between  Mueller-Breslau's  results  and  the  wedge 
theory.  The  surface  slope  had  no  effect  on  the  inclination  of  the  resultant. 
Using  glass  and  emery-cloth  backing  on  the  wall,  he  concluded  that  the 
resultant  is  always  inclined  at  the  angle  of  friction  on  the  wall.  Alternate 
loading  and  unloading  of  the  fill  caused  the  resultant  to  rise.  The  same 
results  were  obtained  in  the  Cincinnati  experiments. 

A  photographic  investigation  of  the  wedge  of  rupture  was  made  in  a 
glass  box  about  2  ft.  high.  The  wall  could  be  displaced  by  either  a  transla- 
tion or  a  rotation.  It  was  found  that  a  movement  of  1  to  6  mm.,  had  prac- 
tically no  effect  on  the  shape  of  the  surface  of  rupture,  which  was  slightly 
cuiTed  down  at  the  lower  end,  approximating  the  Coulomb  theory  very  closely. 
With  surcharged  fills,  the  lower  end  of  the  surface  of  rupture  was  straight 
and  the  upper  portion  is  curved.  Mueller-Breslau  announces  that  he  has 
designed  a  much  larger  apparatus,  but  the  writer  has  been  unable  to  find 
any  further  information  than  that  given  in  his  book  of  1906. 

At  the  University  of  Pittsburgh,  Professor  J.  H.  Smith  constructed  an 
apparatus  for  the  determination  of  the  lateral  pressure.  As  the  maximum 
distance  between  the  front  and  the  back  walls  of  the  box  he  used  was  only 
18  in.,  the  height  being  5  ft.,  the  results  are  only  applicable  to  storage  bins. 
The  use  of  these  results  to  retaining-wall  design  is  equivalent  to  the  assump- 
tion that  earth  pressure  is  the  same  as  liquid  pressure.f 

Crosthwaite  (1916-22)  investigated  the  accuracy  of  Rankine's  formula  for 

p    /l  _  sin  (p\^        P 
penetration,    d  =  —  ( -. 1    =  —  tan*  ^  (90  —  cp),  03'  using  a  plunger  of 

3^  sq.  in.  bearing  area.  Substituting  the  penetrations  found,:}:  the  value  of  ^ 
can  be  computed.  Comparison  is  then  made  between  this  <^  and  the  natural 
slope.  Sand,  garden  earth,  cinders,  ashes,  and  clay  were  used.  It  was  found, 
in  general,  that,  in  materials  loosely  deposited,  the  angle  of  friction  equals  the 
angle  of  repose.  On  consolidation  of  the  fill,  this  did  not  hold  true.  The 
results  obtained  are  the  combined  effects  of  cohesion  and  friction ;  there  is 
no  necessity  to  consider  these  phenomena  separately.  Although  Crosthwaite 
draws  definite  conclusions,  it  should  be  noted  that,  in  most  of  his  experimental 
work  the  results  were  widely  scattered,  many  readings  being  50%  from  the 
mean.  He  considers  this  to  be  due  to  the  small-sized  apparatus,  and  states, 
"Model  experiments  are  best.  *  *  *  of  the  experiments  made  by  previous 
investigators  to  investigate  the  lateral  pressure  of  earth,  those  in  which  model 

*  Mueller-Breslau,  "Erddruck  auf  Stiitzmauern",  1906. 

t  Smith,  Proceedings,  Am.  Soc.  for  Testing  Materials,  Vol.  15,  Pt.  2,  pp.  382-398. 

t  Crosthwaite,  Minutes  of  Proceedings,  Inst.   C.  E.,   1916,  Vol.   103,  and  1920. 
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walls  were  used  are  of  the  greatest  value,  but  if  the  models  are  of  any  size,  the 
experimental  difficulties  are  almost  insuperable."  The  writer  agrees  with  thi.'; 
last  phrase. 

Experiments   with  sand  ranged  from   dry  sand  to   saturated  sand    (35% 
moisture),  with  a  range  in  weight  from  108  to  121  lb.  per  cu.  ft.     The  com- 


puted value  of 


sin  (p 


was   O.OoOO    to    0.0601,    corresponding  to  values  of 


1  -h  sin  0 
(p  =  64°  27'  to  62°  27'.     The  sand  acted  like  a  solid,  the  plunger  came  to  rest 

immediately.    The  observed  natural  slope  was  52°  28'. 

Garden  earth,  with  a  natural  slope  of  46°  12',  gave  experimental  values 
for  ^  of  43°  08'  to  60°  51',  with  an  average  value  of  58°  15'.  Ashes  and  cinders 
acted  as  viscous  solids,  and  required  a  long  time  to  come  to  rest.  The  results 
obtained  are  summarized  in  Table  35. 


TABLE  35. 


Materials. 


Leighton  Buzzard  sand,  damp 

'•  "  "    ,  dry 

Bournemouth  sand 

Garden  earth 

Ashes  and  cinders  thi-ough  ^-in.  sieve 

30  by  30  mesh 


I    Maximum  ex- 
Angle  of  repose,  periraental  value 
I  of  <i>. 


52°  28' 
43°  04' 
47°  21' 
46°  12' 
53°  48' 
4T°  30' 


67°  48' 
64°  47' 
65°  33' 
60°  51' 
72°  59' 


Experiments  with  clay  were  made,  with  a  bearing  area  of  1  sq.  ft.,  and 
loads  up  to  12  tons  per  sq.  ft.  With  mud,  the  area  was  16  sq.  ft.,  with  loads 
up  to  1.25  tons  per  sq.  ft.  These  tests  were  made  in  the  natural  undisturbed 
ground,  and  showed  that  the  internal  coefficient  of  friction  decreases  rapidly 
with  an  increase  in  pressure.    There  were  great  variations  in  the  results. 

Crosthwaite  concluded  that  the  Eankine  formula  holds  true,  but  that  ^ 
must  be  taken  as  the  angle  of  internal  friction  and  not  as  the  surface 
slope.  For  clay,  the  penetration  varies  as  the  square  of  the  load.  Had 
the  experimenter  taken  the  trouble  to  determine  the  actual  coefficient  of 
friction  in  the  material,  he  would  have  found  that  the  angle  of  internal 
friction  is  always  less  than  the  natural  slope,  whereas,  in  these  tests,  the 
average  angle  of  friction  is  68°  21',  with  a  corresponding  natural  slope  of 
48°  24',  almost  20°  more.  Without  doubt,  the  effect  of  friction  along  the  sides 
of  the  bucket  used  as  the  container  had  considerable  influence  on  these  results. 

In  his  1920  report,  Crosthwaite  gives  the  opposite  conclusion  for  the  same 
type  of  experiments :  "The  angles  of  internal  friction  from  these  experiments 
was  much  less  than  the  angle  of  repose,  and  was  not  constant  for  any  one 
material,  but  depended  on  its  state  of  aggregation,  whether  it  was  put  loosely 
together,  shaken,  or  consolidated  by  tamping." 

Tests  with  a  small  vertical  wall,  hinged  at  the  base,  in  which  the  over- 
turning moment  caused  by  sand  fills  was  measured  by  the  tension  in  a  string 
tied  to  the  top  of  the  wall,  caused  Crosthwaite  to  conclude  that  the  pressures 
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as  calculated  from  the  Coulomb  and  the  Rankine  formulas  are  too  high,  espe- 
cially for  surcharges.  Walls  calculated  by  the  Rankine  theory,  using  the 
"value  of  the  angle  of  repose  for  0,  would  have  a  factor  of  safety  of  2i  to  4. 

In  order  to  test  the  wedge  theory,  a  false  bottom  coated  with  glued-on 
sand  was  inserted,  that  could  be  set  at  any  angle  with  the  back  of  the  wall, 
so  that  the  pressure  produced  by  any  wedge  could  be  measured.  He  found 
that  the  wedge  theories  that  take  into  account  the  friction  between  the  wall 
and  the  fill,  give  correct  results  for  the  wedge  of  maximum  thrust  as  long 
as  the  wall  is  not  surcharged,  but  that  the  calculated  pressures  are  30%  too 
great  for  surcharged  walls.  These  results,  he  states,  made  him  think  that 
the  theory  was  wrong,  that  the  friction  between  the  wall  and  the  fill  should 
not  be  considered,  and  that  (/>  was  really  the  angle  of  friction.  In  view 
of  the  result  just  stated,  that  the  theoretical  and  experimental  results  did 
agree,  it  is  difficult  to  understand  how  Crosthwaite  obtained  his  conclusions. 
He  calculated  the  value  of  <^  required  to  satisfy  the  values  obtained  for  the 
lateral  pressure  of  a  horizontal  fill  against  a  vertical  wall.  This  value,  42°  20', 
he  called  the  angle  of  internal  resistance.  The  natural  slope  of  this  material 
was  35°,  or  less  than  the  angle  of  friction.  With  this  new  value  for  (f>  and 
disregarding  the  friction  on  the  wall,  "the  maximum  calculated  pressures  were 
practically  identical  with  the  observed." 

The  next  experiment  was  intended  to  determine  whether  or  not  wall  fric- 
tion did  affect  the  horizontal  pressures.  A  long  box  was  sawed,  at  the  middle  of 
its  length,  into  two  compartments  by  a  vertical  cut.  One-half  the  box  was  fixed 
to  solid  supports  and  the  other  half  was  placed  on  rollers.  When  the  box  is  filled 
with  sand,  the  two  compartments  are  urged  apart  by  the  pressure  of  the  sand  on 
the  plane  passing  through  the  saw-cut.  By  measuring  the  tension  in  a  string 
that  prevented  the  half  of  the  box  on  rollers  from  being  pushed  forward,  the 
pressure  on  the  vertical  plane  was  determined.  The  part  of  the  box  on  rollers 
was  then  turned  end  for  end,  so  that  the  sand  in  the  fixed  compartment  was  held 
in  position  by  the  solid  end  of  the  box,  the  face  of  which  was  coated  with 
glued-on  sand.  "This  is  the  same  as  if  it  had  been  retained  by  a  rough  wall,  and 
if  the  friction  between  the  wall  and  backing  affects  the  amount  of  the  horizontal 
thrust  the  amount  of  tension  now  required  to  keep  the  rolling  box  in  position 
should  have  been  less  than  before."  A  large  number  of  experiments  showed 
that  there  was  practically  no  difference,  and,  therefore,  Crosthwaite  concludes 
that  "it  is  not  correct  to  assume  that  the  friction  between  the  wall  and  backing 
can  affect  the  amount  of  the  horizontal  thrust." 

Disregarding  the  truth  of  the  conclusion,  the  writer  doubts  the  right  to 
draw  such  conclusions  from  the  tests.  What  was  shown  was  that  the  thrust 
of  a  mass  of  sand  on  a  theoretical  vertical  plane  bounding  the  mass  is  the 
same  as  that  on  a  vertical  wall  replacing  the  material  on  the  other  side  of 
the  theoretical  plane,  if  the  surface  of  the  wall  is  of  the  same  material  as 
the  filling  material.  Had  the  experimenter  used  a  smooth  wall  and  obtained 
the  same  results,  the  conclusions  might  have  an  experimental  foundation. 

The  final  conclusions  drawn  by  Crosthwaite  from  all  his  work  are: 
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1. — That  the  plane  of  rupture  may  be  a  convenient  mathematical  assump- 
tion, but  has  no  existence  in  the  granular  material  dealt  with — at  least,  he  was 
unable  to  trace  any  evidence  of  it  in  his  experiments. 

2. — That  the  angle  of  repose  is  a  physical  constant  that  relates  only  to  the 
surface,  and  is  represented  in  the  interior  of  the  mass  of  sand  by  the  angle  of 
internal  friction. 

3. — That  the  angle  of  internal  friction  is  not  a  physical  characteristic 
constant  for  any  one  material,  but  varies  with  the  state  of  its  aggregation. 

4. — That  friction  between  the  back  of  a  wall  and  its  backing  does  not 
affect  the  amount  of  the  resultant  thrust.  The  writer  believes  that  "horizontal" 
component  of  the  thrust  is  meant,  because  the  apparatus  used  gives  no  measure- 
ment of  the  vertical  component. 

5. — That  the  wedge  theory,  which  takes  into  account  the  wall  friction  and 
the  angle  of  repose,  although  giving  correct  results  when  applied  to  a  wall 
without  surcharge,  or  with  negative  surcharge,  breaks  down  completely  when 
applied  to  a  surcharged  wall. 

The  writer  desires  to  call  attention  to  the  statements  concerning  the 
relative  value  of  the  angles  of  repose  and  internal  friction.  Although  the 
articles  in  Engineering  and  Contracting  for  March  31,  1920,  and  Engi- 
neering News-Record  for  January  19,  1922,  begin  with  a  statement  that 
"the  angle  of  internal  friction  from  these  experiments  was  much  less  than 
the  angle  of  reix)se,"  all  the  data  in  these  and  other  articles  by  Crosthwaite 
show  the  opposite.  The  other  conclusions  are  remarkably  close  to  those  drawn 
from  the  Cincinnati  experiments,  although  the  experimenter's  right  to  give 
them  from  the  tests  he  i)erformed  is  doubtful. 

By  using  a  rotating  test-wall  apparatus  in  a  bin  7  ft.  high,  Fulton,*  in 
1920,  measured  the  overturning  moment  of  various  types  of  fill.  The  magni- 
tude of  the  resulting  moment  was  measured  by  observing  the  extension  of  a  bar 
fitted  with  a  Ewing  extensometer. 

The  results  were  compared  with  the  various  theories,  and,  using  the  con- 
clusions given  in  the  abstract,  it  was  found  by  Fulton  that : 

1. — The  overturning  moment  on  retaining  walls  due  to  the  filling,  as  calcu- 
lated from  a  general  formula  based  on  the  wedge  theory,  is  approximately  the 
same  as  that  which  ordinarily  exists  when  the  filling  is  within  the  limits  of  these 
experiments,  and  when  the  inclination  of  the  inner  face  of  the  wall  either  out- 
ward or  inward  is  not  greater  than  usually  obtains  in  practice.  In  calculating 
theoretical  values,  it  was  assumed  that  the  resultant  acts  on  the  inner  face  at 
a  point  one-third  of  the  height  of  the  fill  from  the  bottom  of  the  wall  and  that 
it  makes  an  angle  equal  to  the  angle  of  repose  with  the  normal  to  the  wall. 

2. — That  in  walls  having  a  filling  the  surcharge  of  which  is  not  continuous 
and  unlimited,  the  general  formula  requires  modification.  This  modification 
can  be  made  by  reducing  the  sliding  prism  of  irregular  section  to  one  equiv- 
alent triangular  section  from  which  the  overturning  moment  can  be  deduced 
either  by  direct  calculation  or  by  a  convenient  graphical  method.    Under  these 

*  Minutes  of  Proceedings,  Iijst.  C.  E.,  1920.  Abstract  In  Engineering  and  Contracting, 
March  31,  1920. 
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conditions,  the  position   of  the  resultant  pressure  may   range  from   0.33   to 
0.3G4  of  the  height  of  the  fill  from  the  base  of  the  wall. 

For  a  vertical  wall  with  a  horizontal  fill,  the  Rankine  theory  gave  results 
for  the  overturning  moment  greatly  in  excess  of  the  observed  values,  whereas 
the  wedge  theory  gave  results  quite  close  to  those  obtained  by  experiment. 
For  surcharged  fills  and  a  vertical  wall,  the  Rankine  theory  gave  values  50% 
in  excess,  and  the  wedge  theory  20%  in  excess,  of  the  observed  values. 
Although  three  materials  were  used,  clean  river  sand,  gravel,  and  garden  soil, 
it  seems  that  most  of  the  tests  were  made  with  sand.  In  order  to  keep  a  full 
plane  of  rupture  inside  the  fill,  surcharged  fills  were  made  smaller  than  the 
height  of  the  bin,  Y  ft.,  hence  it  may  be  concluded  that  the  bin  was  rather 
narrow.  With  sloped  walls  the  theoretical  values  were  from  40  to  50%  in 
excess  of  the  experimental  values. 

Moulton*  classifies  all  materials  between  liquids  and  solids,  as : 
A. — Solid,  from  moist  sand  to  rock,  dealing  with  walls. 
B. — Granular,  from  dry  sand  to  wheat,  dealing  with  bins. 
C. — Semi-liquid,  from  wet  clay  to  quicksand. 
He  dealt  only  with  the  first  and,  from  many  field  observations,  concluded 
that  the  surface  of  rupture  and  surface  of  repose  are  not  plane;  that  fracture 
in  these  materials  is  conchoidal.    He  notes  that  in  one  of  the  subway  tunnels, 
the  floor  of  which  was  68  ft.  below  street  level,  a  break  in  the  surface  occurred 
at  a  distance  of  50  ft.  from  the  center  line,  the  average  line  of  rupture  being 
on  a  slope  of  about  1:2.    In  the  placer  mine  gravel  banks  at  Dawson,  Yukon 
Territory,  Canada,  the  natural  slopes  averaged  about  1  :  2,  for  heights  up  to 
100  ft.,  and  were  always  concave.     He  concludes,  therefore,  that  the  wedge 
behind  a  wall  must  exert  pressure  in  accordance  with  Meem's  theory. 

It  may  be  noticed  that  the  writer  makes  no  comment  on  the  experimental 
work  of  E.  P.  Goodrich  and  J.  C.  Meem,  Members,  Am.  Soc.  C.  E.,  and  the 
discussions  thereon,  as  published  in  the  Transactions  of  the  Society.  Some 
recent  work  by  Finnan  and  Hummel,  of  the  Institution  of  Civil  Engineers 
(1921),  in  general  agrees  with  the  writer's  results.  As  the  work  is  still  in 
progress,  no  more  than  mention  is  required.  Terzaghif  rejects  all  the  existing 
theories  and  starts  the  investigation  of  the  stresses  in  granular  fills,  following 
the  method  of  Couplet  (1727),  but  including  the  frictional  forces  between 
grains.  The  lateral  pressure  per  unit  area  due  to  liquids  is  given  by  the  well- 
known  hydrostatic  formula,  p  =  wh.  The  same  law  holds  true  for  a  mass  of 
smooth  spheres  of  equal  size.  For  any  other  assemblage  of  smooth  spheres,  the 
lateral  pressure  may  be  greater  or  less  and  is  denoted  hjhwh  =  'p'.  Statical 
resistance  is  called  the  cause  of  the  difference  between  p  and  p',  because  it 
exists  independently  of  any  frictional  resistances  acting  at  the  surface  of  the 
spheres.  The  statical  resistance  is  merely  the  effect  of  the  weight  of  individual 
grains  transmitted  by  their  neighbors  to  the  wall  of  the  confining  vessels. 

Should  the  spheres  become  rough,  the  value  of  p'  is  unchanged  as  long  as 
the  wall  does  not  yield.    After  a  given  yield,  frictional  resistance  will  be  set 

*  Transactions,  Am.   Inst,  of  Min.  and  Metallurgical  Engrs.,  1920. 
t  Engineering  News-Record,  September  30,  1920. 
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up,  due  to  the  roughness  of  the  grains  requiring  that  work  be  done  in  deform- 
ing the  shape  of  the  body.  During  the  failure  of  a  wall,  one  may  distinguish 
between  the  first  phase,  the  interval  in  which  the  frictional  resistance  is 
increasing,  but  has  not  yet  reached  a  maximum,  and  in  which  the  statical  re- 
sistance remains  constant,  and  the  second  phase,  during  which  the  mutual 
positions  of  the  grains  change.  In  a  detailed  study,  the  elastic  properties  of 
the  grains  must  also  be  considered. 

The  experimental  work,  described  in  Engineering  News-Record,  of  Septem- 
ber 30,  1920,  consisted  of  several  sets  of  tests,  the  object  of  each  of  which 
was  to  investigate  one  single  point  in  the  theory.  Although  several  diagrams 
are  given,  no  scale  or  dimensions  is  given.  At  the  time  this  article  appeared, 
the  Avriter  was  working  on  his  apparatus  and,  therefore,  was  interested  in 
knowing  the  type  of  apparatus  and  method  used  by  Dr.  Terzaghi.  In  reply 
to  a  letter.  Dr.  Terzaghi  states  in  part: 

"The  preliminary  investigations  made  for  my  own  experiments  have  shown 
that  the  intensity  of  the  earth  pressure  is  strongly  influenced  by  the  side  of 
the  bin,  unless  the  width  of  the  bin  is  at  least  two  and  a  half  times  greater 
than  the  height  of  the  baek-filling.  As  sho^vn  by  Donath  (1891)  the  use  of 
scales  to  measure  the  vertical  component  is  utterly  unreliable  because  of  the 
inevitable  vertical  displacement  of  the  wall.  That  is  the  reason  why  I  adopted 
an  indirect  method  for  measuring  the  vertical  component  [several  comments 
are  here  inserted  on  the  design  of  the  Cincinnati  apparatus]. 

"My  own  experiments  were  made  on  a  very  small  scale,  the  height  of  the 
retaining  wall  being  10  cm.  (4  in.)  only.  I  was  not  interested  in  the  quantities 
but  in  the  principle  and  in  this  case  the  size  of  the  box  makes  no  difference. 
The  goal  of  my  investigations  was  the  determination  of  the  elastic  constants 
of  the  sand." 

Keeping  in  mind  the  size  of  Dr.  Terzaghi's  apparatus,  the  investigation 
covered  the  following  problems : 

1. — Earth  Pressure  at  Rest. — The  ratio  of  lateral  to  vertical  pressure  was 
determined.  The  vertical  pressure  was  applied  by  a  testing  machine  on 
a  mass  of  sand  in  a  square  frame  (no  dimensions  given),  one  side  of  which 
was  closed  by  a  steel  tape.  Pressure  on  the  sand  caused  this  tape  to  press 
against  a  similar  tape.  A  third  tape  was  passed  between  these  two  and  by 
pulling  this  third  tape  out,  the  frictional  force  on  it  was  measured.  Xo 
account  is  taken  of  the  resistances  of  the  sides  of  the  frame,  nor  of  the 
pressure  lost  in  deflecting  the  inner  tape  before  it  began  to  bind  on  the 
measuring  tape,  although  the  distance  between  the  tapes  could  be  made  very 
small. 

2. — Horizontal  Component. — The  test  wall  (10  cm.  high)  rested  on  fric- 
tionless  rollers,  and  was  tied  to  a  weighing  scale  with  a  cord  passing 
through  the  fill.  The  connection  to  the  wall  was  probably  at  the  third  point. 
Displacement  of  the  wall  was  horizontal  (sliding)  and  occurred  by  reducing 
the  weights  on  the  scale  so  that  the  active  pressure  was  obtained.  Coarse 
sand  (2-3mm.)  was  used,  because  it  is  easier  to  produce  a  fairly  homogeneous 
back-filling  with  a  coarse  sand  than  with  a  fine  sand.  In  order  to  obtain  an 
idea  of  the  size  of  the  apparatus,  note  that  40  grains  of  sand  in  a  line  will 
extend  the  entire  height  of  the  wall. 
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3. — Vertical  Component. — By  using  a  single  roller  under  the  wall,  and 
using  an  indirect  method,  Dr.  Terzaghi  claims  to  measure  the  vertical  com- 
ponent with  only  a  horizontal  displacement.  The  bottom  of  the  front  end 
of  the  wall  is  provided  with  a  steel  button  resting  on  a  ground-glass  surface. 
The  filling  exerts  a  vertical  component  on  the  wall  causing  this  steel  button 
(placed  very  close  to  the  bin)  to  bind  on  the  glass.  Weights  are  placed  on 
the  farther  end  of  the  base  of  the  wall  until  the  w^ll  is  balanced  over  the 
roller,  which  is  at  about  the  mid-point  of  the  base.  The  computation  of  the 
vertical  component  requires  the  use  of  the  horizontal  component  which  was 
independently  obtained.  Dr.  Terzaghi  states  "no  pull  is  exerted  in  a  vertical 
direction  by  the  measuring  device  on  the  retaining  wall".  He  neglects  the 
process  of  counterbalancing  which  causes  the  face  of  the  wall  to  move  up  a 
trifling  distance,  it  is  true,  yet  a  vertical  displacement  does  occur.  The 
writer  wishes  to  note  that  in  all  present-day  methods,  stress  is  determined 
by  strain  in  the  direction  of  the  stress;  in  other  words,  it  is  impossible  to 
measure  a  vertical  force  unless  there  is  a  vertical  displacement. 

4. — Passive  Pressures. — Passive  pressures  were  obtained  in  the  same  manner 
as  the  active  components,  but  measurements  were  made  while  the  wall  was 
being  forced  against  the  fill.  As  shown  in  the  Cincinnati  experiments,  the 
amount  of  such  movement  must  be  considerable,  to  correspond  to  the  amount 
of  yield  in  the  "second  phase"  (as  termed  by  Dr.  Terzaghi),  before  the  passive 
pressure  will  occur. 

5. — Obseiwing  Inter-Granular  Movements. — Sheets  of  aluminum  were  cut 
in  the  shape  of  sand-grain  sections  and  a  study  was  made  of  the  manner  in 
which  these  sheets  were  assembled.  Various  other  tests,  measuring  the  lateral 
pressure  at  rest  and  during  the  second  phase,  are  given.  During  the  first  phase 
the  angle  of  friction  on  the  wall  being  34°,  the  resultant  acted  at  angles  of  from 
5  to  20°  for  various  kinds  of  fill.  The  measured  angle  of  inclination  in- 
creased with  the  total  pressure.  During  the  second  phase,  the  lateral  pressure, 
for  all  cases,  acts  normal  to  the  back  of  the  wall. 

In  discussing  the  action  of  the  sand  during  passive  pressure,  Dr.  Terzaghi 
also  notes  two  phases.  During  the  first  phase,  the  resistance  of  the  back-filling 
increases  in  direct  proportion  to  the  distance  of  compression,  until  the  fric- 
tional  resistance  which  acts  between  the  surface  of  contact  of  the  sand  grains 
assumes  its  maximum  value.  The  second  phase  starts  with  inter-granular 
movements,  the  intensity  of  which  increases  more  rapidly  than  the  earth 
pressure  decreases.  These  movements  are  confined  to  a  definite  wedge  of  the 
mass  resting  against  the  wall,  which  statement  can  be  obtained  by  a  study 
of  the  equilibrium  of  a  mass  of  spheres.  This  "slip"  occurs  only  if  the 
angle  between  the  forces  acting  on  some  surface  (surface  of  rupture)  and 
the  normal  exceed  a  certain  value,  which  is  the  "angle  of  slip". 

"The  earth  pressure  against  a  perfectly  rigid  wall  is  fairly  independent 
of  the  back-filling."  For  sand,  its  value  is  i  (0.42)  y  h^,  and  the  minimum  value 
for  any  back-filling  can  be  caused  by  a  yielding  of  the  wall,  and  the  correspond- 
ing coefficient  varies  from  0.15  to  0.05.  It  should  be  noted  that  all  these 
formulas  include  the  density,  in  spite  of  the  previous  statement  that  the 


I 


DETERMINATION  OF  LATERAL  EARTH  PRESSURE  1505 

density  is  independent  of  the  noaterial.  The  conclusions  are  given  for  the 
sake  of  completeness,  not  because  of  their  quantitative  value.  Dr.  Torzaghi'8 
work  furnishes  many  valuable  openings  for  future  investigation. 

The  writer  wishes  to  call  attention  to  the  close  agreement  of  the  independent 
experimental  work,  when  such  work  was  on  a  reasonably  large  scale  and 
resulted  in  consistent  conclusions,  with  the  results  of  the  Cincinnati  tests. 
He  believes  that  the  smallest  sized  apparatus  for  the  accurate  determination 
of  lateral  earth  pressure  should  be  at  least  5  ft.  high,  as  was  recommended 
by  Professor  Cain,  in  1915.  Fairly  accurate  readings  can  be  obtained  with  a 
height  of  3  to  4  ft.;  a  test  wall  6  ft.  high  will  give  at  least  three  accurate  read- 
ings 1  ft.  apart,  from  which  reliable  results  can  be  obtained.  The  readings 
should  be  taken  as  directly  as  possible,  friction  dynamometers,  springs,  elastic 
gauges,  etc.,  require  too  much  calibration.  Platform  scales  have  proved  reli- 
able, accurate,  and  sensitive.  Experiments  on  miniature  apparatus  are  of 
no  use;  no  one  claims  quantitative  results,  and  the  qualitative  results  are  not 
consistent  with  each  other. 

Greater  attention  must  be  paid  to  the  properties  of  the  material  used  in  the 
tests.  Physical,  as  well  as  chemical  and  geological,  analysis,  including  the 
determination  of  all  the  properties  of  the  soil,  is  necessary  for  any  comparison 
with  the  work  of  others. 

Summary 

Prom  the  Cincinnati  experiments,  together  with  the  results  of  other 
experiments,  the  writer  recommends  the  following  rules  for  the  determination 
of  the  lateral  active  earth  pressure,  to  be  used  in  the  design  of  retaining  walls 
and  similar  structures: 

1. — The  resultant  pressure  is  inclined  to  the  wall,  deviating  from  the 
normal  by  an  angle  equal  to  the  angle  of  friction  between  the  fill  and  the 
wall. 

2. — The  resultant  acts  above  the  third  point,  and,  for  a  heavy  surcharge,  as 
high  as  the  0.4  point. 

3. — The  horizontal  component  is  given  closest  by  the  wedge  tlieory,  taking 
as  the  angle,  (f,,  the  experimentally  determined  angle  of  internal  resistance 
of  the  fill. 

The  effect  of  surcharge,  temperature,  settling,  etc.,  is  found  at  the  end  of 
the  rejKjrt  of  the  Cincinnati  tests.  The  writer  hopes  to  see  the  work  at  the 
University  of  Cincinnati  continued,  thereby  completing  the  solution  of  the 
accurate  experimental  determination  of  the  lateral  pressure  of  granular 
materials. 
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J.  C.  Meem,*  M.  Am.  Soc.  C.  E. — It  would  be  impossible  to  speak  except 

in  the  highest  commendation  of  this  master  effort,  combining  as  it  does 
research,  compilation,  analysis,  and  deduction,  and  the  speaker  wishes  to 
express  his  high  appreciation  of  the  author's  work,  and  to  state  his  belief 
that  the  publication  of  this  paper  indicates  that  great  progress  has  been 
made  in  the  solution  of  problems  pertaining  to  lateral  earth  pressure.  The 
speaker  feels  convinced  that  although  he  differs  from  the  author — and  at 
times  perhaps  radically — such  differences  may  not  be  irreconcilable. 

His  one  and  only  criticism  of  the  paper  and  its  findings,  therefore,  is 
intended  to  be  constructive  and  to  involve  a  fundamental  point,  viz.,  that 
the  testing  box  or  apparatus  was  not  of  sufficient  width  in  relation  to  its 
height;  that  is,  in  order  to  get  results  wholly  unaffected  by  lateral  arching, 
horizontal  as  well  as  vertical,  the  box  should  have  been  much  longer,  by  at 
least  three  or  four  times  the  height.  That  there  is  such  arching  action 
is  as  uncontrovertible  as  the  existence  of  lateral  pressure  itself,  on  which 
it  must  depend;  and  there  is  reason  to  believe  that  it  exerts  itself  horizontally, 
or  nearly  so,  as  well  as  vertically,  with  certain  modifications.  The  speaker 
is  convinced  that  the  size  of  the  testing  apparatus  is  not  as  important  as 
its  relative  proportions.  For  example:  If  a  box.  Fig.  7,  is  built,  having  a 
width,  D,  equal  to  its  length,  L,  and  its  height,  H,  and  if  a  false  bottom, 
B-C,  is  put  in  position,  as  shown,  and  the  box  is  filled  with  sand,  the 
bottom  may  be  supported  by  bolts  through  the  sand  and  through  a  smaller 
top  or  washer  bearing  on  the  sand.  The  bolts  may  be  tightened  so  that  the 
box  may  be  carried  about  without  dislodging  the  sand.  The  support  of 
this  sand  is  entirely  due  to  the  transmission  of  its  lateral  pressure  to  the 
sides  of  the  box,  and  it  must  undoubtedly  be  true  that  there  is  equal  pressure 
on  each  of  the  four  sides  of  the  box.  It  is  seen,  therefore,  that  the  measure- 
ment of  the  pressure  on  any  one  side  is  not  an  accurate  determination  of 
the  lateral  pressure,  as  would  be  the  case  if  the  length  of  the  box,  L,  was 
increased  until  it  very  greatly  exceeded  its  height,  H.  Any  measurements 
should  include  the  whole  area,  as  nothing  can  be  gained  by  measuring  the 
pressures  of  fractional  areas  separately. 

In   Fig.   Y   it   can   be  shown   that  more  satis- 

-^^ — ^^^  "  factory  results  can  be  obtained  in  a  box  12  in.  wide, 

12  in.  deep,  and  4  ft.  long,  than  in  any  cubical  box 
of  however  large  a  cube. 

If,  in  Fig.  7,  it  is  assumed  that  the  pressure 
of  all  the  sand  or  soil  above  B-A-C  is  transmitted 
'     '    '     '  laterally  to  the  sides,  it  does  not  matter  whether  the 

^^°-  ^-  measurements  of  B-A-C,  or  of  H  and  D,  are  in 

terms  of  inches,  feet,  yards,  or  rods,  for  if  the  testing  material  is  homogeneous 

and  the  length  is  always  sufficient  to  be  greater  than  4  H,  the  relative  areas  of 

soil-producing  pressures  may  always  be  encompassed  by  the  same  geometric 

*  Vice-Pres.  and  Chf.  Engr.,  Frederick  L.  Cranford,  Inc.,  Brooklyn,  N.  Y. 
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figures.  For  instance,  if  the  area  producing  pressure  against  the  sides  is 
measured  in  terms  of  one-half  of  all  the  sand  above  B-A-C,  it  does  not 
matter  whether  the  area  is  expressed  in  inches,  feet,  or  rods.  For  the  casual 
reader,  it  should  be  noted  that  this  does  not  mean  that  the  pressure  per  area  is 
the  same  in  all  cases,  but  that  the  pressure  per  area  can  always  be  measured 
by  the  same  relative  formula  in  terms  of  the  height. 

In  the  case  of  small  models  for  testing,  objection  is  often  made  to  the 
use  of  perfectly  dry  sand;  but  the  reason  for  this  is  apparent  when  it  is 
realized  that  cohesion  in  small  models  is  relatively  a  much  greater  factor  than 
it  is  in  large  models ;  that  is,  a  cubic  foot  of  moist  sand  may  be  cut  vertically 
or  even  moulded  or  tunneled,  whereas  a  deep  cut  or  a  large  tunel  through  sand 
of  the  same  consistency  would  break,  or  tend  to  break,  down.  Thus,  the  dry 
sand  gives  more  nearly  the  same  relative  pressure  in  terms  of  the  height. 

After  all,  it  is  not  difficult  to  realize  that  the  results  obtained  by  small 
models  with  dry  sand  are  applicable  (with  slight  modifications  for  changes 
in  factors  of  moisture  and  cohesion)  to  operations  of  any  size,  even  including 
those  of  a  tunnel  through  solid  rock,  when  the  width  of  the  tunnel  is  so 
great  that  the  rock  tends  to  break  or  become  a  mass  of  aggregates  equivalent 
to  large  boulders.  In  ordinary  soil,  with  which  nearly  all  engineers  in  the 
East  are  familiar,  there  is  usually  an  overlay  of  clay  or  hard  compacted 
soil  for  varying  depths;  below  that,  and  usually  within  the  prism  of  the 
operation,  sand  is  often  found.  The  overlay  of  compacted  soil  does  not 
usually  tend  to  break  down  until  the  excavating  operators  have  disturbed, 
or  caused  movement  of,  the  sand,  and  then  there  occurs  the  phenomenon, 
referred  to  subsequently  by  Mr.  Haines,  and  elsewhere  by  Mr.  Moulton,  of  an 
almost  vertical  crack,  caused  by  a  section  of  clay  which  is  pulled  away  by  its 
own  weight  and  the  slight  lateral  movement  of  the  sand  at  its  base;  and 
although  the  crack  may  seem  to  be  continuous  and  to  separate  absolutely  the 
two  masses  of  soil,  there  must  undoubtedly  be  spawls,  cobbles,  etc.,  projecting 
here  and  there  and  acting  as  braces,  which  prevent  the  soil  back  of  them 
from  breaking  down  and  filling  the  crack.  Of  course,  this  applies  as  well 
to  all  more  or  less  cohesive  soils  which  are  deeply  cut  or  tunneled,  even 
though  there  is  no  stratum  of  sand. 

The  measurement  of  the  lateral  pressure  of  this  mass  against  the  sheathing 
or  structure  is  equivalent  to  that  of  a  boulder  resting  on  a  background  of 
other  boulders,  the  pressure  of  which  on  the  side  of  a  small  model  would  be 
slightly  different,  of  course,  from  the  resultant  pressure  of  a  sliding  aggre- 
gate of  small  particles,  such  as  dry  sand;  but  it  should  not  be  difficult  to 
correlate  the  pressure  by  proper  assumption  as  to  a  mean  angle  of  repose, 
or,  more  correctly  perhaps,  to  an  angle  of  internal  friction,  as  noted  by  the 
author,  and  probably  dependent  on  the  angle  of  repose. 

Bridges  and  foundations — in  fact,  all  structures — are  designed  for  maxi- 
mum loads  or  conditions  which  they  are  rarely  if  ever  required  to  meet- 
Why,  then,  in  the  determination  of  soil  pressure,  should  not  a  relatively  safe 
angle  of  repose  be  assumed  for  all  conditions,  modified,  if  necessary,  by  the 
angle  of  internal  friction  or  as  determined.    For  almost  all  conditions  of  soft 
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Fig.  8. 


ground,  other  data  being  unavailable,  the  speaker  uses  an  angle  of  repose  of 
45°,  modified  by  an  angle  of  rupture  half  way  between  that  and  the  vertical. 
This  angle  of  rupture,  thus  far,  has  been  only  an  assumption,  and  if  Mr. 
Feld  will  show  that  an  angle  of  internal  friction  should  be  used  instead 
of  it,  and  give  and  determine  its  properties  more  definitely,  the  speaker  feels 
that  this  alone  will  be  a  long  step  in  advance. 

The  speaker,  at  one  time  in  his  crude  experi- 
mentation, constructed  a  box  of  5  ft.  cube  with 
four  movable  boards  at  the  front  (Fig.  8),  each  of 
these  boards  being  tied  over  a  pulley  to  a  pail  hold- 
ing water  or  sand.  No  special  results  were  ob- 
tained, however,  because  of  the  collapse  of  the 
boards  with  the  initial  movement.  Later,  he  con- 
structed arms  on  which  the  boards  might  slide,  but 
discontinued  the  experiment,  realizing  that  the 
lateral  arching,  both  horizontal  and  vertical,  prevented  accurate  determinations. 
He  believes,  however,  that  if  a  box  is  built,  10  ft.  wide,  6  ft.  high,  and  24  ft. 
long  (to  prevent  lateral  arching),  and  the  front  boards  are  attached  to  heavy 
full-length    I-beams    rolling    on    bearings    on    arms    attached    to    the    box 

(Fig.  9),  and  if  these  boards  are  held 
back  by  cords  passing  to  spring 
balances  or  to  adjustable  weights, 
the  results  obtained  will  be  reason- 
ably conclusive  as  to  the  determi- 
Fm.  9.  nation  of  lateral  earth  pressure. 

Again,  it  may  be  suggested  that  such  a  determination,  even  if  made 
accurately  and  conclusively  for  dry  sand,  would  not  be  applicable  to  soils 
of  other  conditions.  The  speaker,  however,  believes  firmly  that  from  such  a 
determination  the  pressures  with  all  kinds  of  soils  can  be  formulated  with 
reasonable  accuracy. 

Relative  to  this,  the  speaker  believes  that,  in  the  ordinary  or  practical 
determination  of  soil  pressures,  five  classifications  of  soil  are  all  that  are 
necessary,  as  follows: 

(1)  Cohesive. — Hard   rock  or   clay,   which   does   not  break   dowai   or  tend 

to  break  down  under  the  operation. 

(2)  Semi-cohesive. — Normally  dry  sand,  clay,  gravel,  etc.,  in  fact,  all  soils 

ordinarily  encountered  which  break  or  tend  to  break  down  under 
the  operation. 

(3)  Non-cohesive. — Dry  hot  sand,  such  as  beach  sand,  etc.     (Dry  grain 

may  be  included  under  this  classification.) 

(4)  Semi-aqueous. — Water-bearing    sand,    gravel,    etc.,    where    the    intro- 

duction of  water  does  not  affect  the  stability  of  the  soil  materially. 
(For  instance,  if  a  box  is  filled  with  dry  sand  reasonably  free  from 
finer  particles  such  as  clay,  bog,  etc.,  and  if  this  sand  is  loaded, 
no    radical    change    will    be   noted   if   water   is   introduced,    except 
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that  there  may  be  some  slight  settlement  due  to  the  compacting 
of  the  soil  and  a  change  in  its  cohesive  properties.     If,  however, 
an    excess    of    claj',    bog,    or    other    so-called    non-granular    soil    is 
incorporated  with  the  sand,  the  introduction  of  water  causes  these 
particles  to  be  displaced  by  pressure,  almost  as  if  the  mass  was 
pure  clay  or  bog,  and  this  gives  a  fifth  class  called  aqueous.) 
(5)  Aqueous. — Plastic   clays,   quicksand,   bog    (also   mercury,   grout,   pure 
water,   etc.),   soils   which   are   displaced   by  ordinary   pressure   and, 
when  confined  under  pressure,  transmit  that  pressure  in  all  direc- 
tions equally. 
It  is  interesting  to  note  that  plastic  clay,  containing  as  much  as  40%  of 
fine  or  medium  granular  sand,  may  be  jacked  into  existing  voids  for  con- 
siderable  distances   through    specially   constructed    hydraulic    rams. 

The  speaker  believes  it  to  be  not  only  possible  but  probable  that  simple 
and  practical  formulas  for  the  lateral  pressure  of  earth  will  finally  be 
established,  modified  only  as  required  for  each  of  the  foregoing  classes,  but 
not  by  the  necessity  for  determining  separately  the  pressure  of  eacn  type 
of  soil,  as  clay,  sand,  gravel,  etc.,  to  analyze  this. 

Aqueous  soils.  Class  (5),  may  be  eliminated,  because  the  detennination 
of  the  pressures  in  such  soils  is  simple,  following  the  laws  of  hydrostatic 
pressure,  with  due  regard,  of  course,  to  the  fact  that  application  should  be 
made  on  the  basis  of  the  specific  gravity  of  the  basic  liquid,  and  not  the 
weight  of  the  mass  per  volume. 

Class  (1),  or  wholly  cohesive  materials,  such  as  solid  rock  or  hard  clay,  can 
also  be  eliminated,  as  there  is  no  pressure  to  be  accounted  for,  and  the  only 
necessity  for  timbering  or  lining,  if  required,  is  to  prevent  disintegration  or 
accident  by  spawling,  etc.  When  the  operation  is  large  enough  to  cause  the 
rock,  clay,  etc.,  to  tend  to  break  down,  it  automatically  enters  Class  (2). 
and  thus  it  is  necessary  to  deal  with  only  Classes  (2),   (3),  and  (4). 

In  Class  (4),  or  semi-aqueous  materials,  in  which  the  water  is  contained 
in  or  seeps  through  the  voids  without  causing  erosion,  there  are  two  distinct 
or  different  types  of  pressure  acting  in  unison,  first,  the  lateral  pressure 
of  the  soil,  modified  only  slightly  by  a  change  in  its  cohesive  property, 
due  to  the  presence  of  water,  but  otherwise  conforming  to  the  laws  of  lateral 
pressure  of  normally  dry  or  semi-cohesive  soils.  The  water  exerts  pressure 
through  the  voids  of  the  soil,  and  finds  necessarily  reduced  areas  on  which 
to  exert  its  full  head  or  pressure.  Gauges,  for  instance,  through  the  walls 
of  submerged  structures  buried  in  soil,  almost  always  show  pressure  due  to 
the  full  hydrostatic  head;  and  although  it  is  true  that  these  reduced  areas 
have  full-hpad  water  pressure,  there  are  between  them  larger  areas  in  which 
the  soil  pressure  acts  alone.  If  this  was  not  true,  the  structure  would 
be  wholly  surrounded  by  water  pressure,  and  in  all  cases  buoyant. 

It  should  be  noted  that,  when  the  cover  is  very  shallow,  or  the  opera- 
tion calls  for  a  constant  churning  of  the  material,  it  will  always  be  safer 
to  design  for  full  or  net  hydrostatic  pressure;  that  is,  in  all  cases  of  sub- 
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merged  structures  with  shallow  cover,  the  maximum  pressure  should  be  con- 
sidered, whether  aqueous  or  combined.  Analysis  of  Class  (4),  therefore, 
results  as  follows:  The  total  pressure,  as  noted  in  Classes  (2)  or  (3),  is 
equal  to  the  earth  pressure  plus  the  pressure  of  water  over  a  reduced  area 
due  to  the  hydrostatic  head.  The  speaker  believes  that  30% — or  at  most  40% — 
of  the  total  area  of  water  pressure  is  all  that  acts  ordinarily  on  a  submerged 
structure,  but,  for  safety,  he  uses  50%,  that  is,  F  =  total  pressure;  P X  = 

r  w 

earth  pressure;  P  W  —  water  pressure;  tlierefore,  P  =^  P  X  -\-  — — . 

It  should  be  noted,  especially  by  the  casual  reader,  that  this  determination 
applies  only  to  static  or  approximately  static  conditions,  and  that  where  there 
is  sufficient  flow  of  water  to  cause  erosion  or  collapse,  hydraulic  considera- 
tions must  govern. 

Finally,  as  to  Classes  (2)  and  (3),  to  which  it  is  seen  that  the  other 
classes  may  be  directly  or  indirectly  referred,  it  has  already  been  noted 
that  Class  (3)  should  give  the  same  formulas  as  Class  (2),  modified  by  the 
factor  of  cohesion,  which  changes  the  angle  of  repose  more  or  less  materially, 
but  does  not  otherwise  cause  any  changes  in  a  formula  applicable  to  either 
case. 

Assuming  a  trench,  of  depth,  A-0 
(Fig.  10),  which  is  sheeted  and 
braced  as  it  is  excavated,  continu- 
ous arching  action  is  set  up  by 
virtue  of  the  lateral  pressure  be- 
tween the  face,  A-0,  and  the  un- 
disturbed ground,  0-C,  and  when 
the  full  depth  is  reached,  there  is 
Fig.  10.  — to    express    it    somewhat    crudely 

— set  up  a  sand  arch,  A-G-H-C,  which  undoubtedly  possesses  the  three  neces- 
sary fundamentals  of  a  true  arch,  that  is,  lateral  pressure  at  the  key,  B-J, 
thrust  against  the  haunches,  A-G  and  H-G,  and  internal  cohesion  supplied 
by  the  soil  below  G-H,  which  holds  its  so-called  centering  in  place.  The 
part  of  the  area  that  causes  pressure  in  A-G  must,  of  course,  be  determined 
by  experiment,  but  the  speaker  has  assumed  it  as  being  the  whole  of  the 
area  above  G-H,  to  the  left  of  the  plane,  B-0,  bisecting  the  angle,  A-O-C,  or 

90°  — 0        ,_         0 


=  45° 


,  (p  being  the  angle  of  repose. 


He  has  also  assumed  that  the  thrust  is  due  to  the  weight  divided  by  the 
tangent  of  </>.  The  formula  thus  developed  results  with  modifications  as 
follows : 

P  =  lateral  pressure  in  any  area ; 

A  =  Area  (volume)   of  soil  covering  P; 

W  =  Weight  per  volume  of  soil; 

W 


(p 


Angle  of  repose  ;  thus,  P  =  ^  X 


tan  (p 
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The  center  of  pressure  of  the  whole  mass,  H-B-0,  is  taken  to  be  where  a 
line  or  plane  drawn  through  the  center  of  gravity  of  the  mass  parallel  to 
the  angle  of  repose  intersects  the  face  of  the  sheeting  or  wall,  and  ordinarily 
should  be  found  slightly  above  a  point  measuring  half  its  height. 

From  the  foregoing,  the  determination  of  the  pressure  in  a  tunnel  may 
be  readily  made. 

If  L-O-K  is  the  roof  of  a  tunnel  (Fig.  10),  in  soil  of  which  the  depth  is 
A-0,  the  pressure  on  0-K  will  be  (but  probably  little  more  than)  that  due 
to  the  area,  0-M-K. 

The  speaker  assumes,  however — and  always  with  a  factor  of  safety  in 
view — that  this  pressure  is  due  to  the  weight  of  soil  below  an  area  measured 

,     0-K  X  0-K  tan  S      ,         „  1     ..o  'P        .-n 

by ^ ,  where  S  =  <p  -^  —  (90°  —  0)  =  -^  +  45°. 

It  is  thus  seen  that  by  this  determination  full  pressure  of  all  the  soil 
results  when  the  depth  of  soil,  A-0,  is  less  than  S-0,  S-0  being  equal  to 


0-K  X  tan 


(!+-)■ 


In  this  presentation  of  the  principles  as  he  finds  them,  the  speaker  hoi)e8 
he  has  shown  it  to  be  possible  to  establish  one  basic  formula  for  every  condi- 
tion of  lateral  earth  pressure,  one  variable  of  which  should  be  the  height 
of  trench,  trench  structure,  or  wall  (or  the  width  of  tunnel),  the  other  being 
based  solely  on  the  cohesive  element  of  the  soil  in  question,  establishing  there- 
for an  angle  of  repose — and  finding  expression  in  terms  of  an  angle  of  rupture — 
or  an  angle  of  internal  friction,  as  determined. 

E.  G.  Haines,*  M.  Am.  Soc.  C.  E. — The  speaker  has  had  the  pleasure 
of  reading  the  complete  thesis  presented  by  Mr.  Feld,  which  is  a  very 
interesting  document,  as  in  it  the  author  retraces  the  whole  theory  of  lateral 
pressures  from  an  early  date  to  the  present.  The  persistence  with  which 
the  theory  of  the  angle  of  repose  has  continued,  whether  right  or  wrong,  as  long 
as  it  agrees  fairly  well  with  observed  facts,  is  of  great  interest.  The  angle  of 
repose  for  soils  was  assumed  by  most  of  the  early  writers  to  be  about  45°, 
and  is  now  ascribed  various  angles  corresponding  to  the  characteristics  of 
different  soils.  The  author  has  re-stated  the  limits  of  such  angles  as  0°  for 
water  and  90°  for  rock.  Although  both  are  doubtless  true  within  the  limits  in 
which  the  engineer  usually  is  interested,  the  latter  is  not  strictly  true,  as  a 
vertical  cut  in  solid  rock,  unsupported,  will  fail  at  some  depth,  as  has  been 
shown,f  and  the  failure  will  not  be  vertical  throughout,  as  has  been  substan- 
tiated by  H.  G.  Moulton,  M.  Am.  Soc.  C.  E.^: 

The  speaker  has  no  particular  fault  to  find  with  most  of  the  theories  for 
lateral  pressure,  or  with  tests  made  for  ascertaining  such  pressures,  except 
that  when  they  are  applied  to  soils  in  the  natural  state  in  large  masses,  it 
is  found  that  the  soils  do  not  abide  by  the  rules.     Most  of  the  tests  have 

*  Asst.   Div.   Engr.,  Transit  Comm.,   New  York  City. 

t  Transactions,  Am.   Soc.  C.  E.,  Vol.  LX   (1908),  p.  27. 

}  Transactions,  Am.    Inst,   of   Min.    and   Metallurgical   Engrs.,   February,   1920. 
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been  made  with  reasonably  dry  sand,  which  is  rarely  found  in  practice. 
Sand  is  practically  all  silica;  is  fairly  uniform  in  texture;  has  a  low  cohesive 
value;  has  a  high  frictional  value;  has  normally  a  low  water  content;  and, 
in  short,  is  not  only  a  granular  but  a  granulated  material. 

The  soils  found,  in  practice  are  composed  of  practically  all  the  mineral 
elements  derived  from  all  classes  of  rocks,  from  the  hard  volcanic  rocks  and 
the  limestones  and  sandstones  to  the  softer  clays  and  fine  silts.  Natural 
soils  range  from  a  dense,  quasi-elastic  mass,  through  the  granulated  stage, 
to  an  almost  hydrostatic  condition,  and  the  degree  of  moisture  or  water 
content  is  variable.  It  is  not  reasonable  to  suppose  that  these  soils  will 
act  in  practice  the  same  as  sand  under  test  conditions. 

In  arranging  any  device  for  measuring  pressures,  one  must  make  some 
assumptions  as  to  how  the  material  will  act,  and  when  a  machine  is  designed 
on  those  assumptions,  dry  sand  readily  accommodates  itself  to  them.  In 
making  tests,  using  vertical  shutter  boards,  it  is  invariably  found,  that  as 
sand  is  added  behind  the  shutter  boards  and  measuring  instruments,  a 
certain  amount  of  pressure  is  obtained  for  a  certain  depth  of  sand.  If  a 
second  similar  depth  is  added,  there  is  a  similar  increment,  but  it  is  also 
added  to  the  first,  etc.  The  resulting  pressure  diagram  resembles  a  triangle 
standing  on  its  base,  at  least  at  the  time  the  test  is  conducted. 

With  soil  in  excavation,  the  process  is  reversed.  As  excavation  is  carried 
down  step  by  step,  there  is  a  certain  amount  of  pressure  with  each  step,  but 
it  is  also  added  to  each  one  above.  That  is  not  theory ;  it  is  established 
fact,  and  may  be  observed  on  any  deep  timbered  excavation  in  dry  ground. 
The  pressure  diagram  for  excavation,  therefore,  also  resembles  a  triangle,  but 
its  position  is  reversed,  and  it  has  its  base  at  the  top,  at  least  at  first. 
The  speaker  believes  that  Mr.  Meem  was  the  first  to  call  attention  to  that  fact. 

The  pressure  diagram  may  not  remain  a  true  triangle  in  either  the  case  of 
an  embankment  or  an  excavation ;  if  there  is  a  change  in  the  water  content 
or  other  conditions,  the  pressure  diagrams  change,  but  with  an  excavation, 
at  no  time,  unless  considerable  water  is  present  at  the  bottom,  does  the  center 
of  pressure  ever  transfer  to  a  point  much  below  the  mid-height  and,  with 
embankments,  there  is  evidence  in  some  cases  that  the  center  of  pressure  is  as 
high  as  the  mid-height. 

If  material  from  behind  a  retaining  wall  is  carried  away  by  the  drainage 
through  weep-holes,  or  if  the  tide  is  carrying  out  or  settling  the  material,  the 
center  of  pressure  becomes  higher,  and  the  upper  material  behind  the  wall  will 
act  as  an  arch.  The  reverse  is  true  of  an  excavation.  In  the  beginning  there 
is  no  pressure,  but  the  timbering  as  it  is  placed  and  keyed  tight,  transmits 
pressure  into  the  bank,  and  the  reaction  of  the  bank  which  is  a  solid  and 
quasi-elastic,  converts  the  whole  system  into  an  arch,  regardless  of  the 
direction  of  the  stresses.  Such  pressure  increases  with  depth  of  excavation. 
The  contact  between  the  timbering  and  bank  is  less  perfect  as  the  depth 
increases  and,  at  some  depth,  the  bank  will  fail,  becaTise  of  the  shear  from 
its  own  weight.  When  this  occurs,  there  is  a  breaking  up  of  the  material, 
and  as  it  approaches  the  granulated  state  there  is  also  a  corresponding  re- 
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adjustment  of  the  pressure,  and  it  approaches,  but  never  fully  reaches,  that 
of  an  embankment. 

About  three  years  ago,  the  speaker  had  occasion  to  investigate  some  cracks 
in  the  soil  parallel  to  an  excavation  about  85  ft.  deep.  The  crack  was  beneath 
a  crushed  stone  or  gravel  sidewalk  and  was  not  apparent  on  the  surface. 
Although  the  excavation  had  been  made  two  years  before,  the  crack  was 
found  by  measuring  outward  a  distance  equal  to  one-half  the  depth  of 
excavation.  Measurements  were  made  at  a  number  of  points  for  a  distance 
of  1000  ft.,  with  the  same  success.  That  crack  was  so  wide  that  one 
could  stick  his  hand  into  it  up  to  the  wrist  and  had  been  there  for  more  than 
two  years,  in  material  that  one  might  class  as  sand.  The  surface  of  the  crack 
was  partly  coated  with  the  fine  loam  and  stone  dust  brought  down  by  rain 
water  and  melting  snow.  By  means  of  a  small  shaft,  the  crack  was  traced 
downward  for  26  ft.  until  it  was  lost  in  a  vein  of  loose  gravel.  It  is  also 
safe  to  state  that  the  crack  could  be  traced  at  other  points  to-day,  five 
years  after  the  excavation  was  made.  The  point  of  interest  is  that,  if,  in 
this  case,  there  v/as  any  arching  action  of  the  material  from  the  side,  why 
was  not  that  crack  closed?  It  should  also  be  noted  that  the  crack,  instead 
of  inclining  at  any  angle — the  so-called  angle  of  repose — was  practically 
vertical  for  the  26  ft.  of  depth;  in  fact,  it  inclined  slightly  outward,  with 
increase  of  depth,  although  the  material  was  one  to  which  is  usually  ascribed 
an  angle  of  repose  of  1^:1. 

There  are  many  ideas  and  theories  in  regard  to  the  pressures  developed 
by  soils.  The  speaker  has  contributed  some  of  the  theory  himself,  but  as 
time  goes  on  there  is  an  inclination  to  discard  one  theory  after  another. 
Engineers  have  about  reached  a  time  when  they  will  have  to  develop  a  new 
soils  physics  and  a  new  theory  of  soil  pressure,  because  most  of  the  current 
ideas  are  wrong. 

Soil  is  both  the  most  common  and  the  most  complex  construction 
material  with  which  the  engineer  has  to  deal,  and  until  it  is  subjected  to 
analysis  like  other  materials,  and  until  its  properties  are  much  better  known, 
there  can  be  little  hope  for  its  successful  use,  and  failures  may  be  safely 
predicted. 

One  of  the  things  that  adds  to  the  trouble  is  that  engineers  have  borrowed 
from  the  layman  names  for  broad  general  classes  of  soils  and  are  attempting 
to  use  them  to  define  certain  definite  materials.  It  does  not  follow  that  a 
so-called  clay  from  the  vicinity  of  the  Great  Lakes  will  possess  the  same 
characteristics  as  one  from  the  Lower  Mississippi  Valley  or  from  the  arid 
Southwest,  the  upland  shale  district  of  West  Virginia  and  Maryland,  or  from 
the  glaciated  metamorphosed  rocks  aroun(J  ISTew  York  City,  for  it  certainly 
will  not. 

One  of  the  most  important  new  developments  that  has  been  brought 
out  in  the  soils  investigation  recently,  was  presented  to  the  Society  in  1921 
in  a  Progress  Eeport*  by  the  Special  Committee  to  Codify  Present  Practice 
on  the  Bearing  Value  of  Soils  for  Foundations,  etc.,  and  elaborated,  somewhat 


Proceedings,  Am.   Soc.   C.   E.,   February,   1921,   Papers  and   Discussions,   p.   9. 
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by  the  presentation  before  the  Society  at  its  Annual  Meeting  in  1923  of 
samples  of  the  colloidal  element  in  clay.  It  is  not  known  how  far-reaching 
these  discoveries  will  be,  but  the  Committee  hopes  to  study  it  with  the 
help  of  the  Society,  and  it  is  believed  it  will  pay  for  the  research,  as  there 
is  little  doubt  that  the  presence  or  absence  of  that  element  constitutes  a  large 
measure  of  the  stability  of  the  soil,  and  its  resistance  to  stress,  either  vertical 
or  lateral. 

George  Paaswell,*  M.  Am.  Soc.  C.  E. — This  paper  is  probably  the  best  yet 
presented  on  the  subject,  from  the  standpoint  of  both  the  exi)erimental  data  it 
contains  and  its  thorough  historical  review.  That  it  is  consistent  with  well 
founded  theory,  makes  one  hope  that  it  marks  the  end  of  the  search  for  the 
proper  method  of  determining  the  thrust  on  a  retaining  wall.  A  great  many 
statistics  have  been  accumulated,  covering  both  experimental  and  theoretical 
research,  and  the  author,  in  studying  the  accumulated  data  and  assembling  it, 
deserves  more  than  the  usual  remarks  of  appreciation. 

The  speaker  believes  that  there  are  two  distinct  problems  connected  with  the 
determination  of  lateral  earth  pressure:  (1)  The  retaining  wall  problem;  and 
(2)  the  soil  mechanics  as  evinced  by  the  lateral  pressure  action.  Experiment 
has  been  confined,  to  the  present  time,  almost  exclusively  to  Problem  (1). 
What  is  the  retaining  wall  problem?  Does  it  vitally  depend  on  the  proper 
method  of  thrust  determination,  or  are  other  factors  of  more  importance? 
The  experiments  show  conclusively  that  the  Coulomb  or  a  modified  Rankine 
^method  gives  the  maximum  pressure  that  can  occur  on  a  wall,  taking  a  simple 
sloi)e  angle  corresponding  to  that  of  a  dry  sand,  namely,  30  degrees.  With  this 
value  of  the  slope,  and  with  the  introduction  of  other  approximations,  the 
thrust  expressions  can  be  placed  in  very  simple  form.  The  speaker  has  shownf 
that  the  following  two  formulas  give  the  thrust  on  a  wall  when  the  fill  is 
supporting  a  surcharge  which  has  been  reduced  to  an  equivalent  earth  fill 
the  ratio  of  depth  of  which  to  the  total  depth  of  fill  behind  the  wall  is : 
r=(l  +  2c)  J  (^wh^) 
T=(l  +  2c)  K  (iwh^) 

Table  36  gives  the  values  of  the  thrust  coefficients,  K  and  J,  for  a  number 
of  slope  values  of  the  back  of  the  wall.  These  coefficients  represent  the  maxi- 
mum thrust  that  can  occur  on  a  wall.  The  engineer,  therefore,  is  justified  in 
using  these  values  to  determine  the  thrust,  just  as  in  the  design  of  other  struc- 
tures maximum  loads  are  used,  even  though  the  actual  loads  are  considerably 
less.  There  appears  to  be  no  justification  for  determining  the  exact  values  of 
the  slope  angle  as  these  values  are  minute  modifications  that  do  not  materially 
affect  the  formulas,  and  rarely  occur  in  actual  practice.  Thus,  the  usual 
experimental  material  of  dry  sand  is  one  most  rarely  found  in  practice,  the 
usual  fills  consisting  of  loam,  clayey  materials,  various  undetermined  mixtures, 
rock,  and  the  like,  for  none  of  which  a  reasonably  accurate  slope  value  can 
be  predicted.    For  this  reason,  the  speaker  feels  that  it  is  better  to  assume  a 

*  Section  Engr.,  Public  Service  Comm.,  First  Dist.,  New  York  City, 
t  "Retaining  "Walls:   Their  Cesign  and  Construction." 
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thrust  value  based  on  a  theory  in  reasonable  accord  with  experiment,  such  as 
the  values  given  previously,  and  then  to  proceed  with  the  more  important 
business  of  the  design  of  the  wall  itself.  That  is  the  main  problem ;  too  often 
the  designer  deems  the  problem  of  the  retaining  wall  solved  when  the  thrust 
has  been  found.  That  is  the  easiest  part  of  the  problem.  Examine  the  records 
of  the  failures  of  retaining  walls,  and  note  how  few  collapses  are  due  to  over- 
turning moments.  These  remarks  apply,  of  course,  to  the  retaining  wall  built 
to  carry  an  ordinary  fill. 

It  seems  reasonable  to  conclude  that  as  far  as  the  design  of  a  retaining 
wall  is  affected,  the  exact  determination  of  the  earth  pressure  is  an  interesting,, 
but  not  necessarily  a  vital  problem,  and  the  speaker  feels  that,  in  view  of 
this  conclusion,  experimenters  on  lateral  earth  pressures  should  take  more  care 
to  distinguish  between  the  retaining  wall  problem  and  the  so-called  soil 
mechanics  problem. 


TABLE  36. — Pressure  Coefficients. 


Coulomb  Coefficient,  K. 

• 

Rankine 

*' 

coeflficient,  J. 

0° 

15° 

30° 

0 

0.33 

0.30 

0.29 

0.33 

3 

0.36 

0.33 

0.32 

0.34 

6 

0.3S 

0.34 

0.34 

0.35 

9 

0.40 

0.37 

0.37 

0.37 

12 

0.43 

0.40 

0.39 

0.40 

l.'S 

0.45 

0.42 

0.43 

0.43 

18 

0.48 

0.45 

0.47 

0.47 

21 

0.51 

0.48 

0.50 

0.51 

24 

0.54 

0.53 

0.57 

0.56 

The  author  is  correct  in  stating  that  a  granular  material  is  neither  a 
fluid  nor  an  elastic  solid,  but  as  it  is  obviously  in  a  condition  intermediate 
between  these  two,  it  should  have  some  of  the  properties  of  its  limiting  condi- 
tions. Thus,  it  has  been  pointed  out  that  elastic  failure  of  solids  may  be 
explained  on  the  theory  of  a  constant  angle  of  internal  friction;  that  is, 
when  materials  start  to  fail  under  simple  stress,  failure  surfaces  will  be  found, 
that  may  be  anticipated  by  assigning  to  the  elastic  solid  an  angle  of  internal 
friction  of  about  20  degrees.  It  is  interesting  to  note  that  this  introduction 
of  an  internal  friction  component  into  ordinary  elastic  theory  seems  to  recon- 
cile the  granular  and  elastic  solids,  and,  therefore,  it  seems  reasonable  to 
assume  that  some  data  on  lateral  earth  pressure  may  be  furnished  by  the 
theory  of  elasticity. 

In  conclusion,  the  speaker  would  state  that,  with  no  reflection  on  the  value 
of  the  data  presented,  the  paper  adds  nothing  to  the  needed  data  on  soil 
mechanics,  and  little  more  than  is  already  known  on  retaining  wall  statistics. 
The  rational  bracing  of  a  cut,  and  the  proper  design  of  a  subsurface  structure. 
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whether  it  is  a  large  sewer,  a  subway,  a  tunnel,  etc.,  awaits  the  development 
of  a  soil  mechanics.  The  homogeneous  granular  materials  of  experiments  are 
of  little  service  in  solving  these  problems. 

D.  B.  SxEiNMAiX,*  M.  Am.  Soc.  C.  E. — The  speaker  desires  to  record  his 
sincere  appreciation  of  Mr.  Feld's  paper  as  an  authentic  contribution  to  the 
knowledge  and  understanding  of  lateral  earth  pressure  phenomena.  This 
paper  helps  to  clarify  a  subject  in  which  there  has  been  much  confusion  and 
unscientific  vagueness.  A  mass  of  literature  has  been  published  on  the  sub- 
ject, with  an  abundance  of  mathematical  derivations  and  ingenious  graphic 
applications;  but  there  has  been  a  dearth  of  reliable  experimental  data  on 
which  to  test  the  correctness  or  incorrectness  of  these  basic  assumptions.  Most 
of  the  experimental  work  previously  done  in  this  field  has  been  too  crude  or 
unscientific  to  yield  any  conclusive  results.  By  examining  the  vast  literature 
on  soil  mechanics,  including  the  digesting  and  collating  of  more  than  650 
references,  by  designing  and  constructing  an  ingenious  large-scale  experimental 
apparatus  for  measuring  earth  pressures,  by  conducting  an  extensive  and 
laborious  series  of  tests  scientifically  planned  and  carefully  executed,  and  by 
analyzing  the  results  of  those  tests  and  reporting  them  in  this  excellent  paper, 
Mr.  Feld  has  rendered  a  real  service  to  the  Engineering  Profession. 

The  author's  experimental  findings  may  be  regarded  as  conclusive  on  a 
number  of  questions  of  fundamental  importance,  one  of  which  is  the  direction 
of  the  resultant  pressure  on  the  back  of  a  retaining  wall.  His  experimental 
results  appear  to  establish  beyond  further  question  the  fact  that  this  pressure  is 
inclined  above  the  normal  to  the  back  of  the  wall  at  an  angle,  cf>',  which  0,'  is 
the  angle  of  friction  between  the  wall  and  the  retained  material.  The  Coulomb 
theory,  which  assumes  that  the  resultant  pressure  is  normal  to  the  back  of  the 
wall,  and  the  Rankine  theory,  which  assumes  that  the  resultant  pressure  is 
parallel  to  the  free  surface  of  the  fill,  are  thus  overthrown.  The  author's 
results  are  also  valuable  in  establishing  the  height  at  which  the  resultant  pres- 
sure acts. 

In  his  presentation  of  the  distinctions  between  the  angle  of  repose,  the 
angle  of  internal  friction,  and  the  angle  of  internal  resistance,  Mr.  Feld  has 
contributed  to  a  much  needed  clarification  of  some  of  the  fundamental  con- 
ceptions in  soil  mechanics;  and  in  demonstrating  that  the  angle  of  internal 
resistance  is  the  proper  angle  to  use  in  earth-pressure  formulas,  he  has  made  a 
valuable  new  contribution  to  the  application  of  earth-pressure  theories.  His 
findings  on  the  effects  of  time,  temperature,  and  surcharge  on  lateral  earth 
pressure  open  many  new  questions  for  further  study  and  experiment. 

There  are  a  few  points  in  connection  with  the  paper  on  which  the  author 
may  be  able  to  throw  further  light,  one  of  which  is  the  feature  in  the  con- 
struction of  the  testing  apparatus,  whereby  the  side-wall  friction  was  relieved. 
This  feature  is  open  to  possible  adverse  criticism  on  the  ground  that  it  may 
have  influenced  the  results  to  agree  with  a  preconceived  assumption.  The 
detail  consists  of  movable  steel  plates  bearing  on  rollers  against  the  side- 
walls  and  conforming  in  outline  to  the  wedge  of  rupture.     It  may  be  con- 

*  Cons.    Engr.,    New   York   City. 
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tended,  with  some  justification,  that  this  feature  of  the  design  assumes  the 
theory  of  the  wedge  of  rupture  in  advance,  and  that,  consequently,  any  results 
obtained  with  this  apparatus  confirming  that  theory  would  be  inconclusive. 
This  construction  raay  help  to  produce  the  condition  assumed.  The  tests 
would  have  been  more  conclusive  if  some  method  had  been  projected  to  estab- 
lish the  validity  of  the  wedge  theory  without  resorting  to  a  device  which 
assumes  that  validity  in  advance. 

In  the  conclusions  from  Mr.  Feld's  tests,  there  is  one  anomaly  which 
deserves  further  study  and  investigation.  In  the  tests  on  vertical  walls,  the 
measured  pressures  appear  to  confirm  the  Coulomb  theory  despite  the  fact 
that  the  same  tests  disprove  the  fundamental  assumption  on  which  that  theory 
is  based.  The  Coulomb  theory  assumes  that  the  resultant  pressure  is  normal 
to  the  wall,  whereas  the  tests  have  proved  this  assumption  to  be  wrong. 

It  appears  paradoxical  that  the  Coulomb  theory  which  is  based  on  the 
incorrect  assumption  of  normal  pressure,  should  fit  the  results  of  the  tests 
better  than  the  general  wedge  theory  which  embodies  the  correct  assumption 
of  inclined  pressure.  The  author  may  have  some  explanation  of  this  incon- 
sistency, or  further  tests  might  help  to  eliminate  it  from  the  conclusions. 

M.  J.  McPiKE,*  Assoc.  M.  Am.  Soc.  C.  E. — In  presenting  his  paper,  the 
author  showed  that  the  pressures  obtained  on  the  scale-beams  varied  directly 
with  the  temperature.  He-  stated  that  a  movement  of  only  4^^o o  ^'^-  ^^'^^  ^^^^ 
maximum  movement  of  the  gate  for  maximum  pressure. 

With  such  a  small  movement  of  the  gate,  it  would  seem  that  any  slight 
variation  in  the  length  of  the  bell-cranks  and  connections  of  the  apparatus 
itself  would  indicate  pressures  chargeable  to  expansion  in  the  apparatus 
rather  than  to  the  soil,  and  this  expansion  would  be  a  factor  foi;  consideration 
in  the  final  results.  It  would  be  of  interest  to  know  whether  any  attempt  was 
made  to  eliminate  this  factor. 

It  is  to  be  hoped  that  the  experiments  will  be  carried  to  a  further  con- 
clusion and  that  reliable  data  will  be  furnished  for  the  proper  design  of  walls 
with  uniform  back-fill  as  well  as  those  with  a  combination  of  fills,  and  especially 
those  with  a  water-bearing  soil  overlaid  with  a  dry  fill. 

Edward  Godfrey,!  M.  Am.  Soc.  C.  E.  (by  letter). — Several  things  that 
stand  out  in  any  investigation  of  retaining-wall  theories  may  be  epitomized 
as  follows: 

1. — A  vast  amount  of  intricate  theory  and  theoretical  investigation  is  ex- 
pended on  this  subject. 

2. — All  earth-pressure  theories  are  based  on  a  granular  mass,  generally 
without  any  assumption  of  cohesion. 

3. — Grain  and  dry  sand  are  about  the  only  materials  that  are  ever  collected 
in  sufficient  quantities  to  require  a  container  of  large  size,  the  nature  of 
which  materials  fits  the  assumption  of  the  theory. 

4. — Grain  and  dry  sand  are  kept  in  bins,  but  never  as  the  fill  behind  a 
retaining  wall. 

*  Asst.   Chf.  of   Design   Section,   Public  Works  Dept.,  U.   S.   Navy  Yard,  Brooklyn,  N.   Y. 
t  Structural  Engr.    (Robert  W.  Hunt  &  Co.),   Pittsburgh,  Pa. 
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5. — Moist  sand  is  seldom  used  as  a  fill,  although  it  does  not  differ  much 
from  the  material  assumed  by  the  theory. 

6. — Loose  garden  earth  has  about  the  same  properties  as  moist  sand,  but 
garden  earth  or  soil  is  generally  too  valuable  to  be  deposited  behind  a 
retaining  wall,  and  if  so  placed,  it  would  be  compacted  not  loose. 

7. — The  sides  of  excavations  in  ordinary  compact  earth  will  stand  alone. 
Unless  much  moisture  is  present,  excavations  are  shored  usually  only  as  a 
precaution.  The  writer  has  seen  pits  for  deep  and  large  piers,  largely  undercut, 
excavated  many  feet  into  the  soil  without  shoring. 

8. — Coal  which  is  perhaps  the  next  material  in  order  of  imiportance  to 
earth,  that  requires  walls  or  bins  for  its  confinement,  can  be  made  to  stand 
several  feet  high  in  a  vertical  plane  with  a  little  care. 

9. — The  facts  stated  in  Paragraphs  7  and  8  give  legitimate  grounds  for 
the  question,  "Why  delve  in  fine  theory  in  deriving  a  formula  for  a  great  force 
that,  in  fact  and  every-day  practice,  may  be  zero?  Does  not  this  kind  of 
theorizing  discredit  the  theory? 

10. — A  theory  must  be  had  for  design,  because  it  is  known  that  any 
granular  material  will  exert  a  great  horizontal  force  on  a  wall,  and  that  earth 
Tinder  certain  conditions  may  also  exert  a  great  force. 

11. — The  real  test  of  a  retaining  wall  supporting  earth  fill  occurs  when  the 
fill  is  saturated  with  water  or  is  expanded  by  so-called  frost  action. 

12. — 1^0  theory  will  codify  the  effect  of  these  two  conditions  on  a  retaining 
wall,  for  the  reason  that  no  two  walls  are  subjected  to  the  same  conditions  in 
this  respect. 

13. — Experience  with  walls  that  have  been  built  is  the  safest  guide,  in 
view  of  the  impossibility  of  obtaining  an  exact  theory.  If  this  experience 
can  be  connected  with  a  theory  that  is  not  too  complex,  that  theory  is  a  good 
guide  for  the  extension  of  the  rules  of  design. 

14. — Tests  on  the  lateral  pressure  of  sand  are  valuable  as  a  general  guide 
in  using  a  theory  of  earth,  pressures,  but  such  tests  should  not  be  taken  too 
seriously. 

The  natural  corollary  to  these  fourteen  points  is,  that  the  only  consistent 
theory  for  the  design  of  retaining  walls  is  one  that  approximates  the  results 
of  tests  and  at  the  same  time  produces  a  wall  corresponding  in  stability  with 
successful  walls.  The  simplest  method  of  design  is  the  equivalent  fluid 
pressure  method. 

It  is  much  simpler  to  determine  the  horizontal  pressure  against  a  retaining 
wall  by  assuming  that  the  back-fill  is  a  liquid  the  weight  of  which  is  some 
fraction  of  that  of  the  soil.  Such  calculations  are  much  easier  to  make  and 
to  check  than  those  that  necessitate  the  solving  of  a  tedious  formula,  and 
when  they  are  made,  one  may  readily  assure  himself  that  they  are  correct. 

The  coefficient  for  the  equivalent  fluid  pressure  is  all  that  is  required  in 
the  solution  of  a  problem  in  design  where  there  is  no  surcharge.  Tests  are 
very  valuable  for  cases  of  surcharge  or  superimposed  load. 

The  equivalent  fluid  pressure  method  of  design  is  not  restricted  to  any 
theory,  as  it  can  be  made  to  give  results  identical  with  the  theories  mentioned 
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by  Mr.  Feld,  merely  by  using  a  suitable  coeflBcient.  Furthermore,  this  method 
of  design  does  not  mean  that  its  user  is  under  the  hallucination  that  granular 
masses  or  earth  act  as  liquids. 

It  is  true  that  a  fluid  does  not  exert  a  vertical  force  parallel  to  the  back 
face  of  a  wall  (the  friction),  and  that  strict  adherence  to  the  fluid  pressure 
theory  must  neglect  that  force.  It  is  true,  also,  that  a  vertical  force  is  seldom 
considered  in  a  design  and,  for  safety,  should  be  neglected. 

On  page  1453,  Mr.  Feld  states  that  clay  banks  with  overhanging  tops  and 
ditches  with  vertical  sides  are  often  seen,  and  that  they  are  examples  where 
cohesion  is  acting.  Cohesion  of  earth  makes  the  pressure  of  earth  less  than 
that  of  sand.  Tests  in  which  sand  is  used  as  a  fill,  therefore,  are  not  proper 
criterions  for  judging  the  effect  of  earth  fill  against  a  retaining  wall,  unless 
those  tests  are  interpreted  with  these  facts  in  view. 

In  the  next  to  the  last  column  of  Table  5,  values  are  given  that  could  be  used 
as  a  coefficient  for  an  equivalent  fluid  pressure.  Neglecting  the  values  for 
very  small  depths,  it  is  seen  that  these  coefficients  are  very  regular,  showing 
nearly  constant  results.  The  average  is  0.264.  This  would  be  high  for  earth 
pressure,  because  if  it  is  assimied  that  a  stone  wall  of  a  width  one- third  its 
height  is  stable  as  a  retaining  wall,  the  coefficient  for  equivalent  liquid  pressure 
is  about  0.17.  "Walls  of  these  proportions  are  found  to  be  stable.  The  conclu- 
sion, therefore,  is  that  in  the  design  of  retaining  walls  to  sustain  earth  fill  the 
pressure  of  sand  is  greater  than  need  be  provided;  and  this  is  what  is  to  be 
expected  because  of  the  cohesion  of  the  earth. 

It  is  significant  to  note  that  exactness  in  the  lateral  pressure  theory,  even 
for  the  regular  sand  used  in  these  tests,  is  somewhat  discredited  by  the  results 
in  Table  3.  The  horizontal  pressures  in  Columns  (13)  and  (14)  should  be 
alike,  but  there  are  large  differences  in  these  values.  These  differences  amount 
to  as  much  as  27  per  cent. 

On  page  1494,  under  Conclusion  7,  it  is  stated  that  it  is  better  to  use  the 
wedge  theory,  disregarding  the  wall  friction,  and  a  complex  formula  is  given 
for  determining  values  of  R  and  E.  "Why  should  E  be  found  in  this  case, 
and  why  not  at  once  reduce  the  problem  to  the  equivalent  fluid  method  and 
simplify  all  calculations? 

One  of  the  conclusions  from  Mr.  Feld's  tests  given  on  page  1493  is  that 
loads  on  the  fill  beyond  the  wedge  of  rupture  have  practically  no  effect  on  the 
lateral  pressure.  On  page  1491,  under  "Conclusions",  he  states,  "There  is 
appreciable  increase  in  pressure  due  to  loads  not  on  the  wedge  of  rupture." 
This  seems  to  be  a  direct  contradiction  of  the  statement  on  page  1493.  This  is 
an  important  matter,  because  the  designer  wants  to  know  at  what  distance 
from  a  retaining  wall  a  railroad  track  will  exert  lateral  pressure  against 
the  wall. 

On  page  1492,  Mr.  Feld  states,  "Eolling  or  moving  loads  on  a  tamped  fill 
have  no  effect  on  the  pressure."  Perhaps  this  is  only  the  case  where  the  load 
that  rolls  over  the  tamped  sand  is  equal  to  or  less  than  that  which  was  exerted 
to  tamp  it.  It  would  seem  that  a  railroad  load  on  a  tamped  earth  fill  would 
have  a  considerable  effect  on  the  pressure.    Certainly,  it  would  be  poor  engi- 
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neering  to  neglect  the  superimposed  load  of  a  railroad  track  in  a  retaining 
wall  to  support  such  a  track.  It  would  be  helpful  to  the  designer  if  it  could  be 
determined  by  test  what  effect  should  be  computed  for  a  load  on  the  embank- 
ment, such  as  a  railroad  track  ?  The  writer  would  take  the  load  per  foot,  say, 
10  000  lb.  for  a  locomotive,  and  di\ade  it  by  13,  the  width  of  the  track,  and  use 
this  770  lb.  as  7.7  ft.  of  surcharged  earth,  and  would  find  the  equivalent  fluid 
pressure  for  this  7.7  ft.  of  earth.    How  would  Mr.  Feld  solve  the  problem? 

The  author  has  worked  out  the  coefficient  to  be  used  in  the  equivalent  fluid 
method,  although  he  does  not  so  state  it,  and  it  would  take  some  searching 
to  find  it.  It  is  suggested  that  Mr.  Feld,  in  his  closure,  discover  whether  one- 
half  the  vertical  depth  of  the  triangle  of  surcharge  added  to  H  will  not  give 
the  horizontal  pressure  of  his  tests  with  about  the  same  coefficient  as  that 
found  without  surcharge. 

G.  M.  Braune,*  M.  Am.  Soc.  C.  E.  (by  letter). — As  the  writer  was  respon- 
sible for  the  conception  and  part-time  direction  of  the  experiments  discussed 
by  Mr.  Feld,  and  in  collaboration  with  Professor  C.  C.  Myers,  for  the  design 
of  the  apparatus  used  therein,  it  would  probably  add  to  the  completeness  of  the 
paper  if  a  fuller  statement  concerning  the  origin  of  the  problem  was  given. 

The  validity  of  the  theoretical  earth  pressure  formulas  had  always  been 
looked  on  with  doubt  by  many  engineers,  as  no  experiments  on  a  large  scale 
had  ever  been  undertaken  prior  to  those  made  in  Cincinnati.  Several  years 
ago,  when  the  writer  was  engaged  on  the  construction  of  some  abutment  wing 
walls,  37  ft.  high,  he  recalls  the  discussion  regarding  the  proper  dimensions 
for  such  walls.  One  member  of  the  engineering  force,  who  was  considered  an 
expert  in  earth  pressure  formulas,  after  devoting  several  weeks  of  study  to  the 
proper  design,  submitted  his  computations  to  the  resident  engineer,  who,  like 
a  number  of  others,  did  not  have  much  confidence  in  earth  pressure  formulas. 
After  much  deliberation,  he  finally  told  the  writer,  who  was  associated  with 
the  contractor  and  was  urgently  requesting  plans  so  that  the  work  could 
proceed,  that  he  would  discard  the  theoretical  computations  and  make  the 
base  four-tenths  the  height.  Another  point  in  the  design  of  walls  which 
was,  and  still  is,  under  discussion,  relates  to  the  direction  of  the  earth  pressure ; 
in  other  words,  the  question  of  whether  there  will  be  any  frictional  resistance 
between  the  filling  material  and  the  back  of  the  wall.  The  late  Professor 
Mohr,  of  Dresden,  Saxony,  contended  that  no  such  frictional  resistance  should 
be  considered  or  would  exist,  whereas  Dr.  Mueller-Breslau  held  just  as  firmly 
that  the  resultant  earth  pressure  was  not  normal  to  the  back  of  the  wall. 
Dr.  Mueller-Breslau  contended  that  as  the  wall  was  acted  on  by  a  lateral 
force,  some  slight  movement  would  occur;  and  that  however  slight  this  move- 
ment might  be,  frictional  resistance  would  come  into  action.  Rankine's 
theoryf  assumes, 

"*  *  *  an  incompressible,  homogeneous,  granular  mass,  without 
cohesion,  the  particles  being  held  together  by  friction  on  each  other;  the  mass 
being  of  indefinite  extent,  having  a  plane  top  surface,  resting  on  a  homogeneous 

*  Dean,    School  of   Eng.,   and   Prof,   of  Civ.   Eng.,   Univ.   of   North   Carolina,   Chapel  Hill 
N.  C. 

t  "Design  of  Walls,  Bins,  and  Grain  Elevators,"  by  Milo  S.  Ketchum,  M.  Am.  Soc.  C.  E. 
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foundation,  and  being  subject  to  its  own  weight.  These  assumptions  lead 
to  the  ellipse  of  stress  and  make  the  resultant  pressure  on  a  vertical  wall 
parallel  to  the  top  surface." 

Wlien  the  wall  is  considered  absolutely  rigid,  the  Rankine  theory  holds 
true;  and  the  resultant  will  be  parallel  to  the  top  surface.  As  the  wall  is 
under  stress,  however,  a  slight  movement  will  occur;  therefore,  on  account 
of  this  movement,  the  conditions  mentioned  will  be  changed,  and  the  resultant 
will  no  longer  remain  parallel  to  the  top  surface.  In  his  paper  entitled  "Earth 
Pressures:  A  Practical  Comparison  of  Theories  and  Experiments,"*  L.  D. 
Cornish,  M.  Am.  Soc.  C.  E.,  questioned  the  assmnption  made  in  Rankine's 
theory  that  the  direction  of  the  resultant  earth  pressure  is  parallel  to  the  top 
surface  of  the  filling  material.  In  discussing  that  paper,  the  writer  alludedf 
to  the  experiments  which  he  hoped  to  undertake  at  the  University  of  Cincinnati, 
the  results  of  which  are  now  presented  to  the  Society  in  Mr.  Feld's  paper. 
These,  together  with  a  number  of  similar,  experiences  convinced  the  writer 
that  some  extensive  experiments  should  be  conducted,  and  he  decided  that 
if  an  opportunity  was  presented,  he  would  undertake  such  experiments  on  a 
large  scale. 

The  writer  became  connected  with  the  University  of  Cincinnati  in  1912 
and  commenced  the  study  of  the  proper  design  of  apparatus.  After  reviewing 
a  number  of  experiments  that  had  been  made,  he  finally  adopted  an  apparatus 
similar  to  that  used  by  Dr.  Mueller-Breslau  in  his  experiments  at  Charlotten- 
burg  in  1906.  Dr.  Mueller-Breslau  used  a  free  wall  in  front  of  the  bin 
and  determined  the  magnitude  of  the  forces  by  measuring  the  deformation 
of  supporting  struts.  His  results — given  in  the  discussion  of  the  paper  by 
Mr.  Cornish  referred  to  previously — show  that  the  resultant  earth  pressure 
makes  an  angle  of  about  27°  with  the  normal  to  the  back  of  the  wall 
and  that  its  point  of  application  is  about  0."3  7;  above  the  base  of  the  wall.  His 
experiments  included  various  slopes  of  surcharge,  and  his  results  showed 
that  the  direction  of  the  earth  pressure  was  not  controlled  by  the  slope.  The 
Cincinnati  experiments  made  on  a  much  larger  apparatus  fully  confirmed 
these  results  of  Dr.  Mueller-Breslau.  The  writer  preferred  a  more  direct 
method  of  measuring  the  forces  than  those  adopted  by  Dr.  Mueller-Breslau, 
and  enlisted  the  services  of  Professor  Myers  in  the  design  of  the  Cincinnati 
machine.  Together,  they  designed  an  apparatus  substituting  platform  scales 
for  measuring  struts.  Complete  details  of  this  apparatus  were  worked  out 
by  B.  H.  Wolfkoetter,  a  Fellow  of  the  Civil  Engineering  Department,  under 
the  writer's  direction,  and  were  completed  in  1916.  Further  work  on  this 
problem  was  delayed  on  account  of  the  World  War.  In  1919,  Mr.  Feld  came  to 
the  writer  as  Baldwin  Fellow  in  the  Civil  Engineering  Department,  and  the 
suggestion  was  made  to  him  that  he  complete  this  problem  and  submit  it  as  a 
Doctoi's  thesis.  Under  the  writer's  direction,  Mr.  Feld  made  a  new  set  of 
detailed  drawings  of  the  apparatus  which  embodied,  however,  few  fundamental 
changes  in  the  original  design.     Owing  principally  to  the  high  price  of  steel, 

*  TransactUyns,  Am.  Soc.  C.  E.,  Vol.   LXXX    (1917),  p.  191. 
t  Lor.  cit.,  p.  218. 
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and  also  with  the  idea  of  obtaining  a  more  rigid  structure,  the  writer  made  the 
bin  of  concrete,  and  for  the  same  reason,  made  the  gate  of  wood,  instead  of  steel. 
In  order  to  eliminate  the  frictional  resistance  between  the  filling  material 
and  the  sides  of  the  bin,  the  writer  conceived  the  idea  of  permitting  the  sides 
of  the  bin  to  move  with  the  filling  material.  This  idea  was  an  error  and  in 
making  the  detailed  drawings  of  the  apparatus  as  finally  built,  only  that 
part  of  the  side-walls  was  made  movable  that  was  in  direct  contact  with 
the  breaking  prism. 

The  writer  received  valuable  aid  and  suggestions  from  Professor  Cain, 
when  he  first  undertook  the  design  of  the  apparatus,  and  at  his  suggestion 
the  front  wall  was  made  6  ft.  high,  as  this  height  was  considered  the  min- 
imum to  adopt  in  order  to  obtain  practical  data.  In  discussing  this  problem 
with  Dean  Ketchum,  the  writer's  attention  was  called  to  an  important 
point  that  probably  might  have  been  overlooked  in  making  these  experi- 
ments; that  is,  whether  the  scales  would  record  active  or  passive  pres- 
sures. In  order  to  eliminate  any  uncertainty.  Dean  Ketchum  suggested  that 
if  the  riders  on  the  scale-beams  were  moved  out  and  the  scales  over-balanced, 
the  pressures  that  would  be  recorded  when  the  scale-beams  were  permitted 
to  float,  would  be  the  active,  and  not  the  passive,  pressures. 

The  writer  wishes  to  take  this  opportunity  to  express  his  appreciation  of 
the  perseverance  and  conscientious  work  that  was  done  by  Mx.  Feld  in  con- 
ducting these  experiments,  and  he  believes  that  the  publication  of  this  paper 
in  the  Transactions  of  the  Society  will  be  extremely  valuable  to  the  Engineer- 
ing Profession. 

Thomas  H.  Wiggin,*  M.  Am.  Soc.  C.  E.  (by  letter). — This  paper  has 
much  merit,  not  only  for  its  store  of  well  digested  experimental  data,  but 
also  for  its  painstaking  correlation  of  the  new  data  wnth  the  results  of 
previous  researches  on  the  same  subject. 

The  writer  would  suggest  the  following  explanations,  many  of  which  are 
not  new: 

1. — The  direction  and  point  of  application  of  resultant  earth  pressure 
depend  on  the  kind  of  support,  that  is,  its  degree  of  rigidity;  also  on  the 
state  of  stress  in  the  earth  at  the  time  equilibrium  is  reached  between  the 
pressure  of  the  earth  and  the  resistance  of  the  wall.  The  author's  experi- 
mental walls,  of  course,  received  only  the  "active"  pressure  of  newly  placed 
sand.  Trench  bracing  may  be  so  strong  and  so  wedged  as  to  develop  part 
of  Rankine's  "passive"  pressure,  or  may  be  so  weak  and  slack  as  to  compel 
the  earth  to  support  itself  in  part  by  cohesion,  such  cohesion  being  greater 
than  that  assumed  possible  in  earth  by  any  of  the  theories  under  consideration. 

2. — With  rigid  support  the  pressure  on  a  vertical  surface  from  a  level 
field  of  earth  will  be  exactly  horizontal.  This  seems  to  be  evident  from  a 
consideration  of  the  symmetry  that  must  exist  in  undisturbed  earth  supported 
by  itself.     Manifestly,  conditions  are  the  same  on  each  side  of  any  vertical 

*  Cons.  Engr.,  New  York  City. 
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plane,  so  that  there  is  no  reason  for  the  earth  pressure  to  slope  more  in  one 
direction  than  in  another. 

3. — If,  in  a  level  field,  one  could  substitute  a  rigid  wall  for  the  earth  on 
one  side  of  a  vertical  plane,  without  disturbing  in  the  least  the  state  of 
stress  in  the  earth,  the  pressure  on  that  wall  would  be  exactly  horizontal. 

4. — In  earth-pressure  experiments  like  those  of  the  author,  the  wall  is 
placed  first  and  the  earth  is  then  shoveled  in  behind  it.  The  wall  is  practically- 
incompressible  vertically,  and,  through  the  agency  of  the  friction  of  the 
earth  on  the  wall,  retains  the  adjacent  earth  in  suspended  condition.  This 
tends  to  produce  Mr.  Meem's  arching  effect,  with  the  wall  for  one  abutment; 
there  is,  of  course,  a  vertical  component  from  the  arch  thrust,  and  this  com- 
ponent is  registered  on  the  scales  provided  by  the  author  in  his  experiments. 
In  other  words,  the  resultant  in  this  case  is  inclined,  as  the  author  proves. 

5. — The  fill  against  a  retaining  wall  is  generally  placed  by  the  same 
method  as  that  used  by  the  author;  hence,  the  experiments  give  correctly 
the  nature  of  the  thrust  against  the  ordinary  retaining  wall.  A  retaining 
wall  must  rock  forward,  however,  to  sustain  its  load  (although  in  rare  cases 
it  may  settle  more  at  the  heel  than  at  the  toe) ;  hence,  the  authoi^s  wall, 
supported  rigidly  at  top  and  bottom,  cannot  entirely  represent  the  ordi- 
nary wall.  The  Goldbeck  cell  for  measuring  pressures  in  earth  offers  a  better 
means  than  was  formerly  available  for  observing  pressures  and  changes  of 
pressure  with  lapse  of  time  in  earth  back  of  actual  structures.  It  w^ould 
be  extremely  valuable  to  have  long-time  observations  on  actual  structures, 
and  a  parallel  set  of  the  author's  tests,  using  the  same  earth. 

6. — In  a  sheeted  trench,  the  pressure  will  depend  on  the  method  of  sheet- 
ing and  the  care  taken  to  prevent  earth  movement.  A  trench  in  moderately 
cohesive  earth  may  be  braced  by  longitudinal  planks  and  cross-struts.  In 
this  case,  the  sheeting  cannot  carry  a  vertical  component  and  the  earth  has 
to  continue  to  do  so,  as  it  did  before  the  trench  was  dug.  In  other  words, 
pressure  on  the  support  is  horizontal.  With  vertical  sheeting,  on  the  other 
hand,  particularly  when  not  wedged  tightly,  vertical  earth  loads  may  be 
thrown  on  the  sheeting;  that  is,  the  resultant  earth  pressure  may  be  inclined. 

7.- — Mr.  Meem  has  called  attention  to  the  fact  that  for  certain  kinds  of 
earth,  trench  support  may  be  designed  successfully  on  the  assumption  that 
most  of  the  earth  pressure  comes  near  the  top  of  the  trench.  If  the  earth  has 
some  cohesion,  as  is  usual,  the  section  of  earth  which  tends  to  slip  down, 
when  the  support  of  the  earth  which  was  in  the  trench  is  _ 
removed,  may  be  held  up  by  various  combinations  of 
braces.  Manifestly,  a  support  anywhere  in  the  depth  of  the 
trench  would  hold  up  a  wedge  of  cohesive  material.  The 
brace.  A,  in  Fig.  11,  might  do  all  the  work,  if  cohesion  at 
and  below  cd  were  sufficient;  or  the  brace,  B,  might  do  all 
the  work  or  only  a  small  part  of  it.  As  earth  is  of  many 
degrees  of  cohesion  and  plasticity,  trench  bracing  must  ^*^-  ■'^■'^• 

be  adapted  to  the  material  encountered,  and  will  never  be  solved  by  any 
universal  rule  except  one  that  would  be  extravagant  in  most  cases. 
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8. — In  connection  with  the  slides  of  the  Panama  Canal, 
the  formation  of  vertical  cracks  has  been  explained  mathe- 


.nice  of      ' 

niatically  by  Professor  Slichter,  if  the  writer  remembers  cor-  sheli^Fanarei 
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rectly.    A  high  bank  of  cohesive  earth  or  weak  rock.  Fig.  12, 

fails  by  shear  along  surfaces  which  are  vertical  at  the  top  |  i 

and  curve  to  a  nearly  horizontal  direction  near  the  bottom. 

All  deep  trenches  show  this  tendency,  which,  of  course,  is  | 

more  noticeable  when  the  support  is  inadequate  or  the  braces  | 

are  not  tight  enough.    It  is  not  a  wedge,  but  a  semi-segment,    •^'^^^^^^^ 

that  is  to  be  supported  in  these  and  perhaps  in  most  cases.  ^^-  ^^■ 

9. — After  the  pressure  of  various  kinds  of  earth  has  been  measured  satis- 
factorily, it  remains — in  colder  climates — to  determine  the  effect  of  freezing 
at  the  tops  of  retaining  walls.  The  retaining  wall  will  continue  to  be  a 
structure  requiring  local  experience  as  well  as  sound  judgment,  but  that 
does  not  diminish  the  value  of  the  author's  completed  and  prospective  work. 

F.  ]Sr.  Menefee,*  Assoc.  M.  Am.  Soc.  C.  E.  (by  letter). — This  paper  is 
a  real  contribution  to  experimental  information  on  the  subject  of  lateral  earth 
pressures,  and  shows  a  commendable  amount  of  work,  both  in  carrying  on 
the  experiments  and  in  correlating  the  data. 

The  time  has  almost  come  when  the  Society  should  consider  the  more 
up-to-date  data,  standardize  definitions  and  symbols,  and  codify  the  results  of 
research  and  discussion  in  such  a  way  that  they  will  be  of  greatest  benefit  to 
the  profession. 

Some  of  the  terms  used  in  this  paper  are  well  chosen,  but  are  not  yet 
accepted  definitely  by  engineers.  The  writer  refers  to  the  author's  "coefficient 
of  internal  resistance"  and  "coefficient  of  internal  friction".  As  soon  as  engi- 
neers can  decide  on  definitions  which  are  more  or  less  self-explanatory,  and 
terms  which  admit  of  only  one  interpretation,  earthwork  problems  will  be 
solved  quickly  with  the  aid  of  the  data  on  the  subject  available  to-day. 

In  a  discussionf  of  the  Progress  Report  of  the  Special  Committee  to  Codify 
Present  Practice  on  the  Bearing  Value  of  Soils  for  Foundations,  etc.,  for 
1920,  the  writer  suggested  that  the  term  ''elastic  limit"  be  not  used  in  dis- 
cussing the  compressibility  of  earth,  for  the  following  reasons: 

"*  *  *  that  for  clearness  and  definiteness  this  term  should  not  be  used  in 
discussions  of  materials  which  have  little  or  no  tensile  strength.  An  analysis  of 
the  term  'elastic  limit',  or  'limit  of  elasticity',  leads  one  to  think  of  an  inherent 
and  enduring  quality,  at  least  unchangeable  by  the  weather,  say.  It  seems 
that  the  word  'elastic'  implies  complete  restoration  of  shape  with  removal  of 
stress,    *    *    *." 

In  Paragraph  2  of  his  "General  Conclusions  on  the  Pressure  of  Sand  Fills, 
Deduced  from  the  Cincinnati  Experiments",  Mr.  Feld  states:  "The  fill  does 
not  act  like  an  elastic  solid",  and  he  is  correct.  However,  he, uses  the  term, 
"arching  action",  which  the  writer  thinks  will  die  hard,  yet  he  believes  it  has 
been  proved  that  the  phenomenon  which  suggests  itself  when  the  term  is  used, 

*  Prof.,     Bng.     Mechanics,    Univ.    of    Michigan ;    Vice-Pres.,    United    Eng.    Corporation, 
Detroit,  Mich. 

t  Pamphlet,  Am.  Soc.  C.  E.,  January,  1921,  p.  12. 
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does  not  happen.  That  is,  superimposed  loads  do  not  produce  stresses  in  the 
direction  indicated  by  Fig.  13,  but  rather  in  that  indicated  by  Fig.  14.  The 
reader  is  referred  to  the  writer's  discussion  on  the  Progress  Report  of 
the  Special  Committee  on  the  Bearing  Value  of  Soils  for  Foundations,  etc., 
previously  mentioned. 


Fig.  13.  F^G.   14. 

Mr.  Feld's  outstanding  conclusion:  "The  resultant  pressure  is  inclined  to 
the  wall,  deviating  from  the  normal  by  an  angle  equal  to  the  angle  of  friction* 
between  the  fill  and  the  wall",  has  been  used  by  the  writer  for  several  years, 
and  is  the  most  rational  and  direct  method  of  determining  the  maximum  slope 
of  earth  pressure  to  the  normal.  For  a  theoretical  discussion  of  the  con- 
clusion advanced  by  Mr.  Feld,  the  reader  is  referred  to  the  discussion*  by  the 
writer  of  a  paj^er  entitled,  "Earth  Pressures :  A  Practical  Comparison  of  The- 
ories and  Experiments"  by  L.  D.  Cornish,  M.  Am.  Soc.  C.  E. 

Charles  Terzaghi,!  Esq.  (by  letter). — From  the  very  fact  of  their  being 
essential,  the  essential  features  of  any  phenomenon  are  exhibited,  even  in  case 
the  phenomenon  is  produced  on  a  miniature  scale.  Therefore,  the  apparent 
contradictions  between  the  results  furnished  by  the  Cincinnati  tests  and  the 
conclusions  previously  drawn  by  the  writer  from  his  own  experiments  touch 
the  most  vital  points  of  the  problem. 

Effect  of  the  Movement  of  the  Wall. — A  brief  summary  of  the  writer's  con- 
ception of  the  theory  of  earth  pressure  against  retaining  walls  has  been  pre- 
sented by  Mr.  Feld.:}:  The  coefficients  determined  by  the  writer  were  men- 
tioned by  Mr.  Feld  merely  for  the  sake  of  completeness,  and  not  because  he 
attributes  to  them  any  quantitative  value.  Nevertheless,  the  writer  claims  that 
they  are  sufficiently  accurate  to  serve  at  least  as  a  starting  point  for  the  discus- 
sion of  the  results  of  even  such  elaborate  tests  as  those  made  in  Cincinnati.  They 
cannot  be  considered  as  conclusive,  but  they  give  a  fairly  clear  idea  of  the 
phenomenon  as  a  whole,  and  no  very  important  difference  is  to  be  expected 
between  them  and  the  values  furnished  by  large-size  tests. 

According  to  the  writer's  conception,  the  problem  of  computing  the  earth 
pressure  against  a  retaining  wall  is  statically  indeterminate,  the  earth  pressure 
being   a   function   of  the   distance   over   which   the   wall  yields.      The   earth 


*  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXI    (1917),  p.   218. 

t  Cons.  Engr.  ;  Assoc.  Prof,  of  Civ.  Eng.,  American  Robert  Coll.,  Constantinople,  Turkey. 

t  On  pp.  1503-1505.  The  description  of  the  writer's  method  of  measuring  the  earth  pressure 
at  rest  is  not  quite  correct,  inasmuch  as  the  measuring  tape  did  not  rest  against  another  tape 
of  the  same  kind,  but  slipped  between  two  strips  of  special  paper.  Thus,  an  exceedingly 
small  pressure  was  sufficient  to  cause  the  tape  to  "bind".  A  full  description  of  the  apparatus 
is  contained  in  the  writer's  article,  "Old  Earth-Pressure  Theories  and  New  Test  Results'". 
Engineering  News-Record,  September  30,  1920.  The  statement,  "the  earth  pressure  against 
a    perfectly    rigid    wall    is   fairly   independent    of    the   density    of    the   back-filling",    obviously 

H  ylf 

concerned  the  ratio,  — — ZT.  =  0.42,  otherwise,  the  formula.  //  =  0.42  — r— ,  could  noi  possibly  con- 

tain  the  specific  gravity,  y. 
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pressure  acting  against  a  perfectly  rigid  wall  should  be  of  tlie  order,  0.42  - — . 

The  coefficient,  0.42,  was  determined  for  crushed  and  sifted  quartz,  and 
was  found  to  be  independent  of  whether  the  sand  was  loose  or  compacted.  It 
may  be  somewhat  different  for  other  kinds  of  sand.  If  the  wall  yields,  the 
pressure  should  decrease  rapidly  and  be  a  continuous  function  of  the  distance 
covered  by  the  wall  before  the  first  "slip"  occurs.*  At  the  same  time,  the  dis- 
tribution of  the  pressures  over  a  vertical  strip  of  the  wall  should  deviate  more 
and  more  from  the  straight-line  law,  and  the  point  of  application  of  the 
resultant  pressure  should  move  upward  from  the  lower  third  of  the  height. 
This  process  was  called  by  the  writer  the  "first  phase"  of  the  earth  pressure, 
and  involves  a  decrease  in  lateral  pressure  of  about  48%  to  31%  of  the  original 
value,  according  to  the  densityf  of  the  structure  of  the  sand. 

During  an  early  stage  of  the  first  phase,  the  lateral  expansion  of  the  back- 
filling was  found  to  be  an  elastic  one,  and  the  distance  of  yield  required  for 
approaching  the  second  phase,  based  on  a  knowledge  of  the  modulus  of  elas- 
ticity of  the  sand,  can  be  roughly  computed.  Table  37  shows  the  moduli  of 
elasticity.  Eg,  determined  by  the  writer  for  the  compression  of  different  granu- 
lar materials  at  a  constant  cross-section,  p  denoting  the  vertical  pressure,  in 
kilogrammes  per  square  centimeter,  acting  on  a  horizontal  cross-section  within 
the  mass,  and  pi  an  "initial"  pressure  which,  for  back-filling  with  a  height  of 
h  <  10  m.,  is  about  0.14  kg.  per  sq.  cm.$  The  lateral  expansion  of  the  back- 
filling involves  in  addition  a  settlement  in  a  vertical  direction,  hence  a  deforma- 
tion in  two  directions,  and  the  modulus  of  elasticity  increases,  according  to 
Table  37,  directly  with  the  depth  below  the  surface.  Considering  these  two 
facts  the  horizontal  movement  of  the  wall,  Sj.  was  computed, §  which  is  required 
for  reducing  the  horizontal  component  of  the  lateral  earth  pressure  exerted  by 

a  fill  with  a  height  of  72  in.  (183  cm.)  with  lO^o  of  its  original  value,  0.42  — -— . 

The  values  of  s^  thus  obtained  are  presented  in  Table  37.  Of  the  materials 
mentioned  in  that  table,  the  pure  quartz  sand  seems  to  be  most  like  that  used 
in  the  Cincinnati  tests.    For  this  reason  let  the  value  of  s^  =  0.00483  cm.  be 

*  The  first  experimental  record  of  the  fact  that  the  intensity  of  the  earth  pressure 
decreases  with  the  distance,  over  which  the  wall  yields,  is  contained  in  a  paper  published 
by  G.  H.  Darwin  (Minutes  o/  Procee(fm(7S,  Inst.  C.  E.,  Vol.  LXXI,  1882-83,  Pt.  1).  A.  Donath 
has  observed,  that  the  intensity  of  the  earth  pressure  decreased  from  18  to  20%,  if  the  wall 
(15  in.  high)  was  allowed  to  turn  through  an  angle  of  1'  around  its  lower  edge  (Zeitschrift 
fiir  Batncesen,  1891,  p.  491).  K.  Skibinslcy  concluded  the  pressure- relieving  effect  of  wall 
movements  from  his  tlieory  of  the  equilibrium  of  back-fillings,  consisting  of  a  mass  of  rough 
spheres  ("Das  Gleichgewicht  des  roUigen  Materials",  Oesterreiohische  Wochenschnft  fiir 
den  offentlichen  Baudi^nst,  1916). 

t  The  intensity  of  the  earth  pressure  which  acts  at  the  first  slip,  depends  on  the  density 
of  the  sand,  while  the  earth  pressure  at  rest  seems  to  be  independent  thereof.  Hence,  the 
difference  between   these  two  values  depends  on  the  density  of  the  sand. 

t  F'or  a  very  loose  quartz  sand,  pi  was  found  to  amount  to  about  0.07  kg.  per  sq.  cm., 
and  for  a  compacted  sand  it  increases  to  about  0.21  kg.  per  sq.  cm.  The  value,  0.14,  there- 
fore, represents  the  average. 

§  For  a  detailed  description  of  the  elastic  properties  of  granular  masses  and  for  the 
method  of  computing  the  modulus  of  elasticity,  E.  for  the  compression  of  a  material  which 
is  free  to  expand  laterally  (for  instance,  the  back-filling  of  a  yielding  retaining  wall),  see 
the  writer's  paper,  "Die  Beziehungen  zwischen  Elastizitat  und  Innendruck",  Sitzungsterichte 
der  Wiener  Akademie  der  Wissenschaften,  192.S  (In  print).  The  values  of  Ea  (Table  36), 
are  presented  merely  for  the  purpose  of  giving  an  Idea  of  the  limits,  within  which  the 
modulus  of  elasticity  of  dry,  granular  materials  may  possibly  vary. 
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retained  for  use  in  the  discussion.  From  the  diagrams  published  by  the  writer, 
it  may  be  learned  that  the  first  slip  involves  a  total  horizontal  outward  move- 
ment of  the  wall  of  about  0.0010  h*  which  in  the  case  under  consideration 
would  be  0.0010  X  183  =  0.183  cm.  Using  these  data  as  a  basis,  the  relation 
between    the    horizontal    movement    of    the    Cincinnati    wall    and   the    ratio, 

TT 

—^■,  has  been  plotted  approximately  in  Fig.  15  (a).    Starting  with  an  intensity  of 


0.42  — — ,  the  decrease  of  the  earth  pres.sure,  during  an  early  state  of  the  first 

phase,  is  determined  by  the  tangent,  r  t.    Toward  the  end  of  the  first  phase,  the 
curve  turns  abruptly  downward  and  terminates  in  the  point,  Sj  (first  slip). 

TABLE  37. 


No.                  Kind  of  material. 

Esy  in  kilogrammes  per  square 
centimeter. 

si,  in  centimeters. 

1     River  sand  with  rough  grains 

176.0  (p  +  pi) 
100.0  (p  +  pi) 
94.3  (p  +  pis 
80.7  (p  +  pT) 

0.00276 
0.00483 

3     Sand  with  silt  and  clay 

0.00511 

4     Dry,  pulverized  clay 

0.00597 

A's  =  modulus  of  elasticity  of  the  material,  lateral  expansion  being  prevented.  It  refers  to  the 
thickness  which  the  layer  of  sand  would  have  if  the  volume  of  voids  is  zero. 

p  =:  pressure,   in  kilogrammes  per  square  centimeter. 

Si  =  yield  of  a  rigid  retaining  wall,  6  ft.  (183  cm.)  high,  required  for  producing  a  decrease  in 
pressure  of  10%  at  the  outset  of  the  first  phase. 


The  results  of  Mr.  Feld's  experiments  for  the  purpose  of  detecting  the 
influence  of  the  movements  of  the  wall  are  given  in  Table  l.f  A  horizontal 
outward  movement  of  (^^i^  to  -^-^Ijyo  i^-)  =  0.00634  cm.  caused  a  decrease  of 

the  horizontal  component  of  less  than  — -  (3.78%  +  3.02%  +  3.41%)  ==  3.4%, 


3 


yh' 


and  the  horizontal  component  amounted  to  0.25  —-.    Hence,  at  the  same  rate  of 


decrease,  the  reduction  of  the   earth  pressure  by  10%   of  0.42  '^^—  would  have 


*  According  to  the  writer's  conception,  a  definite  decrease  of  the  lateral  pressure  has  its 
equivalent  in  a  definite  change  of  the  structure  of  the  sand,  that  is,  in  a  change  in  the 
arrangement  of  the  grains-.  Hence,  for  geometrical  reasons,  there  should  exist  for  any  sand 
a  simple  proportionality  between  the  height,  U,  of  the  back-filling  and  the  distance,  s,  of  the 
yield  required  for  reducing  the  lateral  pressure  with  a  definite  percentage.  One  arrives  at 
the  same  conclusion  if  the  investigation  of  the  relation  between  h  and  s  is  based  on  the 
elastic  properties  of   the  sand. 

t  The  writer  understands  the  data  in  Table  1,  to  be  as  follows  :  The  difference  between 
the  first  set  of  readings  (scale-beam  in  a  restricted  position)  and  the  second  set  (scale-beam 
at  the  highest  point  of  the  trig  loop)  corresponds  to  an  outward  movement  of  the  wall  over 
a  distance  of  i^oo  in-  horizontally.  By  pushing  the  wall  back  to  its  original  position,  the 
pressure  resumes  approximately  its  original  value.  As  it  is  possible  (although  not  mentioned 
in  the  paper),  that  that  part  of  the  difference  between  the  first  and  the  second  scale-reading 
was  due  to  the  construction  of  the  scale,  the  value  of  3.4%  should  be  considered  as  a  limiting 
value  (upper  limit  of  the  pressure-relieving  effect  of  the  wall  movement).  According  to  the 
writer's  conception  (Fig.  15(a)),  the  decrease  of  the  lateral  pressure,  produced  by  a  wall 
movement  over  a  distance,  .s,  approaches  the  value,  0,  before  the  first  slip  occurs.  The 
outward  movement  of  the  upper  edge  of  Donath's  retaining  wall  (15  in.  high,  mentioned 
previously)  produced  a  decrease  of  the  lateral  pressure  of  18  to  20  per  cent.  In  a  more 
advanced  state  of  the  first  phase,  the  pressure-reducing  effect  of  such  a  movement  should 
have  been  equal  to  zero. 
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required  a  yield  of  at  least 

10.0  0.42 

0.00fj34  X  — -  X   -— 

:5.4  0.25 


0.03i;3  cm.. 


which  is  6.50  times  more  than  the  writer  has  estimated.     Tliis  is  a  considerahle 

discrepancy.     Far  more  important,  however,  is  the  fact  that  the  earth   pressure 

y  K^ 
measured  by  Mr.  Feld  amounted  to  not  more  than  0.25  '- ,  althougli   the   total 

horizontal  movement  of  the  wall  was  only  y,j\itjT)  "i-  =  0.000150  cm.,  which  is 
negligible,  even  if  compared  with  the  values  of  s^  presented  in  Table  .37. 
According  to  tlie   Avriter,   the   horizontal   component  should  have  been   about 

y  h' 
0.42— —      This   obvious   contradiction    makes    him   suspect  that   tlie    elastic 

deformations  of  the  wall  itself  may  have  been  so  important  that  its  movement 
as  a  whole  was  a  negligible  item. 


Kelatiun  betueen  active  Earth  pressure 
and  d.stance  of  field  lor  h  183  cm . 


^'  (&) 

Increase  of  K  with  increasing 
heieht,  h,  of  the  fill,  dae  to  increasing 
deflection  of  the  gate 


Fig.    15. 


The  two  lower  horizontal  contacts  were  1.44  m.  apart.  They  supported  a 
horizontal  wooden  stringer  of  10.2  by  15.3  cm.,  which,  in  turn,  served  as  a 
support  for  the  lower  ends  of  the  i-in.  sheathing  and  the  four  3  by  6-in.  vertical 
beams.    At  the  outset  of  the  experiment,  the  horizontal  pressure  acting  against 
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that  timber  was  equal  to  zero,  and,  when  the  bin  was  filled,  it  increased  to  about 
2 
Y 


—  X  1  040  =  693  ks:.,  or  -^  =  4.o3  kij;.  per  cm.  of  the  lensrth  of  the  beam. 
3  153  "    '  ' 


Let. 


10.2  X  15.3'^ 
/  =  — ^ -^^  =  .3  050  cm.*,  be  the  moment  of  inertia  of  tlie  l)eam; 


E  =  110  000  kg.  per  sq.  cm.,  the  modulus  of  elasticity  of  the  timber ; 
I  =  144  cm.,  the  span  of  the  beam ;  and, 
q  =  4.53  kg.  per  cm.,  the  load  per  centimeter. 
The  maximum  deflection  of  the  beam,  therefore,  was,  approximately, 

5(;Z*  5X4.82X144*  '     ^^  1     . 

T  = =  =  0.0 1  cm.  =r  - —  in. 

3S4  E  I        384  X  110  000  X  3  050  36. 3 

That  is  a  large  quantity  when  compared  with  the  distances,  s^  (Table  37), 
required  to  produce  a  decrease  of  10%  in  pressure.  With  Mr.  Feld's  figures 
(decrease  of  the  lateral  pressure  equal  to,  or  less  than,  34%),  the  writer  obtains 
for  the  upper  limit  of  the  pressure-relieving  effect  of  a  deflection  of  the  magni- 

/    1  \  0.07 

tude    mentioned    previously  ( -r;::-:  in. ) ,  the    value,  3-4  X  ;r-^,T-— -  =   3/. 5  per 

\36.3        /  0.00634 

cent. 

Thus,  the  crucial  point  for  the  whole  further  discussion  depends  on  the 
comparative  magnitude  of  the  elastic  deformation  of  the  wall  and  its  important 
influence  on  both  the  intensity  and  the  distribution  of  the  pressures. 

Starting  again  from  the  writer's  conception  of  the  earth-pressure  phe- 
nomenon :  The  effect  of  the  deflection  of  the  beam  on  the  results  of  Mr.  Feld's 
tests  can  be  predicted  approximately. 

Let, 

h  =  the  variable  height  of  the  fill ; 
/  =  the  distance  between  supports ; 

y  W 
If  =   k ,  the  horizontal  component  of  the  earth  pressure,  both  k 

and  h  beinor  variable;  and, 

5  l^  2  V  K^  y  h^ 

X   —    X   ^  ^  c  -■- —  ,  the  deflection  of  the  beam 


384  E  I    :     -^  2  3 

at  the  bottom  of  the  gate. 

According  to  the  data  published  by  the  writer,  the  ratio,  k,  is  a  function 
of  the  ratio,  s  :  h,  between  the  amount  of  yield  of  the  wall  and  the  height  of 
the  fill.  The  character  of  the  function  which  connects  k  and  s  is  represented 
graphically  in  Fig.  15  (a)  and  can  be  expressed  by  the  symbolic  term: 

.s             /  s  \                          c  V  h         .  /c  y  h\ 
t  =  0.4-2-„-  +  /(-)=0.42_„  — +  ,(^) (1) 

rt  is  a  constant,  and  /  ( —  )  is  an  arbitrary  function  which  suits  the  follow- 
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ing  conditions :  In  an  early  state  of  the  first  phase,  both  the  function  and  its 
first  derivative  are  negligible,  and  in  an  advanced  state,  both  the  function 

and  its  first  derivative  increase.     The  item,  /  (  — ),  simply  expresses  the  fact 

that  the  proportionate  effect  of  the  movement  of  the  wall  on  the  intensity  of 
the  earth  pressure  decreases  rapidly  in  an  advanced  state  of  the  first  phase. 
If  a  constant  average  value  for  c  is  assumed,  the  relation  that  exists  between 
Tc  and  h  is  obtained.     The  expression, 

a  A;         a  c  y  \    6    / 

—   = + ^ '- C2) 

Thus,  in  an  early  state  of  the  experiment,  while  the  height  of  the  fill  in  the 

bin  is  still  small,  the  second  term  of  the  right-hand  member  is  negligible, 

d  k 
according  to  the  assumption,  — —  is  negative  and  k  decreases.     As  tlie  height 

of  the  fill  is  increased,  the  phenomenon  enters  an  advanced  stage  of  the  first 
phase,  and  the  second  item  comes  into  i)rominence.     For 

«  ^  2/  t?/    (  — g-  ) 


3       = 


dh 


d  k 
becomes    stationary   and    then    —    assumes   even   positive    values,    that   is,  k 

d  h 

increases.     These  facts  come  clearly  into  evidence  from  the  figures  communi- 

TT 

cated  by  Mr.  Feld  in  Table  5.     His  values  of  Ji  = ;  are  ^raphicallv  repre- 

2 

sented  in  Fig.  1.5  (b).     In  fact,  the  ratio,  — —.  changes  the  sign  at  the  point  b, ; 

d  h 

the  close  agreement  between  theory  and  observation  bears  splendid  testimony 
to  the  care  and  conscientiousness  with  which  the  tests  were  made.  Neverthe- 
less, a  more  detailed  study  of  the  curve,  including  its  upper  part,  is  impossible 
because,  from  a  static  point  of  view,  the  case  is  hopelessly  complicated.  After 
the  depth  of  the  fill  exceeds  haK  the  depth  of  the  bin,  the  upper  horizontal  beam 
comes  under  important  pressure  as  well,  and  deflects,  causing  a  renewed 
decrease  of  the  value,  k.  Furthermore,  the  deflections  are  not  distributed 
uniformly  over  the  whole  gate;  they  are  practically  equal  to  zero  at  the  contacts 
and  are  a  maximum  at  the  centers.  Thus,  one  part  of  the  back-fill  is  almost 
at  the  beginning  of  the  first  phase,  while  other  parts  on  the  same  horizontal  line, 
are  approaching  the  second  phase. 

The  lack  of  uniformity  in  the  distribution  of  the  pressures  along  the 
horizontal  lines  of  the  gate  represent  such  an  important  distinguishing  feature 
between  the  pressures  acting  against  the  Cincinnati  gate  and  those  acting 
against  an  ordinary  retaining  wall,  that  no  conclusion  whatsoever  can  be  drawn 
from  the  results,  unless  the  deformations  of  the  gate  are  determined  and  the 


DISCUSSION   OX  DETERMIXATIOX   OF   LATERAL  EARTH   PRESSURE      1531 

actual  distribution  of  the  pressures  over  the  gate  is  investigated  with  pressure 
cells  or  similar  devices  placed  near  or  built  into  the  gate. 

A  general  idea  of  the  distribution  of  the  pressures  horizontally  can  be 
obtained  in  the  following  manner :  Compute  the  deformations  of  the  wall  under 
the  influence  of  the  load,  in  case  the  load  is  uniformly  distributed  over  hori- 
zontal strips  of  the  gate,  and  then  measure  the  actual  deflections.  From  the 
difference  between  the  two  sets  of  data  the  distribution  of  pressures  can  be 
calculated  approximately  by  a  graphical  method.  The  writer  practiced  this 
proceeding  successfully  when  he  investigated  the  distribution  of  the  pressures 
over  the  elastic  side-walls  of  the  model  for  a  reinforced  concrete  storage  bin. 
It  would  be  of  interest  to  have  both  the  calculated  and  the  measured  deflection 
published.  It  is  likely  that  the  results  will  furnish  an  instructive  example  of 
the  relations  which  exist  between  pressure  and  yield.  These  relations  have 
been  shown  clearly  in  the  results  obtained  from  miniature  tests — simply  because 
they  are  an  essential  fact. 

Ejfect  of  Temperature. — The  effect  of  changes  in  temperature  on  the 
intensity  of  the  earth  pressure  is  a  self-evident  consequence  of  the  relation 
just  discussed.  A  drop  in  temperature  has  the  same  effect  as  the  yielding  of 
the  wall  of  an  amount  equal  to  the  contraction  of  the  "wedge" ;  and  the 
intensity  of  the  effect,  therefore,  depends  on  the  "phase"  in  which  the  drop  in 
temperature  occurs.  During  the  initial  stage  of  the  first  phase  (k  =  0.42  untU 
k  =  0.3),  a  movement  of  the  wall  of  0.00483  cm.  causes  a  decrease  of  10%  in 
the  lateral  pressure.  The  average  coefficient  of  linear  expansion  of  rock  grains 
is  0.000005.  In  half  the  height  of  the  fill  the  width  of  the  wedge  is  equal  to 
about  45.5  cm.,  hence  a  drop  in  temperature  of  1°  cent,  causes  an  average  con- 
traction of  0.000005  X  45.5  =  0.000227  cm.,  and  a  decrease  in  pressure  of 
0.000227 

Mr.  Feld's  observations  were  made  in  an  advanced  stage  of  the  first  phase 

(Point  P,  Fig.  15  («)),  when  the  curve  no  longer  coincides  with  the  tangent, 

r  t.    At  this  stage,  and  according  to  the  figures  in  Table  1,  a  decrease  of  10% 

in  the  lateral  pressure  acting  at  k  =  0.25  requires  a  movement  of  at  least  0.313 

0.25 

=  0.0187  cm.  of  the  wall.     Hence,  a  decrease  in  temperature  of  1°  cent. 

0.42 

0.000227 
causes  a  decrease  in  pressure  of  less  than  10.0  ^^    =  0.121   per  cent.    Mr. 

0 .  01 o I 

Feld  observed  0.15  per  cent.  As  the  observed  effect  of  the  temperature  is  even 
greater  than  the  upper  limit  of  what  can  be  accounted  for  by  the  expansion  of  the 
wedge,  the  balance  may  be  due  to  the  effect  of  the  temperature  on  the  gate  and 
on  the  pressure-transmitting  device.  At  the  end  of  the  first  phase  and  during  the 
second  one,  the  effect  of  temperature  should  become  negligible,  because  the 
effect  of  lateral  expansion  on  the  intensity  of  the  earth  pressure  becomes  very 
small,  as  compared  with  the  effect  during  the  first  phase. 

Internal  Resistance  and  Internal  Friction. — Considering  the  fact  that  even 
the  large-scale  Cincinnati  observations  confinn  the  existence  of  intimate  rela- 
tions between  the  intensity  of  the  earth  pressure  and  the  distance  of  yield  or 
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deflection  of  the  wall,*  the  question  arises:  Wherein  consists  the  internal  fric- 
tion ?  For  the  back-filling  of  a  perfectly  rigid  wall,  the  angles  of  internal 
friction  can  be  compiited  from  the  ratio : 

IT  ,  90  —  <pn 

— r2-  =  t  g'  — ^-^^  =  0.4-2, 

which  gives  c^^  =  24  degrees.  As  already  mentioned,  tft^  for  other  kinds  of  sand 
might  be  somewhat  diiferent  than  for  crushed  quartz.  For  a  yellow  plastic  loam, 
the  writer  found  that  (f,^  =10°  (/,  and  for  a  blue  plastic  clay,  <^o  =  8°  20'.  The 
general  trend  of  the  curve  in  Fig.  15  (&)  suggests  that  the  value  of  (f>Q  for  the  sand 
used  by  Mr.  Feld  was  rather  smaller  than  24  degrees.  If  the  wall  yields,  the 
value  of  (f>  increases  continuously  until  it  assumes  a  maximum  at  the  end  of  the 
second  phase.  The  value,  <^.,,  was  found  to  depend  largely  on  the  original 
density  of  the  structure  of  the  sand.  The  writer  obtained  from  his  experi- 
ments : 

Sand   <^^  =  47°  40^  to  64°  40',  tan  (f>^  =  1.098  to  2.112 

Yellow  plastic   loam </>,,  =  22°  20',  tan  <^2  =  0.411 

Blue   plastic   clay <^,  =  13°  40',  tan  <f>^  =  0.243 

These  figures  give  at  least  an  idea  of  what  can  be  expected  to  be  the  upper 
limit  of  the  internal  resistance,  in  spite  of  the  fact  that  they  are  not  con- 
clusive. 

At  an  angle,  (f>^  {(f>.,  >  <^j>  (f)^),  the  first  "slip"  (Sj  in  Fig.  15  (a))  occurs. 
It  was  defined  by  the  writer  to  be  "a  radical  but  temporary  expedient  to  remedy 
a  local  disorder  in  the  structure  of  the  sand."f  It  is  a  non-essential  event, 
because  there  are  many  other  earth-pressure  phenomena  which  do  not  involve 
any  slip  or  at  least  no  slip  along  the  plane  for  which  the  angle  between  the 
resultant  stress  and  the  normal  to  the  interface  is  a  maximum.  The  value  of 
<^j  may  range  between  the  limits  of  40°  and  52°,  according  to  the  original 
density  of  the  sand. 

Hence,  it  is  necessary  to  distinguish  between  two  essentially  different 
kinds  of  internal  resistances: 

(o)  The  internal  friction,  which  is  a  function  of  the  amount  of  yield  of  the 
wall,  and  determines  the  intensity  of  the  earth  pressure  for  any  stage  except 
for  the  slip.  While  the  wall  is  yielding,  it  increases  from  the  initial  value,  <f>Q, 
to  the  maximum,  c^l,,  whereby  (f>^  is  at  least  twice  as  large  as  cf>f^.  This  type 
of  friction  is  by  no  means  the  resistance  to  "shearing"  along  a  definite  plane, 
but  is  merely  the  resistance  to  a  mutual  displacement  of  the  sand  grains 
throughout  the  space. 

(h)  The  frictional  resistance  to  separation  along  a  plane.  This  resistance 
cannot  possibly  develop  unless  there  is  a  tendency  to  separate  along  a  definite 
plane. 

The  stage  of  lateral  expansion  at  which  Mr.  Feld  made  his  observations 
was  found  to  correspond  to  a  point,  P,  situated  within  the  first  phase  .of  the 

•  See  the  text  referring  to  Fig.   15    (b)    (Equations    (1>    and    (2)). 
t  Engineering  News -Record,  September  30,   1920,   p.   637. 
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• 

earth  pressure,  and  on  the  downward  slope  of  the  curve,  Fig.  15  (a).  In  this 
stage,  the  first  slip  has  not  yet  occurred.  In  fact,  Mr.  Feld  states,  "there  is 
no  sharply  defined  wedge  of  rupture,  nor  can  any  surface  of  rupture  be  de- 
tected on  the  surface  of  the  fill"  (as  a  matter  of  course,  because  the  point, 
Sj,  was  not  yet  attained).  Nevertheless,  he  defines  the  internal  friction  as  "a 
resistance  against  shearing  along  a  plane"  and  both  his  "internal  resistance" 
and  his  "internal  friction"  are  of  Type  (6).  If,  furthermore,  the  "internal 
resistance",  <^,-,  mentioned  by  Mr.  Feld,  is  in  fact  a  resistance  to  separation 
along  a  plane,  and,  in  addition,  is  smaller  than  the  tangent  of  the  angle  of 
repose,  tan  (f>r,  the  natural  slope  could  not  possibly  be  stable.  Along  each 
plane  that  intersects  the  natural  slope  and  forms  with  the  horizontal  an  angle, 
<^,  whereby  (f>r  >  (f>  >  cf>i,  there  exists  a  shearing  force  which,  according  to 
the  laws  of  statics,  should  lead  to  a  slip.  Mr.  Feld,  however,  has  measured 
both  <fii  and  <jir ;  he  found  <^,  <  <^,.,  and,  in  spite  of  that,  the  natural  slope 
remained  stable.  (For  instance,  see  Table  14:  Angle  of  natural  slope  = 
32°  45',  internal  resistance  =  29°  40',  and  internal  friction  =  27°  BC.) 

The  cause  thereof  is  in  the  manner  in  which  the  coefficient  of  internal 
resistance  was  measured.  The  resistance  to  pulling  a  cubical  bottomless  box, 
filled  with  sand,  over  the  level  surface  of  a  mass  of  sand  is  an  exceedingly  com- 
plicated phenomenon  involving  a  passive  earth-pressure  effect  within  the 
box.  It  has  nothing  to  do  with  a  simple  frictional  resistance.  A  rectangular 
box  would  furnish  altogether  different  values,  but  of  the  same  quality. 

Mr.  Feld's  "internal  resistance"  differs  from  "internal  friction",  becaiise  it 
includes  cohesion.  He  states  that  the  cohesion  resistance  "is  equal  to  a 
constant  times  the  area  of  the  surface."  Hence,  it  is  not  quite  clear  how  it 
can  appear  in  his  calculations  as  an  angle.  Thus,  for  instance,  in  Test  No.  1 : 
The  angle  of  internal  resistance  =  37°,  and  that  of  internal  friction  =  34 
degrees.  If  p  denotes  the  pressure  per  unit  of  surface,  the  difference  between 
the  internal  resistance  and  the  internal  friction  would  be.  p  (tan  37°  —  tan 
34°)  =  0.079  Pj  that  is,  proportional  to  the  pressure,  p. 

Furthermore,  one  feels  compelled  to  hesitate,  when  reading: 

"It  is  found  that  two  coefficients  may  be  determined,  one  corresponding  to 
the  force  required  to  start  the  mass  in  motion,  the  other  corresponding  to  the 
force  required  to  keep  the  mass  moving  uniformly,"  and  "it  should  be 
noted  that,  for  the  dry  sand,  thei*e'  is  no  difference  between  the  angles  of 
friction  and  resistance." 

The  internal  friction  depends  on  two  qualitatively  different  factors:  On 
the  coefficient  of  the  friction  which  acts  along  the  surfaces  of  contact  of  the 
grains,  and  on  the  manner  in  which  the  grains  are  arranged.  The  effect  of  the 
arrangement  of  the  grains  on  the  internal  friction  was  anticipated  by  Clark 
Maxwell,  who  called  it  "the  influence  of  the  historical  element".  It  can  be 
studied  theoretically  by  analyzing  the  internal  resistance  of  a  mass  of  rough 
spheres;  it  was  demonstrated  experimentally  for  the  first  time  by  Darwin  in 
1877,  and  it  is,  after  all,  a  self-evident  fact,  because,  if  the  arrangement  of  the 
grains  had  no  influence  on  the  internal  friction,  it  would  be  impossible  to 
build  a  stone  wall  without  using  mortar.  Hence,  the  internal  friction  in  a 
thoroughly  compacted  mass  of  sand  must  be  considerably  different  from  that 
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which,  under  equal  circumstances,  acts  within  a  very  loose  mass  of  sand. 
The  phrase,  "equal  circumstances",  means  an  equal  degree  of  lateral  expan- 
sion. The  classical  experiment,  by  O.  Reynolds,  in  1885,  with  the  rubber  bag 
filled  with  wet  sand,  shuwed  that  no  mass  of  sand  can  change  its  shape,  that 
is,  undergo  any  radical  internal  movement,  unless  its  volume  of  voids  pre- 
viously assumes  a  maximum.  However,  according  to  Mr.  Feld,  the  resistance 
in  starting  the  dry  sand  in  motion  and  the  resistance  in  keeping  it  in  motion 
are  identical — this  means  that  he  identifies  the  internal  resistance  of  the 
back-filling  with  the  resistance  in  a  very  loose  sand,  no  matter  whether  the 
back-filling  is  loose  or  compact. 

If  the  sand  is  wet,  the  only  difference  between  the  resistance  against 
starting  the  motion  and  the  one  required  in  maintaining  it,  should  be,  accord- 
ing to  Mr.  Feld,  the  presence  of  cohesion  in  the  former  case  and  its  absence  in 
the  latter.  He  states:  "In  dry  sand  there  is  no  cohesive  force;  the  attrac- 
tion is  then  between  the  grains  of  earth  and  the  water";  but,  as  the  wet  sand 
continues  to  remain  wet,  after  the  motion  has  started,  the  writer  cannot  under- 
stand why  the  attraction  should  be  suddenly  absent.  Furthermore,  the 
writer  is  astonished  to  learn  that  the  physical  cause  of  the  cohesion  of  a  wet 
sand  should  be  a  "doubtful  point".  It  is  a  well-established  fact  that  "a  sur- 
face attraction  between  unlike  particles  or  an  adhesion"  always  exists,  but, 
at  the  same  time,  it  is  a  completely  negligible  factor,  unless  the  particles  are 
of  colloidal  size;  and  the  attraction  between  wetted  surfaces  of  a  macroscopic 
size  is  merely  due  to  the  surface  tension  of  the  liquid. 
Let, 

F  =  the  area  of  the  wetted  surface; 

T  =  the  surface  tension  of  the  water;  and 

d    =  the  thickness  of  the  film. 

2  F  T 

The  attraction  between  the  two  surfaces  is  equal  to  P  = —  and  presents, 

as  far  as  is  known  to-day,  the  only  source  of  cohesion  in  a  clean,  wet  sand. 
Fig.  16  shows  graphically  the  m'anner  in  which  surface  tension  acts.  The 
relation  between  the  increase  oi  2  F  and  of  d  can  be  expressed  by  a  symbolic 
term  similar  to  Equation  (2).  Therefore,  for  a  certain  proportion  of  water, 
the  cohesion  presents  a  maximum,  which  agrees  with  the  observed  facts.  The 
same  is  true  if  the  volume  of  voids  of  the  sand  is  reduced  by  compacting, 
while  the  moisture  remains  unchanged.  In  this  case,  it  depends  on  the 
moisture,  whether  compacting  causes  an  increase  or  a  decrease  of  cohesion. 
The  surface  tension  of  the  water  continues  to  act  after  the  motion  of  the  sand 
has  started,  because  the  grains  remain  in  contact  with  each  other.  Hence, 
if  the  cohesion  decreases  while  the  moisture  remains  unchanged,  it  is  known 
that  the  total  area,  2  F,  of  the  surface  of  contact  between  the  sand  grains  has 
become  smaller;  the  structure  was  loosened,  which,  in  turn,  substantially 
affected  the  internal  resistance.  All  these  complications,  however,  mean  very 
little,  if  compared  with  the  fact  that  Mr.  Fold's  "internal  resistance"  includes 
cohesion  in  terms  of  an  angle.  Even  more  difficult  is  it  for  the  writer  to  fol- 
low the  author  through  the  theoretical  part  of  his  paper.     All  the  empirical 
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arguments  which  lead  to  the  rules  for  the  application  of  the  wedge  theory 
in  the  computation  of  the  earth  pressure  are  based  on  the  assumption,  that  the 
"internal  resistance"  is  identical  with  the  internal  resistance  of  the  back- 
filling.   In  case  the  identity  does  not  exist,  the  arguments  lose  their  validity. 


."!    / 


Fig.  16. 


The  writer  cannot  possibly  accept  any  of  Mr.  Feld's  suggestions  defining 
or  determining  internal  resistances.  The  clear-cut  distinction  between  resist- 
ances of  Types  (a)  and  (6)  stands  as  firm  as  before.  All  attempts  to  measure 
the  "internal  friction"  directly  by  experiments  made  indei)endently  of  the 
earth-pressure  test  will  furnish  misleading  results,  simply  because  the  con- 
ditions within  the  back-filling  cannot  possibly  be  imitated  reliably.  They 
are  independent  of  Maxwell's  important  "historical  element".  The  values  of 
<i>Q,  <f>i,  and  </>,,  must  be  deduced  indirectly  from  the  earth  pressure  acting 
against  a  vertical  retaining  wall,  before  any  yield  has  occurred,  immediately 
after  the  first  slip,  and  at  the  final  breakdown  of  the  equilibrium.  Experiments 
on  a  rather  large  scale,  with  sands  of  different  kinds  and  densities,  should 
furnish  the  limits  within  which  the  values  of  the  three  angles  may  possibly 
vary.     These  tests  should  be  made  only  with  cohesionless  materials,  because, 

H 

2 
assumes  as  a  function  of  height.     That  makes  it  still  more  tiifficult  to  estab- 
lish simple  relations  between  theory,  experiment,  and  practice. 

Effect  of  Static  Load. — Mr.  Feld  points  out:  "There  is  an  appreciable 
increase  in  pressure  due  to  loads  not  on  the  wedge  of  rupture.  The  increase 
is  much  more  rapid,  however,  as  the  load  moves  on  the  theoretical  wedge".  It 
may  be  remembered  that  the  back-filling  was  in  an  advanced  stage  of  the  first 
phase.  According  to  the  writer's  conceptions,  this  fact  would  be  less  obvious 
in  an  earlier  stage  of  the  first  phase;  and,  during  the  second  phase,  it  would 
come  into  still  greater  prominence. 

The  changed  side  pressure  continued  after  the  load  was  removed.  This 
fact  is  by  no  means  due  to  lack  of  elastic  behavior  by  the  back-filling,  but  to 
the  fact  that  the  load  has  exceeded  the  elastic  limit  of  the  ground.  The 
elastic  rebound   which   occurs  after  removing   a  fairly   concentrated  load  of 


due  to  cohesion,  the  ratio,  k  =  — j-^,  becomes   different   from   what    Mr. 


Feld 
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100  lb.,  is  a  small  fraction  of  the  permanent  deformation;  but,  on  the  other 
hand,  the  permanent  deformations  are  strictly  confined  to  the  pressure  bulb. 
A  movement  of  the  wall  of  0.006  cm.,  occurring  after  the  load  was  removed, 
would  have  re-established  the  original  side  pressure.  Hence,  the  change  in 
density  due  to  the  load  was  not  more  important  than  that  caused  by  the  wall 
yielding  0.006  cm. 

Time  Tests. — The  interesting  phenomena  observed  by  Mr.  Feld  are  due  to 
a  property  of  the  sand  which  corresponds  to  the  "elastic  after  effect"  of  solid 
materials.  The  writer  proposes  to  call  it  the  "static  viscosity"  of  the  sand. 
He  investigated  this  phenomenon  exi)erimentally  four  years  ago,  but,  as  he 
has  not  yet  published  any  report  concerning  the  results,  a  brief  statement  of 
them  may  be  of  interest. 

The  nature  and  comparative  importance  of  the  static  viscosity  come  most 
clearly  into  evidence  when  one  observes  the  decrease  in  the  intensity  of  the 
internal  stresses  in  a  mass  of  sand,  while  the  outside  dimensions  of  this  mass 
remain  strictly  unaltered.  A  mass  of  sand,  confined  within  a  steel  ring,  was 
subjected  to  a  pressure,  p^,  in  a  Universal  testing  machine.  While  the  head 
of  the  machine  remained  in  position,  the  pressure  of  the  sand  acting  against 
it  decreased  and  asymptotically  approached  a  value  of  p^'. 

Let, 

p    =  the  pressure  acting  against  the  piston  at  a  time,  t,  after  the 

pressure,  Pj,  was  applied; 
p^   =   the  pressure  which  corresponds  to  a  time,  i  =  a  :  and, 
J  p  =  p  —  p^', 

cl  p 
The  decrease,  — ,  in  pressure  was  found  to  follow  the  law  : 

-If=(^r-; <^' 

Characteristic  values  of  ^  p^  and  a  are  presented  in  Table  38.  For  sands,  a 
increases  almost  in  direct  proportion  with  p^ ;  for  clay  cubes,  it  was  found 
that  it  increases  in  direct  proportion  with  the  capillary  pressure,  p^,  under 
which  the  clay  stands. 

As  the  decrease  in  pressure  takes  place  while  the  outside  dimensions  of  the 
body  remain  practically  unaltered,  it  is  evident  that  inter-granular  move- 
ments of  decreasing  intensity  occur  within  the  sand.  The  physical  cause 
is  due  to  the  fact  that  the  grains  cannot  adjust  themselves  to  the  altered 
statical  conditions  as  rapidly  as  the  pressure,  p^,  is  applied.  As  a  consequence, 
unbalanced  frictional  resistances  appear,  the  mutual  compensation  of  which 
occurs  but  gradually.  The  cumulated  effect  thereof  consists  in  a  decrease  of 
the  total  internal  pressure. 

In  the  case  of  the  back-filling  of  a  retaining  wall,  the  pressure,  p^,  which 
is  represented  for  each  horizontal  interface  by  the  weight  of  the  overlying 
mass  of  sand,  remains  constant,  while  the  settlement  proceeds. 

Let, 

fj  =  the   proportionate    compression   immediately   after   the  pressure, 
Pj,  was  applied; 
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e   =  the  same,  but  at  a  time,  i,  following  that  event;  and, 
£'j  =:  the  proportionate  compression  which  corresponds  to  a  time,  i  =  a  , 
and  J  £  =  £  —  f'j. 
The  increase  in  compression  was  found  to  follow  the  law : 

(Is        ///     .' 

(5) 


dt 


fi 


The  relation  is  very  similar  to  that  which  was  observed  by  Michelson*  for 
solid  bodies,  although  he  has  preferred  to  express  the  results  of  his  measure- 
ments by  a  rather  complicated  transcendental  function.  The  effect  of  a  rapid 
application  of  a  pressure  on  the  surface  of  a  mass  of  sand  is,  in  harmony  with 
what  Michelson  has  found  for  solid  bodies,  a  threefold  one:  (a)  Rapid  elastic 
yield;  (6)  elastic-viscous  displacement;  and  (c)  viscous  displacement.  There 
is  in  addition  {d),  the  lost  motion  or  the  permanent  deformation,  which  occurs 
in  connection  with  Types  (&)  and  (c),  even  in  case  the  stress  acts  for  a  very 
short  time.     The  displacements  by  Equation  (5)  are  of  Type  (c). 

TABLE  38. 


No. 


Kind  of  material. 


Pulverized  quartz,  very  loose ■] 

Pulverized  quartz,  compacted < 

River  sand  with  rough  grains,  compacted 

Sand  with  silt  and  clay,  compacted - 

Dry  pulverized  yellow  loam,  compacted \ 


"S 

1,  in  kilo- 

ammes  pe 

square 

entimeter 

-5  ^ 

pi,  in  kilo 

ammes  pe 

square 

entimeter. 

m 

a-a  " 

as 

oS,    " 

16.9 

7.51 

3.86 

0.445 

27.11 

8.75 

4.42 

0.323 

30.0 

2.75 

3.2 

0.0915 

61.05 

5.60 

7.2 

0.092 

120.45 

7.33 

12.53 

0.059 

30.0 

3.46 

4.05 

0.115 

29.5 

2.60 

3.03 

0.088 

60.5 

4.67 

6.90 

0.077 

30.4 

2  38 

2.66 

0.0782 

60.0 

6.80 

7.15 

0.113 

Pi 


0.228 
0.163 

0.106 
0.118 
0.101 

0.135 

0.102 
0.114 

0.0875 
0.119 


Pi  denotes  the  pressure  acting  at  the  outset  of  the  time  test,iJi'  the  pressure  acting  after  a  time 

t  —  Tc,  and  Api  =  pi  — pi'. 


If  the  observations  of  the  increase  in  compression  under  a  constant  load 

cover  a  period  of  several  days,  the  curve  connecting  the  measured  points  with 

each  other  deviates  from  the  theoretical  line  in  much  the  same  way  as  damped 

oscillations  would  be  shown  in  a  diagram.     (Fig.  17  (a).)     Another  case  of 

such  "damped  oscillations"  was  noticed  by  the  writer  when  he  investigated 

the  relation  existing  between  the  change,  d  p,  in  pressure  and  the  corresponding 

change,  d  £,  in  compression  for  a  complete  cycle  of  loading  (gradually  reducing 

a  pressure,  p^,  to  zero  and  applying  it  again).     (See  Fig.  17  (&).)     In  loams 

and  clays  this  property  is  developed  still  more  characteristically. 

*  "The    Laws    of    Elastic- Viscous    Flow",    Proceedings,    National    Academy    of    Sciences, 
May  15,  1917. 
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These  phenomena  of  damped  oscillations  are  apparently  a  consequence  of 
the  granular  structure  of  the  sand,  and  give  a  clear  idea  of  how  the  gradual 
compensation  of  the  unbalanced  frictional  resistance  occurs:  The  internal 
stability  of  the  structure  of  a  sand  obviously  depends  on  the  frictional  resist- 
ances remaining  unaltered,  because  each  grain  is  kept  in  its  position  by  fric- 
tional resistance.  If  this  resistance  diminishes  gradually,  on  account  of  the 
mutual  compensation  of  its  unbalanced  part,  the  structure  becomes  more  and 
more  unstable,  until  an  adjustment  of  the  grains  to  the  altered  conditions 
becomes  imperative.  This  adjustment  represents  the  period  of  accelerated 
settlement.  After  it  is  accomplished,  it  again  requires  a  certain  amount  of 
decrease  in  internal  friction,  until  the  lack  of  stability  becomes  important 
enough  to  require  a  re-adjustment. 

ter  PHYSICAL  CAUSE    OF  COnESION    OF  MOIST  SAND 


/    Surface  Tensioa 
T, per  cm 


Fig.  17. 


The  preceding  remarks  concern  the  relation  between  pressure  and  settle- 
ment only.  The  author's  observations  have  shown  that  the  periodicity  in 
settlement  affects  the  intensity  of  the  side  pressure  as  well.  The  oscillations 
observed  by  Mr.  Feld  are  characterized  by  a  remarkable  lack  of  uniformity. 
This  fact  confirms  the  writer  in  his  conviction  that,  within  the  wedge  of 
rupture,  the  static  conditions  are  far  more  complicated  than  is  generally 
assumed.  The  bottom  part  of  the  wedge  comes  into  the  second  phase  while 
the  top  part  is  still  in  an  initial  stage  of  the  first  one.  This  state  of  affairs 
will  undoubtedly  be  seen  as  soon  as  an  experimenter  undertakes  to  investigate 
the  distribution  of  the  earth  pressure  over  the  back  of  the  wall,  by  using 
pressure  cells  or  similar  devices  built  into  the  wall. 

The  Vertical  Component  of  the  Earth  Pressure. — The  results  of  the  Cin- 
cinnati tests  leave  little  doubt  concerning  the  fact  that  the  friction  between 
the  back-filling  and  the  back  of  the  wall  is  fully  active.  That  seems  to  be  due 
to  the  settlement  of  the  back-filling,  which  has  the  same  effect  as  an  upward 
movement  of  the  wall  of  equal  importance.  Therein  lies  an  essential  differ- 
ence between  the  results  obtained  with  a  small  and  with  a  large  apparatus, 
because  the  settlements  in  fills,  with  a  height  of  only  a  few  inches  are 
apparently  not  sufficient  to  develop  the  full  frictional  resistance.  With  fills  6 
to  9  in.  in  height,  Mr.  Feld  apparently  obtained  values  about  the  same  as  the 
writer  did  when  experimenting  with  his  small  apparatus.  (Table  4,  Column  9.) 
Mr.  Feld  explains  the  low  values  by  the  wall  having  been  dry  during  this 
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stage,  but  the  writer  has  obtained,  for  the  angle  of  friction  between  sand  and 
dry  timber,  a  value  of  34  degrees.  Hence,  it  is  difficult  to  accept  Mr.  Feld'8 
argument. 

Less  comprehensible  is  the  contradiction  between  the  results  obtained  by 
Mr.  Feld  and  the  results  of  the  very  careful  measurements  made  in  1891  by 
Mr.  A.  Donath*  in  the  Polytechnikum  in  Berlin,  with  fills  24  in.  high.  In 
these  tests,  the  wall  was  suspended  and  counterbalanced  by  an  exceedingly 
sensitive  device,  whereby  a  column  of  mercury  was  used  for  the  purpose  of 
detecting  any  movements.  Nevertheless,  no  movement  occurred,  nor  was  the 
vertical  component  found  to  be  greater  than  zero.  Mr.  Feld  obtained  an 
angle,  <f>'  =  24°,  for  fills  24  in.  high. 

It  remains  to  be  determined  whether  the  friction  acts  during  an  early  slate 
of  the  first  phase  or  during  the  second  one  (after  the  first  slip  has  occurred) 
as  well.  With  the  Cincinnati  apparatus,  such  an  investigation  cannot  be 
made,  because  the  trig  loops  are  not  removable.  However,  there  is  another 
question,  of  the  utmost  practical  importance,  that  could  be  answered  by  a  few 
supplementary  tests :  If  the  angle  of  friction  between  the  back-filling  and  the 
back  of  the  wall  increases  from  zero  to  <f>',  the  intensity  of  the  horizontal 
component  should  decrease,  according  t")  the  wedge  theory,  from 

cos  (p 


I     cos  (t>     y      „,        V  li    I  1 


provided  the  angle,  <^,  remains  unchanged.  For  c^'  =  32°  and  <^  =  37°,  the 
difference  between  IL  and  W  should  amount  to  0.28  H'.  Hence,  if  one  succeeds 
in  suppressing  the  vertical  component  of  the  earth  pressure,  the  horizontal 
component  should  increase  by  fully  28  per  cent.  The  test  could  be  made 
either  by  lowering  the  vertical  contacts,  after  the  horizontal  component  had 
been  measured,  until  the  vertical  component  becomes  equal  to  zero,  or  by  two 
independent  experiments,  whereby,  during  the  second  one,  only  the  dead 
weight  of  the  wall  should  be  counterbalanced.  In  addition,  one  could  investi- 
gate the  effect  of  the  friction  component  acting  in  the  opposite  manner. 

The  results  of  this  supplementary  test  would  be  important  as  an  argument 
in  any  future  discussion  of  the  wedge  theory,  and  could  lead  to  a  fundamental 
change  in  the  conception  regarding  the  equilibrium  of  the  wedge  of  rupture. 
Remembering  his  own  obsei-vations,  the  writer  believes  that  this  difference 
will  not  be  as  important  as  required  by  theory — provided  it  exists  at  all.  The 
experiments  should  be  made  with  dry  sand. 

Design  of  Apparatus. — The  measuring  device  with  platform  scales  gave 
excellent  results,  and  will  undoubtedly  become  a  standard  feature  in  similar 
investigations.  Unfortunately,  in  the  Cincinnati  arrangement,  the  advantages 
offered  by  the  sensitive  measuring  device  have  been  more  than  counter- 
balanced by  the  excessive  flexibility  of  the  wall,  combined  with  the  impossibility 
of  extending  investigations  at  least  beyond  the  point  of  the  "first  slip". 
Another  objectionable  feature  of  the  arrangement  was  the  small  width  of  the 

•  "Untersuchungen    iiber    den    Erddruck    auf    Stutzmauern",    Zeitschrift   fiir   Bauwesen, 
1891,   p.   491. 
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bin  as  compared  with  the  height  of  the  fill.  The  sliding  device  used  by 
Mr.  Feld  was  not  capable  of  satisfactorily  compensating  for  the  eflFeet  of  the 
narrowness  of  the  bin.  That  would  have  been  the  case  only  if,  within  the 
wedge  of  rupture,  the  motion  of  the  sand  grains  was  strictly  parallel  to  one 
another;  but,  in  reality,  the  lateral  expansion  involves  intergranular  dis- 
placements deviating  to  each  side  from  the  general  trend  of  the  movement. 
Mr.  Feld  observed  that  the  decrease  in  resulting  pressure  was  "not  very  large", 
due  to  fixing  the  sliding  wings  in  their  position,  and  there  might  be  a  con- 
siderable difference  between  the  pressure  acting  per  unit  of  length  of  a  gate, 
according  to  whether  that  length  was  equal  to  the  height  of  the  fill  or  to 
twice  that  height.  This  assumption  is  suggested  by  the  results  of  small-scale 
experiments.  The  shape  of  the  curve  Fig.  15  (6),  is  an  argument  neither  in 
favor  of  nor  against  the  assumption  being  correct,  because  the  intensity  of  the 
pressure  was  influenced  by  the  deflection  of  the  wall.  This  deflection  increased 
with  the  height  of  the  fill. 

Conclusions 

1. — The  experiments  wei-e  supposed  to  furnish  the  intensity  of  the  earth 
pressure  acting  against  an  ordinary  retaining  wall,  which  yields  throughout  a 
distance  of  not  more  than  ^  ^5,^  to  -jei^oo  in.,  that  is,  which  is  practically 
unyielding.  As  the  deflection  of  the  model  retaining  wall  (gate)  amounted 
to  many  times  the  distance  over  which  the  gate  was  allowed  to  yield,  the  pur- 
pose was  not  accomplished,  and  the  results  do  not  interfere  with  the  writer's 
conception  of  the  "first  phase", 

2. — The  deformations  of  the  gate  were  so  large,  in  comparison  with  the 
movements  required  to  produce  important  changes  in  pressure,  that  the  back- 
filling as  a  whole  was  in  an  advanced  stage  of  the  first  phase  (Fig.  15),  not 
far  from  the  first  slip.  As  the  deflections  of  the  gate  evidently  decreased  from 
the  center  of  the  gate  toward  the  three  horizontal  contacts,  the  arch  effect  was 
inevitable,  involving  unequal  distribution  of  the  pressures  along  horizontal 
lines.  This  arch  effect  is  absent  in  the  back-filling  of  an  ordinary  retaining 
wall,  hence,  no  conclusions  can  be  drawn  from  the  results  of  the  test,  until  the 
deflections  of  the  gate  and  the  distribution  of  the  pressures  have  been  investi- 
gated. It  is  recommended  that  both  the  calculated  and  the  measured  deflec- 
tions of  the  gate  be  published. 

3. — The  retarding  effect  of  the  side-walls  has  not  been  completely  excluded. 
Thus,  the  results  were  influenced  by  another  factor  of  unknown  importance. 

4. — The  method  of  measuring  the  internal  resistance  with  a  sliding  box 
furnishes  values  which  have  nothing  in  common  with  the  internal  friction 
within  the  back-filling,  because  the  latter  is  a  function  of  the  amount  of  yield 
of  the  wall,  and  the  former  possesses  a  definite  value.  Mr.  Feld's  definition  of 
the  angle  of  internal  resistance  involves  a  contradiction,  because  the  cohesion, 
being  equal  to  a  constant  per  unit  of  surface,  cannot  be  expressed  in  terms  of 
an  angle. 

5. — As  the  cohesion  appears  in  the  paper  in  terms  of  an  angle,  the  reader 
is  unable  to  ascertain  what  the  cohesion  per  unit  of  surface  actually  has  been 
and  is  unable  to  make  an  independent  analysis  of  the  results  of  the  tests. 
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6. — Each  report  on  earth-pressure  tests  should  contain  all  the  data  required 
for  judging  the  state  of  density  and  internal  stability  of  the  back-filling.  If 
it  is  found,  for  instance,  that  the  back-filling  weighed  96  lb.  per  cu.  ft.  and 
contained  3.5%  of  moisture,  one  does  not  even  know  the  volume  of  voids, 
unless  the  average  specific  gravity  of  the  grains  is  given ;  but,  even  with  the 
volume  of  voids  given,  it  is  not  possible  to  judge  the  back-filling  from  a  static 
point  of  view,  because  certain  sands  have  46%  of  voids,  even  when  fairly 
compact,  and  others  must  be  considered  as  loose,  depending  on  the  mechanical 
composition  of  the  sand  and  the  quality  of  the  grains.  Therefore,  besides  the 
results  of  mechanical  analysis  and  the  actual  volume  of  voids,  there  should  be 
stated  the  volume  of  voids  of  the  sand,  both  if  compacted  by  ramming  and 
shaking  under  standard  conditions  and  if  loosely  poured  into  a  vessel.  The 
relation  between  the  actual  volume  of  voids  and  the  two  other  values  has 
an  important  bearing  on  both  the  ultimate  resistance  and  the  effect  of  the  wall 
movements  in  an  advanced  stage  of  the  experiment.  Only  when  these  data  are 
presented,  can  the  properties  of  the  back-filling  be  said  to  be  known  to  the 
outsider  as  well  as  the  experimenter. 

7. — Internal  resistance  and  internal  friction,  as  defined  and  determined  by 
Mr.  Feld,  cannot  be  considered  as  being  physical  chara-cteristics  of  the  back- 
filling. Concerning  this  fundamental  point,  no  compromise  whatsoever  is 
possible  between  Mr.  Feld's  ideas  and  the  writer's  views,  and  either  one  of  these 
two  conceptions  must  be  discredited.  According  to  Mr.  Feld,  the  coefficient  of 
internal  friction  is  independent  of  the  movement  of  the  wall,  and,  therefore,  has 
a  definite  value.  According  to  the  writer,  it  depends  to  a  great  degree  on  the 
movement  of  the  wall,  as  shown  in  Fig.  15  (a).  Its  value,  therefore,  is 
determined  merely  inasmuch  as  it  is  confined  to  the  interval  between  two 
limiting  values,  tan  ^^  and  ij)^,  whereby  cf>o  is  more  than  twice  as  large  as 
(f>Q.  In  addition  to  this  indeterminate  internal  friction,  acting  throughout  the 
wedge,  there  is  another,  tan  0^,  opposing  separation  along  a  plane,  which,  how- 
ever, determines  only  the  side  pressure  at  which  the  first  slip  (s,,  in  Fig.  15 
(a))  occurs;  but,  as  the  Cincinnati  tests  did  not  involve  any  slip  (Fig.  15 
(&)),  on  account  of  the  restricted  movement  of  the  wall,  it  is  impossible  for 
the  resistance,  tan  c^^,  to  enter  into  the  discussion  of  these  experiments. 

The  term  "angle  of  repose"  has  no  meaning,  unless  the  material  is  free  of 
cohesion.  The  steepest  possible  slope,  in  deposits  consisting  of  materials  Avith 
cohesion,  depends  on  tl>e  height  of  the  sloped  deposit. 

8. — No  theoretical  conclusions  can  be  drawn  from  the  results  of  the  Cin- 
cinnati tests  until  the  open  question  concerning  internal  resistance  (men- 
tioned in  the  preceding  Paragraph  7)  has  been  decided.  Mr.  Feld's  suggestion, 
to  exclude  the  wall  friction  from  the  formulas  for  computing  the  earth  pressure 
against  vertical  retaining  walls  and  to  consider  it  in  every  other  case,  seems  to 
be  rather  arbitrary',  and  does  not  represent  a  satisfactory  solution.  The  writer 
has  also  specified  in  detail  his  doubts  concerning  the  validity  of  the  numerical 
arguments  presented  by  Mr.  Feld  in  favor  of  his  suggestion. 

The  hopeless  confusion  which  continues  to  prevail  in  earth-pressure  litera- 
ture is  due  to  the  ignorance  of  the  fact  that  the  internal  friction  is  a  function 
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of  the  amount  of  lateral  expansion  of  the  hack-filling,  and  that  it  varies 
accordingly  between  very  wide  limits.  As  explained  in  detail  by  the  writer, 
even  Mr.  Feld's  new  distinction  between  internal  resistance  and  internal 
friction  seems  hardly  likely  to  clear  up  the  obscurity,  in  spite  of  its  being  the 
outcome  of  a  study  of  650  papers  on  earth-pressure  theory.  The  close  agree- 
ment of  the  results  of  independent  experimental  work,  mentioned  by  Mr.  Feld 
on  page  1505,  is  merely  due  to  the  fact  that  the  measurements  are  almost  inevit- 
ably made  toward  the  end  of  the  first  phase,  where  the  curve  turns  abruptly 
downward,  because  a  comparatively  small  movement  or  deflection  of  the  wall  is 
sufficient  to  produce  this  state,  indicated  in  Fig.  15  (a)  by  the  cross-shaded  area. 
The  Cincinnati  tests,  as  has  been  shown,  make  no  exception.  Experiments  on  a 
large  scale,  however,  never  extend  beyond  the  first  slip,  on  account  of  the  diffi- 
culty of  preventing  the  sand  from  flowing  out.  Hence,  all  the  measurements  are 
confined  to  a  very  limited  range  at  the  end  of  the  first  phase  only,  which  leads 
to  the  erroneous  opinion  that  the  problem  is  statically  determinate.  This  error 
must  disappear,  and  there  is  no  chance  of  arriving  at  a  final  agreement  in  the 
earth-pressure  question  until  experimenters  fully  realize  the  utterly  variable 
character  of  the  internal  friction  and  learn  to  distinguish  sharply  between 
friction  in  the  space  and  friction  along  a  plane,  which  are  two  fundamentally 
different  things.  Future  experimenters  should  proceed  with  the  intention  of 
investigating,  for  different  materials  and  under  different  conditions,  the  limits, 
(J)q  and  <f).^,  between  which  the  angle  of  internal  friction  may  possibly  vary. 
Especial  efforts  should  be  made  to  determine  the  angle  of  maximum  resistance, 
<^„  because  this  angle  determines  the  utmost  strain  which  the  sand  can  stand. 
No  data  are  available  on  the  value  of  this  important  angle,  except  the  few 
figures  obtained  by  the  writer  with  very  small  apparatus.  The  ultimate  bearing 
capacity  of  the  sand,  as  well  as  the  limiting  state  of  every  other  earth-pressure 
phenomenon  which  does  not  involve  a  normal  slip,  depends  on  the  value  of  this 
angle.  Hence,  the  problem  consists  in  constructing  a  large  size  apparatus  such 
as  to  permit  the  investigation  of  the  whole  range  of  pressure  included  between 

,      ..    .       y  h^       ,  90  -  0n         .y  h^        90—0, 

the  limits,  — —  t  g^ -,  and  — —  t  g — .    Until  this  problem  is  solved, 

it  Jt  Li  Jt 

no  test  will  realize  any  material  progress  beyond  the  limits  of  what  has  been 
already  accomplished.  This  statement  is  graphically  presented  in  Fig.  15,  and 
the  supplementary  Cincinnati  tests  suggested  by  the  writer,  will  prove  its  truth. 
The  wrriter  wishes  to  express  his-  admiration  for  the  remarkable  precision 
with  which  Mr.  Feld  made  his  observations,  but  he  cannot  agree  with  his 
attitude  toward  experiments  with  miniature  apparatus.  Without  the  experi- 
ence acquired  while  patiently  experimenting  with  small  apparatus,  the  writer 
would  have  been  unable  to  assume  toward  the  Cincinnati  results  as  clear-cut 
an  attitude  as  he  has.  Although  his  experiments  furnished  no  conclusive 
numerical  values,  they  made  the  writer  thoroughly  familiar  with  the  whims 
of  soils.  In  connection  with  soil  mechanics,  the  miniature  tests  play  the  same 
part  as  the  reconnaissance  does  in  the  field  of  railroad  location :  They  require 
the  same  mature  judgment  and  experience,  and  offer  to  the  engineer  ample 
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opi)ortuiiity  for  committing  serious  blunders.     Nevertheless,  no  one  would 
dare  to  undertake  a  final  location  without  the  preliminary  investigation. 

William  Cain*  M.  Am.  See.  C.  E.  (by  letter).— The  writer  has  been  inter- 
ested in  Mr.  Feld's  experimental  work  ever  since  Professor  Braune  sent  him 
the  original  design  of  the  apparatus.  This,  as  finally  constructed,  seems  to 
have  been  admirably  designed  for  the  ends  in  view,  as  it  measures  accurately, 
not  only  the  horizontal  component  of  the  earth  thrust  against  the  retaining 
board,  but  likewise  its  vertical  component,  whether  the  board  is  vertical  or 
inclined  (forward  or  backward),  and  for  an  earth  surface  either  horizontal  or 
inclined. 

In  all  cases,  the  experiments  prove  that  the  direction  of  the  earth  thrust  is 
always  inclined  to  the  normal  to  the  retaining  board,  or  wall,  at  an  angle  equal  « 
to  (f>',  the  angle  of  friction  of  the  earth  on  the  wall.  Such  experimental  evi- 
dence definitely  settles  this  controverted  question  as  to  the  direction  of  the 
earth  pressure  on  a  retaining  board,  and  is  in  line  with  the  results  of  all  pre- 
vious experiments  on  retaining  boards,  or  walls,  of  various  types. 

In  times  of  heavy  rains,  the  backs  of  actual  retaining  walls  may  be  lubri- 
cated with  water,  so  that  (f>'  is  considerably  diminished,  and,  in  the  design, 
account  should  be  taken  of  this  jwssible  change  of  direction  of  the  thrust. 
When  the  increase  of  moisture  is  not  excessive,  the  internal  angle  of  friction  is 
generally  increased  and  the  normal  component  of  the  thrust  is  diminished; 
but  it  is  not  on  the  side  of  safety  to  allow  for  this ;  hence  the  writer  has  recom- 
mended, in  design,  the  use  of  the  old  normal  component  for  dry  earth,  but 
that  the  thrust  be  assumed  as  making  an  angle  with  the  normal  to  the  wall 
much  less  than  the  angle  of  friction  of  the  dry  earth  on  masonry. 

The  author  has  conducted  some  experiments  on  glass  and  sheet-metal  walls, 
and,  from  them,  draws  the  conclusion  that  "the  horizontal  component  of  the 
pressures  of  any  kind  of  fill  on  a  vertical  wall  is  independent  of  the  nature  of 
the  wall  surface."  This  conclusion  is  drawn  from  a  comparison  of  Test  No.  1 
with  Tests  Nos.  3  and  4,  or  of  Test  No.  5  with  Test  No.  7,  and  is  too  sweeping 
in  statement.  Thus,  the  angle  of  wall  friction,  t^',  for  the  wooden  wall,  when 
dry,  is  given  as  30°;  when  damp,  32°  30';  whereas  </>'  for  the  glass  wall  is 
28°  lO',  and  for  the  sheet-metal  wall,  28°  ;  so  that  the  difference  in  <}>'  is  only 
2°  to  4°  30^.  Besides,  the  percentage  of  moisture  in  the  fill  and  the  angle  of 
internal  friction  varied  materially  for  the  different  cases,  so  that  a  direct 
comparison  cannot  well  be  made  between  them.  If  it  was  i)ossible,  by  some 
device,  to  make  <}>'  very  small  for  a  certain  wall  and  then  compare  the  resulting 
lateral  thrust  with  that  for  an  ordinary  wooden  wall  for  the  same  (f>  and  per- 
centage of  moisture  and  temperature,  the  results  would  be  more  convincing. 

From  the  experiments,  the  author  has  reached  some  valuable  conclusions 
relative  to  the  center  of  pressure  of  the  earth  thrust  on  a  wall.  If  the  earth  is 
in  contact  with  the  wall  for  a  height,  h,  the  center  of  pressure,  for  all  types  and 
kinds  of  wall,  and  for  all  types  of  loading  and  fill,  is  found  to  lie  between 
0.33  h  and  0.4  h  above  the  base  of  the  wall.    This  is  in  agreement  with  the 

*  Prof.   Emeritus  of  Math.,  Univ.   of   North   Carolina,   Chapel  Hill,  N.   C. 
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results  of  Leygue.  For  a  vertical  wall,  with  the  earth  surface  horizontal  or 
inclining  downward  (e  =  0  or  negative),  the  center  of  pressure  is  at  i  /i  from 
the  bottom  of  the  wall;  for  the  earth  surface  rising  from  the  wall  (t  positive), 
the  limit,  0.4  h,  is  approached.  From  Table  24 — tests  for  a  wall  having  a 
positive  batter — it  is  seen  that,  for  c  negative,  the  center  of  pressure  is  practi- 
cally at  I  A. ;  but  for  e  positive  the  value  0.4  h  is  approached  and  even  exceeded. 
For  walls  with  a  negative  batter  (Table  25),  the  conclusion  is  drawn  that  the 
heights  of  the  centers  of  pressure  vary  from  0.35  h  to  nearly  0.4  h  for  positive  or 
negative  surface  slope. 

It  is  well  to  bear  these  variations  in  mind  in  designing  retaining  walls. 
However,  as  walls  are  generally  designed,  either  for  the  earth  surface  level  or 
sloping  indefinitely  at  the  angle  of  repose,  and  with  a  positive  batter,  for  which 
cases,  the  theoretical  exceeds  the  experimental  thrust  considerably,  the  result 
will  be  on  the  side  of  safety  if  the  theoretical  thrust  is  considered  as  acting  at 
the  third  point,  the  thrust  being  computed  for  a  true  internal  angle  of  friction, 
and  ignoring  the  influence  of  cohesion. 

For  the  usual  surcharged  wall,  with  the  earth  surface  rising  from  it  at  the 
angle  of  repose  to  a  certain  height  and  then  continuing  in  a  horizontal  direc- 
tion, the  thrust  can  be  found  from  a  graphical  construction,  and,  in  fact,  the 
theoretical  center  of  pressure  determined.*  In  view  of  the  experiments,  it  may 
be  preferred,  in  the  actual  design  of  surcharged  walls  of  the  usual  kind,  to 
assume  the  thrust  as  acting  at  0.4  li  above  the  base,  as  that  is  certainly  on 
the  side  of  safety. 

When  cohesion  is  neglected,  the  theoretical  thrust  on  a  vertical  plane — for 
the  case  of  the  earth  surface  sloping  indefinitely  upward  at  the  angle,  <^,  of 
internal  friction — is  always  greater  than  the  actual  thrust.  This  is  true 
because  all  earth — even  sand — is  endowed  with  cohesion,  and  its  infiuence  is 
to  diminish  the  thrust,  this  diminution  being  greater  the  larger  the  coefficient 
of  cohesion.  Thus,  by  a  construction,!  for  a  wall  4.8  ft.  high,  the  values  of  the 
coefficients,  K^  and  the  approximate  positions  of  the  planes  of  rupture,  A  C,  Fig. 
18,  were  determined  for, 

(^  =  angle  of  internal  friction  =  ^'  =  33°  41', 

c  =  coefficient  of  cohesion,  in  pounds  per  square  foot,  as  given  on 

Fig.  18, 
y  =  weight  of  earth  =  80  lb.  per  cu.  ft.,  the  horizontal  component  of 
the  thrust  being  given  by  the  expression,  J  y  h-  K^. 
The  first  value  of  K^  (in  the  following  tabulation)  was  found  by  computa- 
tion, the  other  values  by  construction: 

c  =  0,  K^  =  0.692  c  =  10,  K^  =  0.366 

c  =  4,  /i,  =  0.474  c  =  20,  K^  =  0.240 

c  =  6,  Z,  =  0.430  c  =  30,  Z,  =  0.150 

*  See  the  writer's  "Earth  Pressure,  WaUs  and  Bins",  (John  Wiley  and  Sons),  pp.  66 
and  121;  or  Transactions.  Am.  See.  C.  E.,  Vol.  LXXII    (1911),  pp.  404-411. 

t  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXII  (1911),  Fig.  11,  p.  416,  and  Pig.  13,  p.  425. 
The  more  exact  construction  of  Fig.  25,  p.  461,  when  the  coefficient  of  cohesion  is  small, 
gives  practically  the  same  results  as  the  simpler  construction  of  Fig.  11,  so  that  the  latter 
was  used. 
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The  theoretical  plane  of  rupture  approaches 
indefinitely,  as  a  limit,  a  position  parallel  to 
the  surface,  when  c  =0.  Prom  Fig.  18  the 
great  influence  cohesion  has  in  changing  the 
inclination  of  the  plane  of  rupture  may  be 
noted.  The  values  of  A'^  show  how  rapidly 
the  thrust  decreases  as  c  increases,  and,  for 
this  case,  why  the  actual  is  always  much  less 
than  the  theoretical  thrust  when  the  cohesion  is 
neglected.  Fig.  18. 

As  the  inclination  of  the  earth  surface  varies  from  e  =  +^tO€  =  —  <^,  the 
plane  of  rupture  varies,*  but  there  is  no  warrant  in  assuming,  for  a  vertical 
wall  and  c  =  0,  and  for  all  cases  of  surface  slope,  that  the  theoretical  plane  of 
rupture  bisects  the  angle  between  the  vertical  and  a  line  inclined  at  the  angle, 
^,  to  the  horizontal.  Perhaps  the  assumption  by  the  author  to  that  effect 
(page  1474),  was  not  regarded  as  having  a  strict  theoretical  basis. 

From  the  writer's  investigations,!  it  was  found  "for  walls  about  6  ft.  high, 
that  the  earth  thrust,  neglecting  cohesion,  was  only  from  1  to  5%  in  excess  of 
that  for  k  =  1"  (that  is,  7  lb.  per  sq.  ft.).  Hence,  walls  6  to  10  ft.  high  were 
recommended  for  future  experimentation.  It  was  this  suggestion  that  caused 
Professor  Braune  to  adopt  the  6-ft.  retaining  board.  It  is  unfortunate,  but 
perhaps  unavoidable,  that  the  leading  experiments — those  on  5  and  6-ft.  walls — 
were  made  with  sand  containing  the  highest  percentage  of  moisture,  with  a 
consequent  appreciable  cohesion.  In  fact,  Leygue  found,  from  his  rather 
restricted  experiments,  for  the  pure  sand  used,  that 

Por  dry  sand </>  =  ^^°        >  ^  ^=  1-47  lb.  per  sq.  ft. 

"     wet  sand (/,  =  40°  22' ;  c  =  8.28  "    "     "     " 

"    very  wet  sand </,  =  59°  30' ;  c  =  6.36  ''    "     "     " 

As  the  normal  pressures  were  very  small — only  7  to  40  lb.  per  sq.  ft. — they  do 
not  cover  sufficiently  the  normal  pressures  on  the  planes  of  rupture  for  walls 
5  or  6  ft.  high,  which  varied  from  zero  at  the  surface  to  several  hundred  pounds 
at  the  base.  In  fact,  for  y  =  100  lb.  per  cu.  ft.,  the  vertical  pressures  on  hori- 
zontal planes  at  the  base  of  such  walls,  were  500  to  600  lb.  per  sq.  ft. 

In  Tests  ISTos.  8  to  18  and  No.  25,  the  bank  sand  was  comparatively  dry,  the 
moisture  varying  only-  from  3.25%  to  3.7%,  with  3.55%  as  an  average.  The 
angle  of  internal  friction  varied  from  27°  30'  to  29°  40',  with  an  average  of 
28°  24';  and  the  weight  of  the  sand  per  cubic  foot  varied  from  93  to  97  lb., 
with  an  average  of  95.7  lb. 

The  results  for  the  remaining  tests — made  generally  on  the  higher  walls 
(5  or  6  ft.  high) — are  given,  in  part,  in  Table  39. 

The  moisture  for  Tests  Nos.  5,  6,  and  7  is  not  given,  but,  presumably,  it  is 
approximately  9  per  cent.  This  large  percentage  of  moisture,  in  all  these  tests 
except  Nos.  3  and  4,  involves  an  appreciable  cohesion — probably  8  lb.  per  sq.  ft. 

*  See  the  writer's  "Earth  Pressures",  p.  63,  for  comments  as  to  this  variation. 
t  "Experiments  on  Retaining  Walls  and  Pressures  on  Tunnels",  Transactions,  Am.  Soc. 
C.   E.,   Vol.   LXXII    (1911),   p.   422. 
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As  it  is  doubtless  impossible  to  obtain  a  homogeneous  sand  throughout  the 
depth  of  5  or  6  ft.,  it  would  be  interesting  to  know  how  the  author  selected  his 
samples;  how  the  weights  and  i)ercentages  of  moisture  were  determined;  and 
as  to  the  weights  used  in  ascertaining  the  angles  of  friction.  These  quantities 
should  refer  to  filling  of  the  average  depth,  as  they  doubtless  vary  from  the 
surface  to  the  base. 

TABLE  ^9. 


Percentage  of 

Angle  of  internal 

Test  No. 

Table  No. 

Weight  of  earth,  in 

moisture. 

friction. 

pounds  per  cubic  foot. 

1 

3 

9 

34» 

100 

2 

4 

9 

34° 

100 

19-24 

26-32 

9 

34° 

100 

3 

6 

4.9 

3F  50' 

93 

4 

7 

4.2 

34°  50' 

94 

5 

8 

35°  30' 

95 

6 

9 

35°  30' 

95 

7 

10 

32° 

94 

The  author  is  to  be  commended  for  the  painstaking  care  with  which  the 
experiments  relative  to  earth  pressures  have  been  conducted.  They  cover  a 
wide  range,  and,  for  the  object  in  view,  are  doubtless  the  most  accurate  on 
record.  The  results  are  likewise  presented  clearly  in  the  numerous  tables. 
However,  an  obvious  criticism  is  that  the  author's  method  of  determining  the 
angles  of  friction,  is  not  sufficiently  complete  to  determine  such  angles  for  the 
conditions  of  their  use.  In  order  to  interpret  results  properly— esi)ecially  in 
connection  with  standard  formulas — it  is  necessary  to  determine  the  angle  of 
internal  friction,  cf),  and  the  coefficient  of  cohesion,  c,  after  the  method  outlined 
by  the  writer  in  a  previous  paper,*  the  method  originating  with  French  and 
English  experimenters. 

The  simple  apparatus  used  by  J.  H.  Griffith,  M.  Am.  Soc.  0.  E.f  in 
making  shear  tests  on  clays,  seems  to  be  amply  adequate  to  conduct  the  tests 
for  determining  c  and  <^  in  sand  filling  for  various  depths.  Fig.  19  represents 
this  apparatus  in  principle,  without  the  details.  The  lower  box,  without  a  top, 
is  filled  with  the  earth,  which  extends  into  an  upper  box  having  neither  top 
nor  bottom.  The  depth  of  the  layer  of  sand  in  the  upper  box  should  be  as  little 
as  experience  deems  practicable,  as  its  horizontal  thrust  on  the  vertical  sides  of 
that  box,  causes  "wall  friction";  so  that  a  certain  proportion  of  the  weight  of 
sand  above  the  bottom  of  the  upper  box,  and  of  the  load  placed  on  it,  is  carried 
by  the  sides  of  this  box  and  will  be  transmitted  to  the  rollers  of  Mr.  Griffith's 
device,  not  shown  in  Fig.  19.  These  rollers  are  placed  between  the  edges  of 
the  boxes,  and  do  not  extend  into  the  sand.  The  weight  thus  transmitted  to 
the  sides  of  the  upper  box  can  be  ascertained,  perhaps  with  sufficient  accuracy, 
by  measuring  the  vertical  force  necessary  to  draw  the  upper  box  upward  and 
away  from  the  sand.  It  should  be  very  small  for  the  thin  lamina  of  sand 
contained  in  the  upper  box.     Above  this  sand  is  placed  a  board  (which  must 

♦  "Cohesion    in    Earth",    etc.    Transactions,   Am.    Soc.    C.    E.,    Vol.    LXXX    (1916),   pp. 
1315-1341. 

t  Proceedings,  Am.  Soc.  C.  E.,  March,  1922,  Papers  and  Discussions,  p.  565,  Fig.  7. 
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be  level),  on  which  is  placed  the 
Weight.  This  board  insures  uniform 
distribution  of  the  pressure. 

After  deducting  the  weight  trans- 
mitted to  the  sides  of  the  upper  box, 

let  P„  represent  the  remaining  weight,  — ^^ '^- 

in  pounds,  of  sand  above  the  plane  of         ■'■^-^  +  cA 
sliding,   ABj   and  the  load   above  it. 
Also  let, 

A  =  area  of  this  plane,  A  B,  in  square  feet ; 
<j)  =  angle  of  internal  friction,  /  =  tan  (f) ; 
c  =  cohesion,  in  pounds  per  square  foot; 

Q  =  horizontal  force  in  pounds,  applied  to  the  upper  box  in  the  plane 
A  B,  just  sufficient  to  cause  sliding. 
Then,  when  motion  is  impending,  by  Coulomb's  laws,  assumed  provisionally 
as  true, 

Q  =  f  P„  -{-  cA  =  P„  tan  «^  +  c  A. 

On  dividing  both  sides  of  this  equation  by  A,  and  designating  by  q  the 
total  resistance  to  sliding,  in  pounds  i>er  square  foot  of  the  plane,  AB;  and  by 
Pn  the  normal  pressure,  in  pounds  per  square  foot,  of  this  plane,  we  have, 
Q  =  fp,i  +  c  =  pn  tan  </)  +  c. 

The  extended  experiments  of  Bell  on  clays  of  a  certain  kind,  and  of  MM. 
Jacquinot  and  Frontard  on  earth  from  a  reservoir  dam,*  practically  sustain 
the  laws  of  Coulomb,  but  sufficient  experiments  on  sand  are  lacking.  A  large 
field  is  open  to  the  experimenter  along  these  lines,  for  it  is  necessary  to  include 
every  kind  of  earth  in  the  experimentation. 

In  the  apparatus  represented  in  outline  by  Fig.  19,  different  weights  are 
used,  the  simultaneous  values  of  p„  and  g,,  are  plotted,  and  an  average  straight 
line  is  drawn  through  or  near  the  points.  The  angle  that  this  straight  line 
makes  with  the  axis  of  p„  is  (ft,  the  angle  of  internal  friction,  and  the  intercept 
on  the  axis  of  q  is  c,  the  coefficient  of  cohesion. 

The  results  for  the  first  set  of  experiments  on  the  earthern  dam  by  MM. 
Jacquinot  and  Frontard,  are  shown  in  Fig.  20,  leading  to  the  values  <^  =  8°  15', 
and  c  =  385  lb.  per  sq.  ft.  The  consolidated  earth  of  this  dam,  tested :  60% 
clay,  32%  silica  as  an  impalpable  dust,  and  8%  silicious  sand. 
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*  Given    in    some    detail   by    the   writer    in    Transactions,   Am. 
(1916),  pp.  1320-1324.  and  pp.  1332-1335. 
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In  the  very  few  experiments  on  "perfectly  dry  sand",  Bell  found,  c  =  0 
<^  =  angle  of  repose,  for  the  sand  well  rammed;  but  when  the  sand  was  not 
rammed,  but  simply  poured  into  the  cylinder  and  shaken,  <f,  was  found  to  be 
"much  less  than  the  angle  of  repose". 

This  remark  is  of  special  significance  as  regards  the  author's  determination 
of  (f)  for  the  various  tests;  for,  if  the  sand  in  the  box  was  simply  poured  in, 
or  only  slightly  consolidated  by  light  weights,  the  resulting  value  of  <p  may 
not  be  the  true  one  for  the  average  depth  of  fill.  The  state  of  consolidation 
should  be  as  nearly  as  possible  what  it  is  in  the  filling  behind  the  retaining 
board.  Thus,  for  heights  of  earth  next  the  wall  of  5  or  6  ft.,  the  weights  P„ 
should  vary  from  a  minimum  sufficient  to  consolidate,  to  a  maximum  of  about 
500  to  600  lb.  per  sq.  ft.  of  the  area.  A;  for  it  is  known  that  c  and  cf>  vary  with 
the  density  of  the  earth,  and  c,  particularly,  can  be  altered  very  much  by  ram- 
ming. 

The  full  significance  of  the  pressure  to  be  used  can  be  shown  by  Fig.  18. 
If  4  C  is  a  plane  of  rupture  for  a  certain  c  and  ^,  and  N  is  the  normal  reaction 
of  this  plane,  then  the  resistance  to  sliding  down  it  is,  N  f  -\-  c  I  =  N  tan 
(j> -\- c  I,  where  l=^AC.  Here,  the  /  and  c  actually  exei'ted  is  the  average  for 
the  length,  AC,  corresponding,  roughly,  to  the  consolidation  of  the  earth  at 
the  average  depth. 

The  writer  is  satisfied  that  the  determination  of  c  and  (f)  by  the  method 
just  outlined,  will  give  results  nearer  the  truth  than  the  author's  method. 
Whether  the  new  results  will  tend  to  harmonize  theory  and  experiment  remains 
to  be  seen.  It  will  certainly  prove  unfortunate  if  they  do  not.  The  "angle 
of  resistance",  as  defined  by  the  author,  does  not  seem  to  be  very  definite,  as  it 
probably  depends  on  the  load  placed  on  the  sand  in  the  apparatus  used.  Thus, 
the  dotted  line  in  Fig.  20,  which  makes  "the  angle  of  resistance"  with  the  axis 
of  Pn  and  passes  through  the  origin,  will  attain  the  same  value  of  q  as  the 
true  line,  q  =  p„  tan  <f>  -\-  c,  only  where  it  meets  it,  or  only  for  one  value  of  p„.* 

To  illustrate  how  changes  in  ^,  the  angle  of  internal  friction,  will  affect  the 
lateral  thrust,  consider  Test  ISTq.  1.  The  author  gives  (/>=i34°,  ^'  =  32°  30^. 
If  it  is  assumed  that  <^  =  30°,  <^'  =  32°  30',  c  =  0,  then,  from  the  general  wedge 
theory,  n  =  0.7252  and  H'  =  0.252,  and  this  value  will  give,  practically,  the 
middle  curve  of  Fig.  3,  which  agrees  so  well  with  the  experiments.  The  thrust, 
in  the  "general  wedge  theory",  is  always  assumed  to  make  the  angle,  <^',  with 
the  normal  to  the  wall,  and  has  the  value,  E  =  i  y  h-  C,  where  C  is  given  by 
the  author's  formula.    For  the  vertical  wall,  H'  =  C  cos  (f/. 

Test  ISTo.  5  on  a  5-ft.  vertical  wall,  the  earth  surface  making  angles  with 
the  horizontal  varying  from  —  33°  40'  to  +  34°,  is  a  most  imiwrtant  one,  and 
it  has  been  given  special  attention.  The  author  gives  the  angle  of  internal 
friction  =  <^  =  35°  30'.  If,  in  place  of  this,  the  values,  <^  =  32°  30'  =  ^',  c  =  0, 
are  used  in  the  formula  for  JT'  (page  1474),  the  curve  for  H%  Fig.  21,  agrees  very 
well  with  the  experimental  values,  shown  by  the  little  crosses,  for  all  negative 
slopes,  and  for  all  positive  surface  slopes  up  to  near  30  degrees.  It  has  been  seen, 

*  See  further  comments  on  this  subject  by  the  writer  in  Transact icms.  Am.  Soc.  C.  E., 
Vol.   LXXX    (1916),   p.   1334   and   1339. 
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in  connection  with  Fig.  18,  why  the  theoretical  thrust  for  c  =  0,  becomes 
increasingly  too  great  when  e  is  near  <^  for  the  actual  earth  endowed  with  some 
cohesion. 
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It  may  be  well  to  remark  that  all  the  coefficients  in  Table  8,  Column  14,  are 
really  values  of  C.  They  should  be  multiplied  by  cos  </>'  =  cos  32°  30'  =  0.843  to 
give  R' ;  which  will  cause  a  considerable  drop  in  the  corresponding  curve  in 
Fig.  4.  In  fact,  from  general  theory,  for  «  positive,  it  should  lie  below  the 
Rankine  curve  when  ^'  >  e. 

In  practical  design,  it  is  desirable  to  use  formulas  for  earth  thrust  that  do 
not  involve  cohesion,  and  it  is  seen,  from  the  illustrations  just  given,  that  safe 
results  can  be  secured  by  a  proper  selection  of  <^  and  the  use  of  one  general 
formula  for  all  cases.  If  the  values  of  c  and  <^  are  determined  by  the  method 
illustrated  by  Figs.  19  and  20;  then,  on  using  the  general  formula  with  this 
value  of  ^,  and  ignoring  c,  the  resulting  figure  should  be  in  excess  of  the  true 
thrust. 

It  has  long  been  the  writer's  opinion  that  the  proper  interpretation  of 
experiments  on  earth  pressures  can  only  be  made  by  aid  of  the  theory  of 
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coherent  earth — that  is,  earth  having  hotli  friction  and  cohesion.  On  that 
account,  in  his  book  on  "Earth  Pressures",*  he  has  given  the  theory  in 
full,  so  that  it  can  be  used  in  discussions,  whatever  the  character  of  the  filling — 
whether  sand,  ordinary  or  clayey  earths,  earth  thoroughly  rammed  or  consoli- 
dated in  any  way,  and  even  the  nearly  pure  clays  of  Mr.  Bell's  experiments — 
provided  the  values  of  c  and  <^  have  been  determined  properly  for  the  earth  in 
question. 

In  connection  with  Test  No.  5,  it  may  be  of  interest  to  know  that,  if  a 
coefficient  of  cohesion  of  c  =  6  lb.  per  sq.  ft.  is  assumed,  and  if  <^  =  <^'  =  32°  30' 
is  used,  the  corresponding  values  of  //'  are  very  nearly  equal  to  those  given  by 
Fig.  21  multiplied  by  0.914.  The  resulting  curve  for  H'  thus  drops  below  the 
curve  of  Fig.  21,  which  corresponds  to  c  =  0,  cf>=^'<j)'  =  32°  30'. 

However,  by  assuming,  c  =  6  lb.  per  sq.  ft.,  <}>  =  30°,  <^'  =  32°  30',  the  corre- 
sponding curve  for  H'  nearly  coincides  with  the  curve  of  Fig.  21  from  £=  —  35° 
to  £  =  -|-  20°.  For  greater  values  of  e,  it  lies 
above  and  gradually  increases  its  distance  from 
the  old  curve. 

The  values  of  H'  can  be  computed  by  first 
finding  the  horizontal  component  of  the  thrust  on 
the  vertical  wall,  by  the  general  graphical  method, 
and  dividing  it  by  (^  y  h^) ;  or,  the  author's 
formulas  for  non-coherent  earth,  can  be  utilized  as 
follows : 

In  Fig.  22,  where  A  B  is  the  vertical  wall, 
first  compute, 

2c  /, 

45°  + 


;*'  = 


tan 


y 


There  is  no  lateral  pressure  for  this  depth;  so  that  the  earth  exerts  pressure 
on  the  wall  only  for  the  height,  x  =  h  —  h'.  The  unit  pressure  will  be  assumed 
as  increasing  uniformly  from  the  distance,  h',  below  B  (where  it  is  zero)  to 
the  base  of  the  wall.  The  actual  curve,  limiting  the  ordinates  representing  the 
horizontal  components  of  the  unit  pressures,  is  concave  upward.  This  curva- 
ture is  ordinarily  very  slight,  but  it  becomes  very  pronounced  for  e  ^  (p. 
However,  for  any  negative  values  of  e  and  for  positive  values  up  to  about, 
(<^  —  3)  degrees,  the  assumption  is  practically  exact,  and  the  horizontal  com- 
ponent, E^=^  E  cos  <^'  of  the  thrust  E,  that  makes  the  angle,  c^',  with  the  normal 
to  A  B,  can  be  computed  very  nearly  from  the  formula. 
E^=  E  cos  cj,'  =  (iy  x'-)  H', 
where  H'  is  giveil  by  the  author's  formula  for  a  vertical  wall.f 

*  The  general  graphical  method  follow;?  a  general  discussion,  wherein  Mohr's  circula'' 
diagram  of  stress  is  utilized,  especially  in  deducing  formulas,  and  in  finding  pressures  and 
the  shape  of  curves  of  rupture.  In  Transactions,  Am.  See.  C.  E.,  Vol.  LXXXI  (1917),  pp. 
207—216,  a  pure  analytical  -discussion  is  given.  The  theory  of  coherent  earth  was  given 
in  this  complete  form  so  that  it  could  be  at  once  utilized  when  the  proper  experiments 
were  available. 

t  This  method  is  only  applicable  to  vertical  walls.  For  battered  walls.  It  is  very  far 
from  the  truth,  as  shown  in  Transaction's,  Am.  Soc.  C.  E.,  Vol.  LXXII  (1911),  Table  6, 
p.  465.     For  such  walls,  the  graphical  method  should  be  used. 


DISCUSSION   ON   DETERMINATION   OF   LATERAL  EARTH   PRESSURE      1551 

Thus,  for  c  =  6  lb.  per  sq.  ft.,  <j>  =  30°,  <^'  =  32°  30',  y  =  95  lb.  per  cu.  ft., 
h  =  5  ft.,  €  =  +  20°,  a  =  0,  it  is  found,  by  the  formulas,  that  Ii  =  0.22, 
X  =  4.78,  n  =  0.441,  H'  =  0.361 ;  hence,  E^  =  0.361  (i  yx^). 

For  a  pressure  increasing  downward  uniformly  from  B,  for  the  height,  h, 

E^  =  H/  a  y  h^) 
where  H/  is  the  coefficient  cox-responding  to  H',  but  for  a  height  h  =  5,  to 
agree  with  the  author's  notation.    On  placing  these  two  values  of  E^^  equal  and 
solving,  we  derive. 


i7/  =  f^\  ir  =  0.914  fl' 


This  relation  holds  for  any  surface  slope.  For  the  case  in  question,  where 
H^  =  0.361,  H/  =  0.330,  which  exceeds  the  value  found  by  the  general 
graphical  construction  by  2%,  and  also  exceeds  somewhat  the  value  given  by 
experiment,  Fig.  4. 

For  c  =  ^-  27°  30',  <^  =  30°,  <^'  =  32°  30',  c  =  6,  y  =  95,  h  =  5,  a  =  0, 
the  formula  approximation  gives,  H/  =  0.455,  and  the  graphical  method,  0.435, 
or  4.6%  difference. 

The  results  for  battered  walls  are  shown  in  Figs.  5  and  6.  Here,  the 
"moisture  content"  was  only  3.25  to  3.7%,  and  the  cohesion  should  be  less  than 
in  Test  No.  5.  The  value  of  (f>  used  in  the  formulas  varied  from  29°  40'  to  32°. 
As  the  computed  thrusts  were  generally  in  excess  of  the  experimental  values, 
it  will  be  found,  by  assuming  </>  =  30°  c  =  0  in  the  general  formula,  that  safe 
results  will  be  secured. 

Attention  is  called  to  the  curves  of  Fig.  5,  styled:  "Wedge  Theory — 
Eesultant  at  </>",  the  earth  surface  being  horizontal.  For  negative  batter,  the 
curve  fits  very  closely  that  for  the  experimental  results ;  but,  for  positive  batter, 
there  is  quite  a  difference,  the  experimental  curve  lil>ewise  having  a  decided 
elbow.  It  is  a  pity  that  observations,  for  this  rather  dry  sand,  had  not  been 
made  for  a  vertical  wall,  in  order  to  complete  the  series.  The  remaining  tests 
on  the  influence  of  rolling  loads,  temperature,  etc.,  are  discussed  interestingly 
in  the  text. 

The  comments  of  the  author  with  respect  to  some  "previous  experiments" 
are  timely.  When  an  experimenter  finds  the  angle  of  friction  greater  than  the 
angle  of  repose,  it  at  once  condemns  his  results  and  shows  that  he  is  not  well 
grounded  in  theory.  Experiments  on  small  models  should  be  banned,  and 
where  experiments  are  made  with  ordinary  earth,  clayey  earth,  or  tamped  earth, 
any  attempted  interpretation  of  results  which  does  not  involve  the  theory  of 
coherent  earth  is  simply  farcical. 

From  all  the  author's  experiments  on  the  bank  sand  filling,  it  has  been 
shown  by  the  writer  that  practical  results,  on  the  side  of  safety,  can  be  attained 
by  assuming  c  =  0  and  the  angle  of  internal  friction,  (ft  =  30°;  the  angle, 
<f>\  being  determined  by  experiment,  and  the  thrusts  being  computed  by  one 
formula — resulting  from  the  wedge  theory  in  which  the  earth  thrust  is  sup- 
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posed  to  make  the  angle,  </>',  with  the  normal  to  the  wall*  This  value,  (f>  =  30'', 
is  in  quite  common  use  for  ordinary  earth,  where  the  excess  thrust  is  desirable, 
particularly  when  it  is  taken  to  act  at  J  h  above  the  base  of  the  wall. 

In  conclusion,  the  wi-iter  feels  that  the  thanks  of  the  Profession  are  due  the 
author  for  the  painstaking  labor  involved  in  conducting  the  best  tests  on  a 
large  model  up  to  date.    It  is  to  be  hoped  that  the  work  will  be  continued. 

Mild  S.  KETCHUM,f  M.  Am.  Soo.  U.  E.  (by  letter). — This  paper  is  a  valuable 
contribution  to  the  knowledge  of  the  action  of  granular  materials.  In  common 
with  most  experiments  to  determine  the  pressure  of  such  materials,  the  results 
are  subject  to  the  following  limitations : 

1. — The  width  of  the  bin,  5  ft.,  was  not  sufficient  to  prevent  arching  in 
the  material,  and  end  constraint. 

2. — The  pressure-measuring  apparatus  i^ermitted  the  material  to  move 
forward,  thus  causing  friction  to  be  exerted  on  the  pressure- 
measuring  surface. 

The  pressures  obtained,  therefore,  are  those  due  to  a  granular  material  in 
a  bin,  and  are  not  directly  applicable  to  a  rigid  retaining  wall  which  sustains 
the  pressure  of  a  granular  mass.  The  agreement  of  the  theoretical  pressures 
on  a  vertical  surface  with  a  horizontal  surcharge,  when  calculated  by  Coulomb's 
and  Rankine's  theories,  shows  that  the  friction  on  the  pressure-measuring 
surface  did  not  affect  the  normal  pressure;  also,  for  a  vertical  wall  with  a 
positive  inclined  surcharge,  the  Coulomb  theory,  with  a  normal  component, 
checked  very  closely  with  the  experimental  values.  (See  Fig.  4,  and,  also, 
Conclusion  (a)  on  page  1474). 

The  material  sustained  by  a  retaining  wall  is  in  static  equilibrium,  whereas 
that  in  a  bin  is  sustained  partly  by  the  bottom  and  partly  by  friction  on  the 
sides  of  the  bin.  To  9btain  the  active  pressures  in  a  granular  mass,  due  to 
the  conditions  assumed  by  Rankine,  the  pressure-measuring  surface  must  be 
sufficiently  rigid  to  prevent  movement  of  that  mass.  The  pressure-measuring 
apparatus  described  in  the  writer's  book:}:  is  the  only  one  known  to  him  that  is 
not  subject  to  very  serious  criticism.  In  it,  the  pressures  are  determined  by 
measuring  the  variation  in  an  electric  circuit  passing  through  carbon  plates. 

It  is  unfortunate  that  the  author  was  not  more  familiar  with  Rankine's 
theory  of  stresses  in  a  granular  mass.  He  has  erroneously  assumed  that  the 
Rankine  theory  is  limited  to  a  vertical  wall:  (1)  with  a  horizontal  surcharge; 
and  (2)  with  a  positive  sloping  surcharge.  Rankine's  theory  of  conjugate 
pressures  in  a  granular  mass  leads  to  the  ellipse  of  stress,  which  can  be  applied 
to  vertical  walls,  walls  leaning  forward  or  backward,  and  with  a  plane  sur- 
charge either  level,  or  sloping,  with  a  positive  or  a  negative  surcharge.  The 
stresses  in  a  granular  mass  under  normal  conditions,  as  in  the  tests  made  by  the 
author,  follow  two  laws:   (a)  There  can  be  no  active  upward  component  in  a 

»  The  formula  is  the  first  given  on  p.   1450. 

t  Dean,    Coll.     of    Eng.,     and    Director,    Eng.     Experiment    Station,    Univ.     of     Illinois, 
Urbana,   111. 

t  "The  Design  of  Walls,  Bins,  and  Grain  Elevators,"   Third   Edition,   p.   352. 
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granular  mass;  and  (h)  the  maximum  obliquity  of  the  active  stresses  in  the 
granular  mass  is  equal  to  the  angle  of  internal  friction.  The  writer  has  shown* 
that  Rankine's  theory,  when  properly  interpreted,  applies  to  walls  in  all 
positions. 

The  author  is  in  error  in  stating,  "The  Rankine  theory  would  give  an 
upward  component  for  all  the  cases  of  negative  c."  He  is  also  in  error  in  his 
statement :  "The  Rankine  theory,  as  originally  given,  does  not  apply  to  a  sloped 
wall."  It  is  unfortunate  that  Mr.  Feld  has  not  calculated  the  pressures  for 
the  inclined  walls  by  using  Rankine's  ellipse  of  stress. 

It  is  interesting  to  note  that  the  author  was  not  able  to  discover  the  plane 
of  rupture.  A  study  of  Rankine's  theory  will  show  that  the  plane  of  rupture 
is  merely  a  convenient  fiction,  and  does  not  exist  in  a  granular  mass  in  static 
equilibrium.  When  the  mass  does  break,  the  surface  of  the  break  is  not  a 
plane,  but  a  curved  surface.  The  so-called  plane  of  rupture  bisects  the  angle 
between  the  vertical  and  the  plane  of  internal  friction  only  for  a  vertical  wall 
with  a  horizontal  surcharge,  with  the  resultant  pressure  normal  to  the  wall,  as 
will  be  given  by  Rankine.  The  author  is  in  error  in  his  statement  (page  1476), 
that,  for  a  vertical  wall,  the  plane  of  rupture  in  general  bisects  the  angle 
between  the  vertical  wall  and  the  plane  of  internal  friction. 

After  careful  study  of  the  tests,  the  writer  is  more  firmly  convinced  than 
ever  that  Rankine's  theory  of  conjugate  pressures  is  the  most  satisfactory  and 
reliable  for  calculating  the  pressures  on  retaining  walls. 

Henry  Goldmark,!  M.  Am.  Soc.  C.  E. — Experimental  determinations  of 
earth  pressure,  on  a  fairly  large  scale,  have  been  relatively  few,  so  that  the 
author's  numerous  and  accurate  measurements  and  his  resume  of  earlier  tests 
are  valuable  contributions  to  the  subject.  They  show  that,  for  granular 
materials  at  least,  the  commonly  accepted  theory  will  give  results  approxi- 
mately correct  if  proper  values  of  the  coefficients  are  used. 

In  view  of  the  various  soils  found  in  practice,  it  is  to  be  hoped  that  similar 
tests  may  soon  be  made  with  many  different  classes  of  materials  and  in  the 
same  thorough  manner.  In  addition  to  such  careful  laboratory  work,  it  is 
desirable,  in  the  speaker's  opinion,  to  study  the  nature  of  the  soil  carefully 
during  actual  construction  and  to  make  field  tests  whenever  practicable.  Such 
experiments  are  a  decided  help  toward  making  correct  designs,  besides  leading 
to  a  more  complete  understanding  of  the  entire  subject. 

It  seems  worth  while,  therefore,  to  place  on  record  an  account  of  some 
tests  recently  made  during  the  construction  of  the  new  ship  lock  in  the  Harbor 
of  New  Orleans,  La.,  an  important  work  with  which  the  speaker  was  con- 
nected. This  lock,  built  under  the  direction  of  George  W.  Goethals  and 
Company  as  Consulting  Engineers,  is  75  ft.  wide  in  the  clear  and  has  a 
usable  length  of  600  ft.  The  depth  of  water  on  the  sill  is  31  ft.  and  the  lift 
20  ft.,  so  that  the  walls  are  55  ft.  high  above  the  floor.  The  soil  at  the  lock 
site  is  not  well  suited  for  supporting  heavy  loads,  as  it  consists  of  alternate 
laj'ers  of  rather  soft  clay  and  sand,  the  latter  saturated  with  water  and  under 

*  "The  Design  of  "Walls,   Bins,   and  Grain  Elevators." 
t  Cons.  Engr.,  New  York  City. 


155-i      DISCUSSION   ON   DETERMINATION   OF  LATERAL  EARTH  PRESSURE 

considerable  hydrostatic  pressure.  For  this  reason,  reinforced  concrete  was 
used  throughout  in  order  to  reduce  the  weight.  It  was  necessary,  therefore, 
to  unwater  the  lock-pit  entirely  and  to  keep  it  dry  until  the  masonry  was 
completed.  The  difficult  work  of  unwatering,  which  was  carried  out  success- 
fully by  a  novel  method  devised  by  George  M.  Wells,  M,  Am.  Soc.  C.  E.,  who 
represented  the  Consulting  Engineers  in  the  work,  has  been  fully  described  in 
a  recent  paper.* 

The  entire  lock-pit  was  first  excavated  by  suction  dredges  and  subsequently 
unwatered,  the  ground-water  level  in  the  sandy  strata  being  lowered  by  con- 
tinuous pumping  from  a  series  of  artesian  pijies  driven  so  as  to  encircle  the 
excavated  area.  After  the  concrete  work  was  finished,  the  water  was  again 
permitted  to  enter  the  lock-pit  and  the  back-filling  was  placed  by  suction 
dredges  in  the  manner  commonly  used  in  hydraulic-fill  dam  construction. 

The  masonry  structure  had  to  be  sufficiently  strong  to  withstand  the 
greatest  pressure  at  all  times,  during  the  placing  of  the  back-filling  and  after 
it  was  entirely  completed.  The  correct  determination  of  these  pressures,  at 
all  stages  of  the  work,  therefore,  was  very  important.  In  the  beginning,  there 
was  a  purely  hydrostatic  pressure  equal  in  the  horizontal  and  vertical  direc- 
tions. This  condition  changed  gradually  as  solid  matter  was  added,  the 
vertical  component  increasing  more  rapidly  than  the  lateral  component.  Sub- 
sequently, there  was  further  consolidation  by  drainage  and  the  diying  of  the 
material  which  gradually  lost  its  fluid  or  semi-fluid  properties,  so  that  finally 
the  horizontal  pressures  were  very  much  less  than  the  vertical  pressures. 

The  experiments  at  New  Orleans  were  undertaken  in  order  to  ascertain,  as 
far  as  could  be  done  with  a  model,  the  intensity  of  lateral  pressure  produced 
by  soft  material  deposited  under  conditions  similar  to  those  in  the  actual 
construction  of  the  lock.  Scant  information  of  this  kind  was  available  at  the 
time,  although  the  core  studies  on  the  hydraulic-fill  dams  of  the  Miami  Con- 
servancy District  have  since  been  published,  which  furnish  valuable  informa- 
tion regarding  the  condition  and  behavior  of  such  material.f 

The  studies  at  New  Orleans  were  made  by  R.  O.  Comer,  Designing  Engi- 
neer of  the  Port  Commission,  and  embodied  in  a  "Report  on  the  Physical 
Characteristics  of  New  Orleans  Blue  Clay  with  Reference  to  the  Back- 
filling Operations  in  the  Lock",  from  which  the  following  information  has  been 
abstracted. 

The  apparatus  used  is  shown  in  Fig.  23,  and  consists  of  a  strongly  framed 
box  2  ft.  square  in  horizontal  section  and  6  ft.  high,  carefully  built  of  matched 
lumber  and  made  absolutely  water-tight  on  three  sides  by  a  heavy  coating  of 
roofing  pitch. 

The  front  of  the  box  was  made  in  three  parts — two  g-in.  yellow  pine  heart- 
wood  pieces,  8  in.  wide,  and  a  steel  plate,  8  in.  by  J  in. — all  6  ft.  long.    The 

*  "The  Lock  F'oundation,  Inner  Harbor  Navigation  Canal,  New  Orleans :  The  Problem 
and  the  Solution",  by  George  R.  Goethals,  M.  Am.  Soc.  C.  E.,  Proceedings,  Louisiana  Eng. 
Soc,  Vol.  VI   (1920),  p.   134. 

t  "Core  Studies  in  the  Hydraulic-Fill  Dams  of  the  Miami  Conservancy  District,"  by 
Charles  H.  Paul,  M.  Am.  Soc.  C.  E.,  Transactions,  Am.  Soc.  C.  E.,  Vol.  LXXXV  (1922), 
p.  1181. 
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entire  front  is  movable,  the  two  boards  and  the  plate  being  free  to  move  with 
reference  to  each  other  and  the  sides  of  the  box,  but  prevented  from  outward 
displacement,  at  the  top  and  bottom,  by  the  framework  against  which  they 
rest.  To  prevent  leakage,  the  entire  iimer  surface  of  the  two  boards  and  the 
plate  was  covered  with  canvas  which  was  left  loose  at  the  corners  to  allow 
freer  movement  and  prevent  "arch  action"  in  the  clay  as  far  as  possible. 
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The  lateral  pressures  under  different  conditions  of  loading  were  derived 
from  the  measured  deflections  of  the  steel  plate  which  was  calibrated  before 
being  attached  to  the  box.  The  calibration  was  done  by  placing  the  plate 
horizontally  on  two  supports  6  ft.  apart,  and  subjecting  it  to  a  transverse  load 
of  219  lb.  at  the  middle  of  the  span,  the  deflections  being  measured  from  a 
piano  wire  stretched  over  the  center  line  of  the  plate.  The  observed  maximum 
deflection  under  the  weight  of  the  plate  alone  (77  lb.)  was  0.42  in.  This 
deflection  increased  to  1.25  in.  after  applying  the  central  load,  so  that  the 
deflection  due  to  the  latter  was  0.83  in.  If  the  ordinary  bending  formula  is 
used,  this  deflection  corresponds  to  a  modulus  of  elasticity  of  28  700  000  lb.  per 
sq.  in.  and  a  unit  stress  under  the  total  load,  of  15  500  lb.  The  exi)eriments 
continued  from  the  middle  of  June  to  ITovember,  1921. 

The  clay  used  weighed  about  100  lb.  per  cu.  ft.  in  its  original  bed.  After 
it  was  excavated  by  a  suction  dredge,  and  allowed  to  settle  for  two  years,  a 
sample  freshly  uncovered  at  a  depth  of  10  ft.,  was  found  to  weigh  only  93  lb. 
per  cu.  ft.    It  was  then  of  the  consistency  of  butter. 

The  material  used  was  taken  from  a  smaller  box  (about  2  by  5  by  5  ft.  high) 
into  which  it  had  been  poured  two  weeks  previously.  When  filling  this  smaller 
box,  a  mixture  of  clay  and  water,  having  a  creamy  consistency  was  used,  so  as 
to  simulate  the  product  of  a  suction  dredge  after  the  material  has  settled  for 
a  few  days  and  the  water  has  drained  off.  It  weighed  about  85  lb.  per  cu.  ft. 
When  taken  from  this  box  on  June  14,  the  material  in  the  central  part  was 
apparently  as  fluid  as  when  it  was  poured  in,  although  on  the  top,  the  bottom, 
and  the  sides,  it  had  dried  perceptibly  and  become  much  stiffer.  A  bucketful 
of  the  mixture  weighed  91  lb.  per  cu.  ft.  at  this  time,  and  the  angle  of  repose, 
when  tested  on  a  board,  was  about  18  degrees. 

As  a  preliminary  to  the  actual  tests  and  before  filling  the  box,  a  piano  wire 
was  stretched  along  the  center  line  of  the  plate,  and  the  distance  from  the  wire 
to  the  back  of  the  plate  was  measured  at  different  points.  The  shape  of  the 
plate,  as  thus  found,  is  plotted  in  the  "straight"  curves  at  the  bottom  of  Fig. 
24,  two  curves  being  shown,  as  a  re-adjustment  of  the  wire  was  made  during 
the  course  of  the  experiment. 

The  box  was  next  filled  with  water  within  1-J  in.  of  the  top  and  the  full 
curve  shown  on  Fig.  24  for  water  pressure  was  plotted  from  the  deflections  at 
different  points.  As  the  i-in.  boards  were  found  to  be  not  exactly  in  line  with 
the  plate,  this  test  was  repeated,  after  they  had  been  properly  adjusted,  and 
the  water  brought  within  is  in.  of  the  top.  In  this  manner,  the  center  deflec- 
tion of  1.83  in.,  shown  in  Curve  A,  was  obtained.  The  modulus  of  elasticity, 
corresponding  to  this  deflection,  is  27  500  000  lb.  per  sq.  in.,  if  the  plate  is  con- 
sidered as  a  beam  on  two  supports.  This  value  checked  that  obtained  when 
calibrating  the  plate  quite  closely,  so  that  it  was  felt  that  the  apparatus  would 
give  reasonably  correct  results.  The  stress  in  the  steel  under  this  load  was 
computed  to  be  22  800  lb.  per  sq.  in. 

The  first  test  with  the  clay  filling  was  made  on  June  15  and  numerous 
other  tests  were  made  during  the  next  four  months.    After  the  larger  box  had 
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been  filled  on  June  14,  it  was  found  that  5  lb.  sufficed  to  force  a  wooden  stick 

1  in.  square  in  section,  rapidly  to  the  bottom  through  6  ft.  of  material. 

On  June  15,  readings  were  taken  on  the  steel  plate  in  the  same  manner  as 

that  used  when  the  box  was  filled  with  water.    The  results  are  shown  in  Curve 

B  in  Fig.  24.    As  the  maximum  deflection  was  2.1  in.,  whereas  for  water  it  was 

1.83  in.,  the  weight  of  a  fluid  producing  an  equivalent  lateral  pressure  was 

2.1 
found  to  be  --—  X  62.4,  or  71.6  lb.  per  cu.  ft.     The  stress  in  the  plate  was 

about  26  200  lb.  per  sq.  in. 


Pig.  24. 

The  results  of  this  test  are  believed  to  be  quite  accurate,  as  the  material 
in  the  box  was  thoroughly  stirred  with  a  rod  before  the  readings  were  taken, 
so  that  it  is  thought  that  no  stresses  could  exist  in  the  body  of  the  material 
itself  sufficient  to  introduce  serious  inaccuracies.  Later,  when  the  material 
became  stiffer,  this  conclusion  was  not  so  fully  warranted,  as  the  material  could 
not  be  easily  rodded.  However,  the  maximum  pressures  which  occurred 
during  the  earlier  tests,  were  of  greater  practical  importance. 

After  each  test,  the  plate  was  pushed  back  as  nearly  as  possible  to  its 
original  position  by  small  jacks  attached  to  the  framework,  and  especial  care 
was  taken  to  have  the  inner  surfaces  of  the  boards  and  plate  in  the  same 
plane,  at  the  beginning  of  each  experiment.  This  was  found  to  be  of  extreme 
importance,  to  prevent  "arching"  of  the  material,  especially  when  it  became 
stiffer  through  lapse  of  time. 

After  several  weeks,  when  the  material  had  become  stiffer,  it  was  noticed 
that  three  or  four  days  elapsed  before  the  plate  took  its  maximum  deflection 
for  any  particular  reading.  In  other  words,  the  pressure  exerted  by  the 
material  seemed  to  increase  for  several  days  after  the  jacks  were  released. 
The  results  of  the  several  measurements  are  shoAvn  in  Fig.  25,  which  gives  the 
"equivalent  fluid  weights",  that  is,  the  weights  of  fluids  which  would  produce 
the  same  lateral  pressures  as  the  material  tested. 
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When  first  placed  in  the  box,  the  material  was  a  fluid  that  could  readily  be 
poured  from  a  pail  and  weighed  85  lb.  per  cu.  ft.  As  time  went  on,  it  dried 
out  and  consolidated.  The  box  stood  in  the  open  air  from  June  until  Novem- 
ber, with  a  piece  of  canvas  over  the  top.  The  filling  settled  perhaps  as  much  as 
18  in.  As  the  material  settled,  fresh  material  was  added  from  time  to  time 
from  the  smaller  box,  so  that  when  the  readings  were  taken,  the  full  head  was 
always  acting. 

The  reduction  in  the  equivalent  fluid  weights  from  73  to  25  lb.  per  cu.  ft. 
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Fig.  25. 

as  time  progressed,  shows  clearly  the  gradual  stiffening  of  the  clay.  The 
points  fall  somewhat  irregularly,  especially  about  August  1,  when  the  clay  had 
stiffened  considerably.  Those  closest  to  the  inclined  line  joining  the  maximum 
and  minimum  pressures  are  believed  to  be  the  most  reliable.  Although 
measurements  made  with  the  somewhat  crude  apparatus  used,  cannot  be 
expected  to  give  very  accurate  results,  the  experiments  were  of  much  assistance 
in  judging  the  effect  of  the  back-filling.  As  the  result  of  the  experiments,  it  is 
believed  that,  for  material  of  this  kind,  the  active  lateral  earth  pressure  will 
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never  exceed  that  due  to  a  fluid  weighing  75  lb.  per  cu.  ft.  When  the  material 
is  more  nearly  fluid,  it  weighs  less,  and  when  it  is  stiffer,  it  exerts  relatively 
less  lateral  pressure. 

The  lower  49  ft.  of  the  material  behind  the  lock  walls  was  clay  deposited  by 
a  suction  dredge,  and  the  1(5  ft.  at  the  top  was  sand,  part  of  which  was  placed  by 
pumping  and  part  as  a  dry  fill.  The  total  height  of  65  ft.  extends  from  the  top 
of  the  wall  to  the  bottom  of  the  floor-slab.  The  pressures,  as  shown  graphically 
in  Fig.  26,  are  believed  to  be  an  entirely  safe  guide  in  designing.  The  sand  and 
clay  were  both  assumed  to  weigh  100  lb.  per  cu.  ft.  and  to  be  equivalent  in  their 
effect  to  fluids  weighing,  respectively,  20  and  55  lb.  per  cu.  ft.  The  clay  is  sup- 
posed to  have  become  somewhat  dried  out,  when  the  sand  was  placed  on  it.  At 
Elevation  +  29  (the  bottom  of  the  sand),  the  latter  produces  a  lateral  pressure 
of  20  by  16,  or  320  lb.  per  sq.  ft.  In  the  clay,  the  superimposed  sand  (weighing 
1  600  lb.  per  sq.  ft.)  produces  a  lateral  pressure  of  880  lb.  per  sq.  ft.,  and  the 
maximum  pressure  is  3  575  lb.  per  sq.  ft.  at  the  bottom.  This  value  is  the  same 
as  would  be  produced  if  the  clay,  which  has  the  same  specific  weight  as  the 
sand,  extended  to  the  top  of  the  wall,  although  the  local  pressure  in  the  upper- 
most 16  ft.  is  less. 


Lateral  Pf  essures 
in  Sand  at  Bottom- 
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Fig.  26. 
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In  reality,  there  was  no  sharp  plane  of  demarcation  between  the  sand  and 
clay.  Near  the  wall  the  sand  sank  6  or  8  ft.  into  the  softer  material  below, 
whereas  at  some  distance  from  the  wall  the  clay  rose  above  its  original  level 
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producing  what  was  known  as  a  "mud  wave".    The  pressure  against  the  wall, 
therefore,  would  change  gradually,  without  the  sharp  jog  shown  in  Fig.  26. 

T.  E.  N.  Fargher,*  Esq.  (by  letter). — The  writer  at  present  is  engaged  on 
experiments  somewhat  similar  to  those  described  by  the  author,  but  artificially 
dried  sand  is  being  used.  There  are  several  points  of  particular  interest 
regarding  the  experiments.  The  author  states  that  "the  coefficient  of  friction 
is  determined  by  measuring  the  force  required  to  move  a  known  mass  of 
material  resting  on  a  plane  of  the  same  material".  Two  coefficients  were 
obtained,  one  to  start  the  motion,  and  one  to  keep  the  mass  moving  uniformly. 
The  writer  would  like  to  see  a  more  detailed  description  of  the  apparatus  used, 
as  he  tried  similar  experiments  on  dry  sand,  and  found  that  it  was  impossible 
to  obtain  uniform  motion,  because  as  soon  as  motion  took  place  to  any  extent 
the  box  tipped  down  in  front  and  began  to  plow  up  the  sand,  thus  introducing 
another  factor  which,  of  necessity,  ended  the  experiment.  As  there  is  probably 
little  cohesion  in  dry  sand,  this  difficulty  would  not  affect  this  material. 

The  idea  of  a  rolling  side-wall  to  overcome  the  arching  effect  of  friction 
on  the  sides  is  ingenious,  but  appears  to  be  rather  like  making  the  experi- 
ments fit  the  theory.  It  will  naturally  tend  to  cause  the  sand  to  slip  in  a 
wedge  form,  of  the  shape  originally  decided  on;  also,  the  direction  of  motion 
of  this  part  of  the  wall  will  have  an  effect  on  the  results.  It  seems  to  the 
writer  that,  with  different  angles  of  wedge  and  different  directions  of  motion, 
very  different  results  would  be  obtained.  The  writer's  idea  is  not  to  try  to 
eliminate  the  action  of  the  side-walls,  but  rather  to  take  readings  only  up  to 
the  head  of  sand  which  first  introduces  this  arching  effect.  This  is  accom- 
plished by  using  a  series  of  vertical  parallel  doors  instead  of  only  one,  and 
as  long  as  all  the  readings  are  the  same,  it  can  safely  be  stated  that  the  effect 
of  the  sides  is  non-existent. 

The  question  of  the  amount  of  movement  of  the  door  is  one  of  great 
importance  in  order  to  avoid  confusing  "active"  and  "passive"  pressures,  and 
the  author's  apparatus  appears  to  reduce  this  to  a  very  small  amount,  so  small 
in  fact,  that  it  seems  there  is  a  possibility  of  the  6  by  4-in.  stop  angle  which 
prevents  the  door  moving  against  the  sand  when  the  riders  are  moved  out,  not 
clearing  the  sides  of  the  box  for  the  next  reading.  This  angle  appears  to  bear 
up  against  a  concrete  face  and  any  slight  irregularities  in  the  concrete  would 
bear  against  the  angle,  even  after  it  had  moved  away  ^^-^^^  in.,  and  would 
make  the  apparent  active  pressure  of  the  sand  greater  than  it  really  was.  This 
effect  would  be  much  exaggerated  with  the  rise  and  fall  of  temperature. 

With  regard  to  this  effect  of  temperature,  the  writer  would  like  to  see  par- 
ticulars of  the  "blank  test"  in  Test  No.  XIII,  as  perhaps  the  remarks  in  the 
preceding  paragraph  would  be  answered.  The  conclusions  from  this  test,  as 
regards  temperature,  might  be  explained  by  the  increase  in  length  of  the  con- 
necting links  with  a  rise  of  temperature,  which  would  tend  to  allow  a  lesser 
movement  of  the  door  and  would  magnify  any  effect  of  the  "stop  angle"  not 
clearing  the  sides  of  the  box.    This  effect  would  be  greater  at  the  top  horizontal 
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support  than  at  the  bottom  one  and  thus  would  cause  the  point  of  application 
of  the  resultant  to  rise  with  a  rise  of  temperature  and  fall  with  a  fall  of 
temperature. 

The  writer  would  like  to  know  if  an  attempt  was  made  to  determine  the 
changes  in  temperature  in  the  interior  of  the  sand,  as  it  appears  that  the 
changes  of  outside  temperature  would  have  far  more  eflFect  on  the  apparatus 
than  on  the  interior  of  the  sand,  where  it  would  have  to  be  to  cause  any  dif- 
ference in  the  actual  active  pressure  of  the  sand.  The  writer's  experiments 
are  not  sufficiently  advanced  to  make  any  definite  statement  regarding  his  con- 
clusions, but  the  increase  of  apparent  pressure  with  the  temperature  in  his 
experiments,  is  quite  marked,  but  so  far  can  be  explained  by  the  eflFect  on  the 
apparatus  alone. 

Other  points  of  interest,  but  more  for  the  information  of  future  experi- 
menters, are  the  questions  of  the  actual  filling  of  the  box,  and  how  any  particu- 
lar level  was  obtained,  as  any  shoveling  on  the  surface  would  cause  small  irreg- 
ularities, and  dvimping  the  material  in  from  a  height  of  6  to  8  ft.  would  have  an 
appreciable  eflFect  on  the  readings  of  even  such  a  large  apparatus  as  that 
described.  The  dry  sand  that  the  writer  is  using,  can  be  increased  10%  in 
density  by  shaking  or  ramming,  and  damp  sand  also  behaves  similarly, 
although  perhaps  not  to  such  an  extent. 

It  would  be  of  interest  if  the  author  would  give  some  idea  of  the  reasons 
for  the  non-uniformity  of  the  higher  readings  on  Scales  Nos.  2  and  3  in  Test 
No.  1  (Columns  8  and  9  of  Table  3),  and  whether  these  give  an  idea  of  the 
type  of  readings  obtained  with  the  other  experiments.  The  readings  on  the 
vertical  Scales  Nos.  4  and  5  are  in  excellent  agreement.  The  writer  has  found 
with  his  apparatus  that  the  vertical  readings  are  not,  in  general,  in  such  close 
agreement  as  the  horizontal  ones. 

The  very  able  way  in  which  the  author  has  conducted  his  experiments  and 
collected  the  results  of  others  has  made  this  paper  of  outstanding  interest, 
and  the  manner  in  which  many  previously  debatable  subjects,  such  as  the 
direction  of  the  resultant  force,  eflFect  of  concentrated  surcharged  loads,  age 
of  fill,  etc.,  have  been  dealt  with,  has  added  considerably  to  the  knowledge  of 
this  important  subject. 

P.  M.  Crosthwaite,*  Esq.  (by  letter). — The  writer  has  read  with  great 
interest  the  investigation  described  by  Mr.  Feld,  and  must  express  his  admira- 
tion for  the  experimental  ingenuity  displayed  in  the  design  of  the  apparatus. 

Toward  the  end  of  the  paper,  Mr.  Feld  deals  at  some  length  with  the 
writer's  experiments.f  From  these  experiments,  the  conclusion  was  drawn 
that  friction  between  the  backing  and  wall  did  not  afFect  the  resultant  thrust. 
Mr.  Feld  disputes  this  conclusion  on  the  ground  that  a  rough  wall  was 
used,  and  states  "Had  the  experimenter  used  a  smooth  wall  and  obtained 
the  same  results,  the  conclusions  might  have  an  experimental  foundation." 
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The  reason  for  using  a  rough  wall  was  that  the  writer  wished  to  obtain 
friction,  and  the  rougher  the  wall  the  greater  the  friction.  Had  the  wall 
been  perfectly  smooth,  there  could  have  been  no  friction  between  it  and  the 
backing,  hence,  the  writer  still  thinks  he  was  perfectly  justified  in  using  a 
rough  wall. 

Mr,  Feld  states  that  in  some  of  the  writer's  experiments  the  results  are 
widely  scattered,  many  readings  being  50%  from  the  mean.  This  conclusion 
does  not  appear  to  be  in  accordance  with  the  facts.  For  example,  the  mean 
of  the  last  nineteen  experiments  of  Series  1,  all  of  which  are  for  wedges  that 
give  a  maximum  pressure  against  a  wall  backed  up  by  loose  dry  sand,  is  0.1916 
for  the  ratio  of  the  horizontal  to  the  vertical  pressure.  The  maximum  result 
for  any  one  experiment  was  0.213,  and  the  minimum  0.181 ;  that  is,  the  experi- 
ments varied  from  5.7%  above  to  6.1%  below  the  mean,  and  all  the  other 
experiments  show  equally  consistent  results. 

Mr.  Feld  differs  with  the  writer  for  expressing  opposite  conclusions  in 
his  papers  of  1916  and  1920,  and  states  that  had  he  taken  the  trouble  to 
measure  the  angle  of  internal  friction  of  the  material  he  was  using  he  would 
have  fovmd  it  always  less  than  the  angle  of  repose.  These  experiments  were 
conducted  in  order  to  measure  the  angle  of  friction  and  nothing  else,  and  it 
was  found  that  three  distinct  values  were  obtained,  according  to  how  the 
measurement  was  made.  One  result  was  obtained  by  the  plunger  method,  a 
second  by  measuring  the  pressure  against  a  wall,  and  a  third  when  it  was 
measured  by  shearing.  The  first  two  values  were  considerably  greater  than 
the  angle  of  repose,  and  the  third  value  was  considerably  less.  This  is  fully 
explained  in  the  1920  paper,  and  must  have  been  inadvertently  overlooked. 

Mr.  Feld  states  that  he  cannot  understand  why  the  writer  doubted  the 
truth  of  the  wedge  theory,  which  takes  in  wall  friction,  seeing  that  the  experi- 
ments and  calculated  results  agree.  As  a  matter  of  fact,  they  did  not  agree. 
It  is  true  that  the  wedge  theory  with  wall  friction  gave  correct  results  for  a 
wall  without  surcharge,  but  when  applied  to  a  surcharged  wall,  the  results 
were  incorrect  when  the  angle  of  repose  was  used  for  calculating  the  thrust. 

It  is  quite  evident  that  no  theory  can  be  correct  unless  it  applies  both  to 
a  surcharged  wall  and  a  wall  without  surcharge,  and  the  writer  found  that 
by  using  an  angle  of  internal  friction,  as  determined  by  measurements  of  the 
pressure  against  a  wall  without  surcharge,  he  could  calculate  the  correct  thrust 
produced  by  a  surcharge,  provided  he  neglected  wall  friction.  For  this  reason 
he  adopted  the  modified  theory,  which  neglects  wall  friction. 

With  regard  to  the  author's  experiments  and  conclusions,  it  is  true  that 
the  forces  applied  to  the  experimental  wall  by  the  thrust  produced  by  the  fill 
must  be  balanced  by  the  external  forces  acting  on  the  wall,  and  it  is  evident 
that  the  horizontal  component  of  the  thrust  is  accounted  for  by  the  pressure  on 
Gauges  Noa.  1,  2,  and  3. 

The  author,  however,  assumes  that  the  vertical  component  of  the  thrust 
is  balanced  by  Gauges  Nos.  4  and  5.  It  does  not  appear  to  the  writer  that 
this  assvunption  is  justified,  because  another  vertical  force  acts  on  the  wall, 
namely,  the  friction  between  it  and  the  fill,  as  the  wall  must  have  moved  down- 
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ward  past  the  fill  before  Gauges  Nos.  4  and  5  could  record  any  pressure,  and 
this  friction  must  have  been  overcome.  It  is  very  difficult,  therefore,  to  under- 
stand why  Gauges  N'os.  4  and  5  should  have  recorded  any  pressure  until  the 
depth  of  fill  was  considerable,  whereas  they  began  to  record  pressure  when 
the  depth  of  fill  was  only  5  in. 

Take,  for  example,  Test  No.  1  (Table  3) :  With  a  72-in.  depth  of  fill,  the 
total  horizontal  pressure  is  2  273  lb.  Assuming  the  angle  of  wall  friction  to 
be  30°,  the  total  friction  between  the  wall  and  the  fill  would  be  2  273  X  tan  30° 
=  1  311.5  lb. 

The  total  vertical  forces,  acting  on  the  wall,  that  balance  the  vertical 
component  of  the  thrust,  therefore,  would  appear  not  to  be  1  495.5  lb.,  as  given 
in  Column  16,  Table  3,  but  1 495.5  +  1  311.5  =  2  807  lb.    If  this  reasoning  is 

correct,  the  total  resultant  thrust  on  the  wall  would  be  -/S  27^2 -|- 2  SO?^  =  3  612 

V 

lb.,  and  not  2  721   lb.  as   given    in   Column  17,  and  the   ratio  of  —  would  be 

3  612 

' =  1.59,  not  0.659  as  given  in  Column  21. 

2  273  '  ° 

It  should  be  noted,  further,  that    if  this  friction  is  taken  into  account, 
it  is  impossible  to  calculate  <^'  from  the  experiments,  because  in  order  to  ascer- 
tain the  total  friction,  it  is  necessary  to  assume  a  value  for  ^',  taken  as  30 
in  the  calculations  just  mentioned. 

Darwin,  in  his  paper  on  the  "Horizontal  Thrust  of  a  Mass  of  Sand",* 
mentions  the  difficulties  caused  by  the  straining  and  deformation  of  the 
door.  It  is  evident  that  bending  moments  and  distortion  must  be  produced 
in  any  door  or  wall  used  in  such  experiments,  and  it  is  possible  that  gauges 
beneath  the  door  might  be  affected  by  such  deformations,  apart  from  any 
vertical  force  due  to  the  thrust  of  the  sand. 

From  the  description  of  the  apparatus,  it  appears  that  the  movement  of 
the  platform  was  reduced  to  ^^^Vo  ^^-i  so  that  an  extremely  small  deformation 
of  the  wall  might  affect  Gauges  Nos.  4  and  5  without  the  existence  of  any 
vertical  components. 

In  Appendix  II  of  the  writer's  paper  of  1920,  he  showed  that,  if  the  resultant 
pressure  from  a  surcharged  wall  is  parallel  to  the  surface,  as  assumed  by 
Rankine,  it  should  not  produce  any  pressure  on  the  foundations  under  the 
heel  of  the  wall,  because  it  is  balanced  by  friction.  If  this  is  true,  it  should 
likewise  not  have  thrown  any  pressure  on  Gauges  Nos.  4  and  5,  as  they  are 
merely  substitutions  for  the  foundations. 

From  the  description  of  the  author's  experiments,  it  will  be  noticed  that 
between  each  additional  fill  "the  riders  on  the  scale-beams  were  moved  out, 
that  is,  the  scales  were  overbalanced,  to  a  point  more  than  the  next  reading." 
This  must  have  produced  a  bending  moment  in  the  wall,  the  amount  of 
which  would  depend  on  the  distance  the  riders  were  moved.  This  bending 
moment  must  have  produced  some  distortion  of  the  door,  and,  as  the  riders 
were  moved  forward  again,  after  the  next  layer  of  sand  had  been  put  in,  and 
the  forces  that  had  bent   the  door  were  relaxed,  the  pressure  indicated  on 
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Fig.  27. 


Gauges  Nos.  2,  3,  and  5  would  be  in  excess  of  that  due  to  the  static  pressure 
of  the  sand. 

It  may  be  said  that  because  the  door 
was  very  rigidly  braced  the  distortion 
due  to  the  bending  moment  was  ex- 
tremely small.  However  small  it  might 
have  been,  it  must  have  produced  the 
result  just  indicated,  which  would  have 
tended  to  make  readings  on  Gauges  Nos. 
1,  2,  and  3  too  high.  This  is  illus- 
trated in  Fig  27,  on  which  the  arrows  at 
the  left  side  represent  the  excess  pres- 
sure thrown  on  the  wall  by  moving  out 
the  riders  on  the  scale-beams,  causing 
the  door  to  apply  an  active  pressure 
on  the  sand.  In  fact,  the  condition  of  the 
wall  in  these  circumstances  is  somewhat  analogous  to  that  of  a  bent  bow,  which 
tends  to  straighten  itself  when  the  tension  at  its  ends  is  released. 

It  is  satisfactory  to  the  writer  to  see  that  in  the  general  conclusions  given 
on  page  1493,  it  would  appear  that  the  results  obtained  from  the  Cincinnati 
experiments  confirm  the  conclusions  he  had  drawn  from  his  own  experiments. 
That  is  (a),  no  defined  plane  of  rupture  was  found;  (h)  the  resultant  pressure 
acts  from  one-third  to  four-tenths  of  the  depth  of  the  fill,  as  compared  with  one- 
third  obtained  by  the  writer;  (c)  that  for  walls  without  surcharge,  the 
Eankine  or  Coulomb  theories  hold  true,  provided  <^  is  the  angle  of  internal  fric- 
tion and  not  the  angle  of  repose;  and  (d)  that  for  vertical  walls,  wall  friction 
should  be  neglected. 

On  page  1501,  Mr.  Feld  refers  to  the  similarity  of  the  conclusions  in  the 
writer's  paper  and  those  he  has  drawn  from  his  investigation,  but  doubts  the 
writer's  right  to  draw  these  conclusions  from  his  experiments.  The  only 
remark  the  writer  can  make  on  this  criticism  is  that  if  he  were  re-writing  the 
paper,  he  could  draw  no  other  conclusions. 

The  main  difference  between  the  conclusions  of  Mr.  Feld  and  those  of  the 
writer  is  that,  in  the  Cincinnati  experiments,  the  coefiicient  of  internal  fric- 
tion is  measured  by  shearing,  whereas  in  the  writer's  experiments,  it  was 
deduced  by  measuring  the  pressure  against  a  wall  without  surcharge.  It  is 
still  thought  that  this  is  the  more  rational  method,  as  this  is  the  way  the 
material  is  actually  being  used. 

In  order  to  determine  the  tensile  strength  of  steel,  one  would  not  test 
it  for  compression  or  shearing,  and  there  seems  to  be  no  reason  for  treating 
other  materials  differently,  especially  when  it  is  known  that  for  sand  there 
are  three  perfectly  distinct  angles  of  internal  friction,  depending  on  how 
it  is  measured.     For  loose  sand,  they  are : 

By  plunger  method 51i° 

"    wall  "       42°  20' 

"   shearing       "       23° 
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corresponding  to  coefficients  of  friction  of  1.257,  0.911,  and  0.424.     For  well 
stirred  sand,  the  corresponding  coefficients  are  1.880,  1.150,  and  0.753. 

Darwin's  experiments  of  1877,  referred  to  by  the  author  were  on  a  small 
scale,  but  it  is  hardly  fair  to  state  that  they  are  "unreliable."  They  were 
repeated  by  the  writer  with  almost  identical  apparatus,  and  were  confirmed 
in  nearly  every  particular,  practically  identical  results  being  obtained  for 
surcharged  walls,  walls  without  surcharge,  and  walls  with  negative  surcharge. 
These  results  were  checked  by  the  experiments  with  the  rolling  wall,  an  entirely 
different  method,  and  the  agreement  between  both  sets  of  experiments  was 
complete. 

On  page  1499,  Mr.  Feld  quotes  the  writer,  as  follows :  "The  angles  of  internal 
friction  from  these  experiments  was  much  less  than  the  angle  of  repose, 
*  *  *".  This  is  exactly  the  opposite  of  what  was  actually  in  the  paper,  in 
which  it  was  stated:  "In  both  the  present  [i.  e.,  wall  experiments]  and  in  the 
author's  plunger  experiments  he  found  the  angle  of  internal  friction  of  dry 
sand  to  be  considerably  greater  than  the  angle  of  repose." 

It  was  only  when  the  angle  was  determined  by  shearing  that  it  was  less, 
and  this  is  referred  to  particularly  and  at  considerable  length  in  the  writer's 
reply  to  the  correspondence  because,  until  the  experiments  were  made,  it  had 
never  occurred  to  him  that  there  might  be  three  quite  distinct  coefficients 
of  internal  friction. 

Jacob  Feld,*  Jun.  Am.  Soc.  C.  E.  (by  letter). — The  writer  is  grateful  to 
those  who  have  taken  part  in  the  discussion.  The  constructive  tone  of  the 
comments  is  most  pleasing.  He  is  especially  interested  in  the  remarks  relative 
to  a  soil  physics  and  a  physical  classification  of  soils,  as  he  is  com- 
piling all  the  existing  experimental  data  on  the  characteristics  of  materials 
called  by  such  names  as  granular,  pulverulent,  semi-liquid,  semi-solid,  cohesive, 
plastic,  etc.,  which  do  not  fall  readily  into  any  one  of  the  following  classes: 
Solid,  liquid,  or  gaseous.  Numerous  attempts  have  been  made  to  classify 
such  materials,  starting  with  Querlonde'sf  division  of  soils,  in  1743,  into 
vegetation  soil,  stiff  earth,  and  sand,  the  criterion  being  the  natural  slope. 

C.  C.  Williams,  M.  Am.  Soc.  C.  E.,  has  recently  classifiedif:  the  non-solid 
and  non-liquid  materials  as  follows : 

1. — Granular  materials,   in   which   pressure  increases  with   the  depth; 
nowhere  can  there  be  an  upward  component,  and  at  all  points  the 
ratio  of  vertical  to  horizontal  pressure  is  a  function  of  the  angle 
of  internal  friction. 
2, — Fragmentary  materials,  in  which,  after  a  certain  depth,  there  is  no 
lateral  pressure,  for  the  material  acts  as  a  solid  after  the  rough 
particles  are  held  together  by  intercogging  under  load. 
3. — Plastic  materials,  in  which  the  ratio  of  vertical  to  horizontal  pres- 
sure is  a  constant  at  all  depths, 
4. — Yiscous  materials,  almost  liquid. 

*  Brooklyn,  N.  Y. 

t  Mayniel,  "Traite  Experimental,  Analytique  et  Pratique  de  la  Poussee  des  Terres  8t  des 
Murs  de  Revetement",  1808. 

X  "Design   of   Masonry   Structures",    1922,   pp.    249-274. 
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Mr.  Meem  considers  five  classes  as  sufficient.  The  writer  expects  the  next 
classification  to  consist  of  six  groups  and,  mathematically  speaking,  the  num- 
ber of  individual  types  being  infinite,  the  number  of  classes  approaches 
infinity  as  a  limit,  as  the  classification  becomes  more  accurate.  A  perfect 
classification,  by  the  method  of  grouping  like  materials,  is  impossible,  because 
the  list  of  individual  materials  comprises  a  series  of  discontinuous  terms 
whereas  the  properties  vary  according  to  a  continuous  function.  For  example, 
clay  denotes  a  material  having  a  high  degree  of  cohesion;  it  falls  into  the 
class  of  plastic  materials  in  the  Williams'  system,  and  into  the  cohesive  or 
semi-cohesive  class,  according  to  Mr.  Meem.  As  there  are  clays  of  varying 
cohesive  properties  and  clays  with  almost  no  cohesion,  the  classification  is 
not  general.  Similar  results  would  be  obtained  by  attempting  to  classify 
almost  any  other  state  of  matter  by  this  method.  An  analogous  case  occurs 
in  the  classification  of  solids,  if  each  property  is  denoted  by  a  ratio  to  a 
standard  unit  (elasticity,  density,  etc.),  instead  of  grouping  the  materials 
into  classes,  as  hard,  soft,  brittle,  etc. 

The  stresses  acting  in  a  granular  mass  in  a  state  of  equilibrium  are  caused 
by  the  forces  of  gravity  and  gravitation  (attraction  between  the  earth  and 
the  particles  and  between  the  particles  themselves),  surface  tension,  adhesion, 
molecular  attraction,  etc.  These  stresses  are  usually  grouped  into  internal 
friction  and  cohesion,  which,  together  with  density,  the  measure  of  gravity, 
form  the  basis  of  discrimination  between  materials.  However,  such  a  simple 
classification,  although  desirable,  is  not  feasible,  because  even  if  it  has  been 
proved  that  the  friction  and  cohesion  are  independent  of  each  other,*  they 
are  not  determined  so  easily  and  they  do  not  include  all  the  possible  differ- 
ences between  materials.  For  example,  a  clay  and  a  loamy  sand  containing 
some  vegetable  matter  may  have  the  same  unit  weight,  internal  friction,  and 
cohesion,  but  they  are  not  the  same  material,  and  will  not  act  in  the  same 
manner  behind  a  retaining  wall  or  beneath  a  footing.  After  these  properties 
are  determined,  there  is  no  certainty  that  a  slight  change  in  conditions  may 
not  cause  a  very  great  change  in  the  property.  For  example,  there  are  many 
materials  in  which  friction  acts  in  accordance  with  the  laws  of  friction  for 
solids  until  a  small  quantity  of  water  causes  a  lubricating  action,  and  then, 
for  a  true  analysis,  the  laws  of  friction  for  lubricants  must  be  used.  Pro- 
fessor E.  C.  Binghamf  tabulates  the  laws  governing  the  friction  of  solids 
and  lubricants  to  show  the  differences  between  them.  He  states  that  the  laws 
of  friction  for  solids  are  as  follows : 

1. — The  frictional  resistance  is  equal  to  a  constant  multiplied  by  the 

normal  force  acting;  the  constant  is  the  coefficient  of  friction. 
2. — The  static  friction,  at  incipient  motion,  is  always  greater  than  the 

dynamic  friction,  during  motion.     (In  the  paper,  these  quantities 

are     termed     "internal     resistance''     and     "internal     friction", 

respectively.) 
3. — The  frictional  resistance  is  independent  of  the  area  in  contact. 

*  Leygue,  "Nouvelles  Recherches  sur  la  Poussee  des  Terres  et  le  Profll  de  Revetement 
de  Plus  Economique",  1885,' Av7iales  des  Fonts  et  Chaussees,  Vol.  10,  pp.  780—1000;  Resal, 
"Poussee  des  Terres  et  Stabilite  de  Revetements",  2  vol.,  Encyclop6die  des  Travaux  Publics, 
1903,   '10. 

t  "Fluidity  and  Plasticity",  1922. 
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He  gives  the  following  laws  of  friction  for  viscous  flow: 

1. — The  frictional   resistance   is   independent  of  the  load. 

2. — The   frictional  resistance   is  directly  proportional   to   the  velocity, 

and  vanishes  when  the  velocity  is  zero. 
3. — The   frictional   resistance   is   directly   proportional   to   the   area   in 
contact. 
No  better  example  could  be   desired  by   which   to   illustrate  the  absolute 
uncertainty  that  results  from  using  the  friction  as  a  criterion  for  classifica- 
tion.   The  Special  Committee  on  the  Bearing  Value  of  Soils  for  Foundations, 
etc.,  has  recently  announced  its  belief  that  the  colloid  content  is  an  important 
factor  in  the  action  of  soils.     In  a  lecture  before  the  Chemistry  Seminar  of 
the  University  of  Cincinnati,  in  1920,  the  writer  showed  the  importance  of 
the  colloid  matter  in  soils,  and  demonstrated  how  all  the  properties  of  the 
soil  in  the  vicinity — a  decomposition  product  of  the  Cincinnati  limestone-shale 
formation — could  be  explained  by  the  colloidal  properties  of  the  constituents. 
The   writer  believes   that   the   classification    of   soils    and   other   granular 
materials  should  be  along  the  lines  of  strain  characteristics  rather  than  those 
of  stress,  namely,  elastic  strain,  plasticity,  and  fluidity,  for  these  phenomena 
are  evident  and  measurable,  and  embrace  within  them  the  results  of  all  the 
stresses  which  may  act.     Generally  speaking,  the  elasticity  factor  will  take 
care  of  the  solid,  the  fluidity  of  the  fluid,  and  the  plasticity  of  the  colloid 
properties  of  the  material  being  classified. 

Elasticity  is  best  described  by  Hooke's  law,  Ut  tensio  sic  vis,  the  axial 
deformation  is  directly  proportional  to  the  axial  stress,  and  Poisson  added 
that  this  deformation  is  accompanied  by  two  strains  of  opposite  kind  along 
the  other  axes.  It  is  not  necessary  to  go  into  the  details  of  elasticity  in  this 
discussion. 

The  properties  of  fluidity  and  plasticity  have  been  discussed  thoroughly 
by  Bingham,*  with,  however,  too  little  emphasis  on  these  properties  in  solids 
and  granular  materials.  His  description  is  summarized  in  the  following 
definitions : 

If  a  perfectly  elastic  body  is  subjected  to  a  shear,  a  strain  develops,  which 
disappears  entirely  when  the  stress  is  removed.  The  total  work  done  is  zero; 
there  was  no  change  in  volume,  although  there  was  a  change  in  shape.  This 
is  a  case  of  elastic  deformation.  In  imperfectly  elastic  bodies,  part  of  the 
deformation  will  remain,  and  some  work  has  been  performed  in  overcoming 
internal  friction.     Such  a  deformation  or  flow  may  be  of  three  kinds : 

1. — ^Viscous  or  linear  flow,  in  which  the  deformation  is  proportional  to 
the  deforming  force.     A  certain  time  interval  may  be  required 
to  show  the  constancy  of  the  relation. 
2. — Hydraulic  or  turbulent  flow,  usually  in  fluid  materials. 
3. — Plastic  flow,  in  which  the  shearing  force  starts  a  deformation  which 
continues  indefinitely  as  long  as  the  force  remains. 
The  mathematics  of  this  subject  will  not  be  introduced  at  present. 

*  "Fluidity  and  Plasticity",   1922. 


1568      DISCUSSION   ON   DETERMINATION   OF   LATERAL  EARTH   PRESSURE 

The  writer  believes  that  a  scientific  and  adequate  classification  of  mate- 
rials not  easily  classed  as  solid,  liquid,  or  gaseous,  can  be  made  by  assigning 
numerical  values — ratios  to  fixed  arbitrary  units — for  these  properties.  In  this 
manner,  a  gradual  continuous  variation  along  three  axes  may  be  denoted. 
It  is  possible  that  there  are  more  than  three  independent  variables  which 
are  sufficiently  important  to  be  considered,  biit  the  writer  does  not  believe  that 
any  one  of  these  three  can  be  eliminated. 

An  investigation  of  these  properties  will  show  that  they  depend  on  the 
various  characteristics  of  the  material,  among  which  are  included  the  specific 
gravity,  the  percentage  of  voids,  the  moisture  content,  the  mechanical  analysis 
(including  the  percentage  content  of  partifcles  of  colloid  size),  the  chemical 
constituents,  the  shape  of  the  particles,  the  percentage  of  organic  matter,  etc. 
Not  until  the  laws  of  variation  of  the  three  factors  have  been  fully  deter- 
mined can  a  complete  and  adequate  soil  mechanics  be  developed.  Such  an 
undertaking  is  too  much  for  an  individual,  and  it  is  hoped  that  the  proper 
syllabus  will  be  drawn  up,  through  the  agency  of  the  Society,  to  divide  and 
co-ordinate  research  along  this  line. 

The  writer's  method  for  determining  the  "coefficient  of  internal  resistance" 
is  a  simple,  yet  fairly  accurate,  means  for  measuring  the  resistance  to  internal 
shear,  a  measure  of  the  fluidity  of  the  mass.  The  work  required  is  more  of 
an  extensive  nature  than  the  usual  intensive  researches  in  physics;  too  great 
a  refinement  in  this  work  is  useless,  especially  as  it  must  not  be  conducted 
with  small-scale  apparatus. 

Numerous  theories  have  been  developed  for  the  evaluation  of  the  lateral 
pressure  of  granular  materials,  but  each  assumes  that  the  material  is  a  solid. 
Especially  is  this  true  of  Rankine's  theory,  which  assumes  that  the  material  is 
a  homogeneous  elastic  mass  up  to  the  value  of  the  internal  friction,  beyond 
which,  it  becomes  a  perfect  liquid. 

The  "rational"  elastic  theory  of  Levy,  St.  Tenant,  and  Boussinesq,  is 
merely  a  refinement  of  the  Rankine  theory,  the  addition  of  factors  covering 
the  end  conditions  at  the  wall  and  at  the  surface  of  the  fill. 

The  wedge  theory  assumes  a  solid  wedge  of  earth,  acting  as  a  unit,  an 
assumption  which  is  equivalent  to  that  of  the  elasticians.  That  this  is  true 
can  be  seen  from  the  fact  that  the  general  wedge  formula  can  be  converted 
into  the  Rankine  formula  by  algebraic  transformations,  if  it  is  assumed  that 
the  direction  of  the  resultant  is  always  parallel  to  the  top  surface.* 

The  only  difference  between  the  two  theories,  therefore,  is  the  assumption 
of  the  resultant  direction.  Experiments  have  proved  which  assumption  is 
correct  in  the  case  of  a  retaining  wall.  The  theory  that  will  give  the  magni- 
tude and  point  of  application  correctly  has  not  yet  been  developed.  The 
wedge  theory  is  a  close  approximation  for  materials  which  have  but  little 
fluidity  and  plasticity,  and  in  which  the  elastic  properties  are  the  prevailing 
characteristics.  The  theory  that  will  include  all  materials  will  include  all  their 
variable  factors. 

*  Cain,  "Practical  Designing  of  Retaining  Walls",  1888  Edition,  or  Paaswell,  "Retaining 
Walls",  1921. 
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For  a  comparison  of  the  theories,  the  coefficients  of  i  yh"^  are  given  in 
Table  40  for  the  following  cases:  Angle  of  internal  resistance,  40°;  angle  of 
wall  friction,  30°;  values  of  a,  —  10°,  0  (vertical  wall),  and  +  10°;  values  of 
c  —  30°,  0  (level  fill),  and  +  30°.    The  theories  used  were : 

1. — The  Frangais  theory   (1820)  :     The  pressure  exerted  by   a  wedge  is 
always  normal  to  the  wall.    The  original  Coulomb  formula  is  a  special 
"^       case  of  the  Frangais  formula. 
2.— The  Poncelet  theory  (1840) :     The  pressure  is  always  inclined  to  the 

wall  normal  by  the  angle  of  wall  friction. 
3. — The  Eankine  theory  (1856)  :    This  applies  to  certain  cases  only. 
4. — The   Boussinesq   theory    (1883) :      The   accurate   solution   of   Levy's 

"rational"  theory. 
5. — The  Flammant  formula   (1884)  :     An  approximate  simplification  of 

Boussinesq's  result. 
6. — The  Chaudy  stress  transmission  theory  (1895). 

7. — The  Hummel  and  Finnan  empirical  solution  (1922)  :    Based  on  experi- 
mental data. 

The  values  given  are  E,  H,  and  V,  the  coefficients  of  hyh-  for  the  total,  the 
horizontal,  and  the  vertical  components,  respectively,  and  8,  the  angle  which 
the  resultant  makes  with  the  horizontal. 

An  inspection  of  Table  40  shows  that  the  theories  differ  only  slightly  in 
evaluating  the.  total  or  the  horizontal  pressure,  the  main  difference  being  in 
the  vertical  component. 

In  reference  to  Mr.  Meem's  arching  theory,  the  writer  believes  that, 
basically,  it  is  the  same  as  the  wedge  theory.  The  differences  in  the  results 
are  due  to  differences  in  the  assumptions  of  the  direction  and  height  of  the 
resultant.  His  reason  for  this  belief  is  the  fact  that  the  arch,  considered  as 
a  static  unit,  is  merely  a  solid  wedge,  one  of  the  fundamental  machines.  If 
the  arches  in  Mr.  Meem's  theory  are  summated,  from  the  bottom  to  the  top 
of  the  wall,  the  result  is  a  solid  wedge,  the  assumption  of  the  Coulomb 
theory.  The  difference  is  really  in  the  assumption  of  the  direction  of  motion 
of  the  grains  as  failure  occurs ;  the  wedge  theoiy  assumes  that  the  particles 
tend  to  move  parallel  to  the  plane  of  rupture,  and,  therefore,  the  resultant 
motion  acts  through  the  center  of  gravity  and  parallel  to  the  plane  of  rupture, 
intersecting  the  wall  at  Ih  above  the  base;  the  arching  theory  assimies  that 
the  particles  tend  to  move  horizontally  (a  flattening  of  the  arch),  and,  there- 
fore, the  resultant  motion  acts  horizontally  and  intersects  the  wall  at  %h 
from  the  base. 

The  experimental  work  of  Leygue,*  who  watched  the  motion  of  the  sand 
grains  in  a  glass  box  as  one  side  was  tipped  or  displaced  by  translation,  and 
the  photographic  investigations  by  Mueller-Breslauf  of  the  same  phenomenon 
on  a  larger  scale,  have  shown  conclusively  that  no  matter  what  the  nature  of 
the  failure  of  the  wall,  the  particles  move  in  lines  parallel  to  the   line   of 

*  Annales  des  Fonts  et  Chaussees,  1885. 

t  "Erddruck  auf  Stutzmauern",  1906.  A  translation  of  this  experimental  work  will  be 
found  in  the  writer's  thesis,  a  copy  of  which  is  filed  in   the  Engineering  Societies  Library. 
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rupture.  This  is  true  for  all  points  in  the  wedge.  In  view  of  this,  the  writer 
is  inclined  toward  the  idea  of  a  wedge  of  rupture,  rather  than  the  arching 
idea,  for  the  case  of  active  lateral  earth  pressure. 

TABLE   40. 


a 

=  —  10< 

a  =  0°. 

a 

=  +  10- 

«. 

—30° 

0.0 

+30° 

-30° 

0.0 

+30° 

—30° 

0.0 

+30° 

Frangais* 

■ 

E 
H 
V 
i 

0.132 
0.1.30 
-0.022 
—10" 

0.159 

0.157 

—0.025 

—10° 

0.224 

0.221 

—0.038 

—10° 

0.174 
0.174 

0 

0 

0.219 
0.219 

0 

0 

0.318 
0.318 

0 

0 

0.218 

0.215 

0.037 

10° 

0.290 

0.285 

0.050 

10° 

0.432 

0.425 

0.074 

10° 

Poncelett 

\ 
-! 

I 

E 
H 

V 

s 

0.113 
0.106 

0.041 
20° 

0.139 

0.130 

0.051 

20° 

0.209 

0.196 

0.076 

20° 

0.156 

0.135 

0.090 

30° 

0.210 

0.181 

0.121 

30° 

0.316 

0.274 

0.188 

30° 

0.204 
0.156 
0.131 

40° 

0.282 

0.215 

0.181 

40° 

0.463 
0.855 
0.298 
40° 

Rankinel 

! 

E 
H 
V 
& 

0.219 
0.219 

0 

0 

0.288 

0.250 

0.144 

30° 

Boussinesq§. 

E 
H 

V 

s 

0.045 

0.042 

0.015 

20° 

0.123 
0.116 
0.042 

20° 

0.212 

0.200 

0.073 

20° 

0.130 

0.113 

0.065 

30° 

0.205 

0.178 

0.103 

30° 

0.336 

0.291 

0.168 

30° 

0.203 

0.156 

0.131 

40° 

0.800 

0.230 

0.193 

40° 
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*  Francals,  "Recherches  sur  la  Poussee  des  Terres",  1820,  Memorial  de  rOflBcier  du 
Genie,  pp.  156-251. 

t  Poncelet,  "Memoire  sur  la  Stabilltfi  des  Revetements",  1845.  For  the  theory,  see  any 
standard  work  on  earth  pressures. 

t  Rankine,  "Applied  Mechanics",  1858  ;  or,  "On  the  Stability  of  Loose  Earth",  1856, 
Philosophical  Transactions,  Royal  Soc,  Lond.,  pp.   2-27. 

§  Boussinesq,  "Essai  Theorique  sur  I'Equilibre  des  Massifs  Pulverulents",  1876,  Brussels, 
Mm.  Cour,  "Vol.  40,  No.  4.  Also,  Comptes  Rendus,  Academy  of  Sciences,  1884,  Vol.  98,  pp. 
720-723,  790-793,  667-670,  901-904,  975-978. 

II  Flammant,  "Tables  Numeriques  pour  le  Calcul  de  la  Poussee  des  Terres",  1885. 
Annates  des  Fonts  et  Chaussees,  Vol.  9,  pp.  515-540. 

H  Chaudy,  "Resistance  des  Terrains  Sablonneaux",  1895,  Memoire  et  Compte  Rendu 
des  Ingenieurs  Civils,  pp.  607-617. 

•*  Hummel    and    Finnan,    "Distribution    of    Pressure   on    Surfaces    Supporting   a   Mass    of 
Sand",  1921,  Minutes  of  Proceedings,  Inst.  C.  E.,  Lond.,  Vol.  CCXII,  pp.  369-392. 


For  the  case  of  timbering  in  cuts,  where  the  wall  is  braced  horizontally 
against  the  fill,  a  different  condition  may  exist  in  the  mass,  but  no  experi- 
mental investigation  of  this  case,  the  passive  resistance  to  pressure,  has  been 
made.  The  movement  in  this  case,  as  compared  with  that  of  active  pressure, 
will  have  to  be  quite  large,  in  order  to  take  up  the  "slack"  or  excess  voids 
in  the  material.  A  measure  of  this  slack  is  the  ratio  of  the  percentage  of 
voids,  as  ordinarily  determined,  and  the  percentage  of  absolute  voids,  found 
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when  the  particles  are  touching,  that  is,  when  the  mass  occupies  the  minimum 
possible  volume. 

The  action  of  Mr.  Meem's  almost  classical  sand-box  experiment  is  easily 
explained  by  the  wedge  theory.  The  constrxiction  is  such  that  the  granular 
material  must  act  as  a  unit.  Consider  the  effect  on  the  two  48  by  12-in.  sides 
of  the  box,  and  disregard  (for  the  time  being)  the  effect  on  the  ends.  Assume, 
for  example,  that  the  material  weighs  100  lb.  per  cu.  ft.,  has  an  angle  of 
internal  resistance  of  40°,  and  that  the  angle  of  wall  friction  is  30  degrees. 
The  width  of  the  box  is  such  that  each  of  its  sides  may  be  considered  as  a 
retaining  wall  holding  a  wedge  of  sand,  and,  for  simplicity  of  computation, 
assume  that  the  two  planes  of  rupture,  starting  on  opposite  sides  of  the  box, 
intersect  at  the  surface.  For  the  dimensions  given,  this  will  be  very  nearly 
true.  In  addition  to  its  own.  weight,  each  wedge  carries  half  the  material 
below  the  planes  of  rupture,  the  load  being  carried  satisfactorily  by  the  hanger 
bolts  and  plate  washers.  As  the  box  does  not  fail,  rupture  is  to  occur  in  the 
fill;  this  is  a  case  of  passive  resistance  to  pressure,  which  is,  per  foot  of  wall, 
H  (horizontal  component)  =  ^yh^  tan^  i  (90°  +  </>),  or  230  lb. 
The  friction  along  the  inner  face  of  the  sides  is  230  (tan  30°)  or  133  lb. 
per  foot  of  length,  and  the  total  load  to  be  held  is  only  50  lb.,  half  the  width 
of  the  sand.  The  effect  of  the  ends  of  the  box  is  to  increase  the  factor  of 
safety.  Much  depends  on  the  tightness  and  rigidity  of  the  box,  and  on  the 
absence  of  vibration.  In  one  of  Mr.  Meem's  earlier  papers,*  a  large-sized 
prototype  of  this  model  was  tested,  several  men  standing  on  top  of  the  sand 
without  failure,  but,  later,  a  slight  jar  broke  up  the  state  of  equilibrium  and 
the  mass  fell.  Such  a  jar  or  shock  temporarily  loosens  the  contact  along  part 
of  the  side  and  prevents  the  action  of  the  sides  against  the  fill,  hence,  the 
passive  resistance  of  the  fill  disappears,  with  a  simultaneous  drop  in  the  total 
friction  along  the  side.  If  this  drop  is  great  enough,  and  the  total  friction 
becomes  less  than  the  total  weight,  failure  occurs. 

Mr.  Meem  objects  to  the  relative  dimensions  of  the  writer's  apparatus,  on 
the  ground  that  the  width  should  be  much  greater  than  the  height.  The 
writer  agrees  that  much  more  accurate  results  could  be  obtained  by  using  a 
wider  bin,  and,  as  Mr,  Meem  states:  "Any  measurements  should  include  the 
whole  area,  as  nothing  can  be  gained  by  measuring  the  pressures  of  fractional 
areas,  separately." 

The  writer  would  suggest,  that,  with  a  6-ft.  test  wall,  the  bin  should  he 
18  ft.  wide,  and  the  pressures  on  only  the  middle  6-ft.  part  should  be  meas- 
ured. There  would  still  remain  the  important  problem,  namely,  the  deter- 
mination of  the  effect  of  the  immovable  wall,  on  each  side  of  the  test  wall,  on 
the  recorded  pressures.  Testing  the  total  pressure  on  walls  much  wider  than 
that  of  the  writer  (5  ft.)  will  involve  such  problems  as:  Deflections  of  the 
wall,  large  pressure  readings,  and  methods  of  support.  The  work  entailed  in 
using  such  an  apparatus  would  require  expensive  machinery,  and  the  cost 
would  be  prohibitive,  unless  backed  by  a  wealthy  corporation.  No  individual 
or  university  could  be  expected  to  undertake  work  on  such  a  scale.     Hence, 

*  Transactions,  Am.  Soc.  C.  E.  Vol.  LXX   (1910),  pp.  352-411. 
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the  present  design  of  relieving  the  friction  along  the  sides,  by  using  plates  on 
bushed  rollers,  was  adopted.  During  the  preliminary  tests,  the  effect  of  these 
plates — the  most  uncertain  feature  of  the  apparatus — was  studied  carefully. 
Leaving  the  plates  "floating"  in  air,  that  is,  perfectly  counterbalanced  verti- 
cally, rolling  along  hard  steel  cylinders  immersed  in  oil  along  the  plane  of 
rupture,  and  bearing  against  smoofh  faces  on  the  inner  face  of  the  concrete 
bin  walls  was  finally  considered  the  proper  solution.  As  jwinted  out  by  Mr. 
Steinman,  on  page  1516,  this  design  is  oipcn  to  the  serious  objection  that  a 
wedge  of  rupture  is  being  assumed,  and  if  any  other  shape  of  the  mass  tends 
to  slip,  the  friction  along  the  sides  will  overcome  this  tendency  and  influence 
the  recorded  pressures. 

The  force  of  this  objection  was  realized,  and  its  value  was  tested.  The 
steel  plates  were  overbalanced  and,  later,  fixed  in  place,  forming  as  rigid 
a  part  of  the  bin  walls  as  the  timbered  face  of  the  remainder  of  the  wall. 
The  results  of  the  tests,  with  vertical  wooden  walls  and  horizontal  fills,  were 
only  slightly  less  than  the  other  results.  As  such  a  difference  (about  5%) 
could  easily  be  caused  by  a  slight  variation  in  the  properties  of  the  filling 
material,  it  was  disregarded.  This  conclusion  permitted  the  testing  of  oblique 
walls,  in  which  tests  the  friction-reducing  plates  were  not  used.  The  small 
difference  between  the  results  of  the  tests  with  and  without  the  side  friction 
relieving  plates  makes  the  writer  believe  that,  even  with  the  6-ft.  height  and 
a  5-ft.  width,  there  was  no  appreciable  arching  action  in  the  material  tested. 

In  reference  to  Mr.  Meem's  suggestion  of  an  apparatus  for  measuring  the 
lateral  earth  pressure.  Figs.  8  and  9,  the  writer  sees  no  advantages  in  the 
method  of  counterbalancing  pressures  by  the  devices  shown,  and  there  are 
several  disadvantages.  Part  of  the  measuring  device  is  inside  the  bin  which 
is  to  be  filled.  The  removal  of  these  parts  to  a  jxjint  back  of  the  bin,  which  is 
absolutely  necessary  in  order  to  prevent  interference  with  the  fill,  would 
require  the  use  of  long  connecting  strings  or  wires  under  high  stress  through 
the  fill.  The  elongations  will  cause  trouble  in  controlling  the  movements  of 
the  various  parts  of  the  wall;  and  there  is  no  way  of  determining  the  effect 
that  such  wires  (or  rods,  if  members  of  larger  section  are  used  in  order  to 
cut  down  the  deformations)  will  have  inside  the  fill.  Such  a  method  has  been 
used  on  a  small  scale  to  determine  the  overturning  effect;  it  cannot  measure 
the  vertical  component,  directly.* 

In  describing  the  action  of  water-bearing  soil,  Mr.  Meem  states : 

''The  water  exerts  pressure  through  the  voids  of  the  soil,  and  finds  neces- 
sarily reduced  areas  on  which  to  exert  its  full  head  or  pressure". 

The  writer  can  see  no  justification  for  this  statement.  Theoretically,  it 
contradicts  the  very  basis  of  mechanics,  the  third  law  of  Newton:  "To  every 
action  there  is  an  equal  and  opposite  reaction".  Suppose  that  a  wall  is  exposed 
to  the  pressure  of  a  material  having  40%  voids  immersed  under  a  definite  head 
of  water.  Then,  in  the  average  section  through  the  mass,  about  54%  of  the 
area  is  touched  by  water  and  46%  is  in  direct  contact  with  the  sand.     The 

*  Engesser,  "Neuere  Versuche  iiber  die  Richtung  und  Grosse  des  Erddrucks  gegen 
Stutzwande",  1893,  Deutsche  Bauzeiiung,  Vol.  27,  pp.  325-326 ;  Winkler,  "Versuche  iiber 
den  Bodendruck",  1865,  Cimlingenieur,  Vol.  11,  pp.  1—11. 
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grains  touching  the  wall  are  exposed  to  hydrostatic  pressure,  which  acts  in 
all  directions.  The  sum  of  all  the  components,  in  a  direction  normal  to  the 
wall,  is  equal  to  the  46%  which  does  not  act  on  the  wall  directly.  The  grains 
take  up  this  4G  per  cent.  On  what  do  they  re-act?  The  answer  is  obvious,  as 
they  are  in  direct  contact  with  the  wall.  The  grains  touching  the  wall,  as 
far  as  the  hydrostatic  pressure  is  concerned,  merely  act  as  part  of  the  wall. 
The  total  pressure  acting  on  the  wall  is  the  total  hydrostatic  pressure  plus 
that  due  to  the  filling  material,  proper  account  being  taken  of  the  effect  of 
the  water  on  the  unit  weight  and  on  the  other  characteristics  of  the  material. 

Experimentally,  there  are  the  tests  of  the  pressure  of  concrete  in  forms. 
The  work  of  Messrs.  Shunk  and  E.  B.  Smith*  has  proved  conclusively  that 
the  pressure  of  fresh  mixed  concrete  is  that  of  a  liquid  having  a  density  of 
150  lb.  per  cu.  ft.  In  a  perfect  mix  with  zero  voids,  what  should  the  pressure 
be,  according  to  Mr.  Meem's  theory? 

The  writer  agrees,  in  general,  with  Mr.  Haines'  statements,  and  perhaps 
can  elaborate  on  some  of  them,  tending  to  a  more  complete  explanation.  The 
angle  of  internal  friction— in  lateral  earth  pressure  theories  often  called  the 
angle  of  repose — does  appear  in  all  the  expressions  for  the  phenomenon  of 
failure;  and  rightly  so.  The  writer  firmly  believes  that  this  factor  is  the  angle 
of  internal  shear;  and,  in  the  description  of  his  tests,  he  used  a  measure  of 
this  angle,  the  coeflicient  of  internal  resistance  to  shear.  Failure  in  solids, 
granular  materials,  and  liquids,  when  such  failure  occurs  in  shear,  may  be 
expressed  in  terms  of  an  angle  of -internal  shear,  which  is  constant  under 
identical  conditions.  The  failure  of  concrete  is  explained  by  Considere  by 
this  method. f  The  writer  described  the  failure  of  rocks  under  pressure,  as 
expressed  in  terms  of  this  angle,  in  his  discussion:}:  of  the  paper  by  Charles  P. 
Dunn,  Assoc.  M.  Am.  Soc.  C.  E.,  on  "Elastic  Stresses  in  the  Rock  Surround- 
ing Pressure  Tunnels".  An  analysis  of  failure  by  the  mathematical  theory 
of  elasticity  shows  that  under  stress  there  exists  in  a  body  a  "shear  cone", 
known  as  Lame's  "cone  of  shearing  stress",  which  is  asymptotic  to  the  ellipsoid 
of  stress.  The  angle  of  the  cone  is  a  constant  for  any  material  under  constant 
conditions,  and  for  an  elastic  body  under  all  conditions  (up  to  the  point  of 
elastic  limit).  The  variation  of  the  angle  of  shear  for  granular  materials 
has  not  yet  been  studied.  It  is  probably  influenced  by  such  factors  as  pressure 
and  temperature. 

As  to  the  arching  effect  in  bracing  and  timbering  cuts,  Mr.  Wiggin  (pages 
1522-1524),  has  voiced  the  opinions  of  the  writer,  and  there  is  no  necessity  of 
repeating  them. 

Mr.  McPike  has  brought  up  (page  1517)  the  question  of  the  variations  in 
the  apparatus  due  to  temperature  changes,  and  the  magnitude  of  movement 
required  to  record  the  pressures.  The  magnitude  of  the  movements  required 
to  record  the  pressures  has  been  described  on  page  1461,  and  Table  1  shows  that 

*  Shunk,  "Pressure  of  Concrete  in  Forms",  1909,  Professional  Memoirs,  Vol.  1,  pp. 
247-260  ;  Smith,  "Pressure  of  Concrete  in  F'orms",  Proceedings^  Am.  Concrete  Inst.,  1920  ; 
Paaswell,  "Pressure  of  Concrete  in  Forms",  Engineering  and  Contracting,  1920,  pp.  208-209. 

t  "Reinforced  Concrete",  1906,  translated  by  Moisseiff,  see  Appendix  C  on  "Compressive 
Resistance  of  Solid  Bodies". 

t  Seep.  1398. 
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the  recorded  pressure  is  not  dependent  on  the  extent  of  the  movement,  within 
the  limits  of  ^  ^^jy  and  .t^Vo  ^^-  vertically,  and  half  of  these  limits  horizontally. 
The  writer  lias  shown  that  the  variations  in  the  apparatus  itself,  due  to  tem- 
perature changes,  were  negligible.  This  is  to  be  "expected.  The  wall  itself  has 
no  fixed  restraints.  Changes  in  temperature,  of  course,  cause  changes  in  the 
shape  of  parts  of  the  apparatus;  but  no  change  in  scale-reading  is  recorded, 
because  the  scales  are  not  affected  by  temperature  changes.  If  the  wall  was 
fixed,  a  diiferent  condition  of  affairs  would  exist. 

Tests  of  the  pressure  of  water-bearing  soils  can  easily  be  made  with  the 
apparatus.  As  sho\vn  in  Fig.  1,  drain  pipes  were  left  in  the  bottom  of  the  bin. 
It  was  intended  to  connect  these  pipes  to  a  water  tank,  force  water  through 
the  bottom  of  the  fill,  and  determine  the  effect  of  such  flow  on  the  pressure. 
The  apparatus  is  still  at  the  University  of  Cincinnati,  and  it  is  hoped  that  these 
tests  will  be  made  in  the  near  future. 

Mr.  Steinman  has  inquired  about  the  anomaly  in  the  conclusions,  where 
the  Coulomb  theory,  which  is  based  on  an  incorrect  assumption  of  normal 
pressure,  fits  the  results  of  the  tests  better  than  the  general  wedge  theory, 
which  embodies  the  correct  assumption  of  inclined  pressure,  for  the  case  of  a 
vertical  wall. 

The  writer  realizes  that  this  anomaly  exists  and  has  no  complete  explana- 
tion. An  inspection  of  the  data  will  show  that  the  difference  between  the 
two  theories  is  small,  and  that  either  theory  may  be  used  to  determine  the 
magnitude  of  the  resultant  with  only  a  Small  error.  Two  objections  may  be 
cited  to  show  why  the  general  wedge  theory  does  not  hold  for  all  cases.  The 
experimental  researches  in  the  subject  have  shown  that  the  normal  component 
of  the  pressure  is  independent  of  the  type  of  wall  used,  that  is,  of  the  wall 
friction.  Yet,  the  general  wedge-theory  formulas  include  the  angle  of  wall 
friction  in  the  evaluation  of  the  pressure.  The  assumption  of  a  solid  wedge  of 
rupture  entails  an  appreciable  error  for  the  cases  of  large  slopes,  where  the 
top  of  the  wedge  has  a  small  angle.  In  such  cases,  the  surface  of  rupture 
curves  upward  slightly  and  eliminates  part  of  the  wedge,  causing  pressure, 
The  theoretical  values,  therefore,  are  too  large. 

Hummel  and  Finnan*  obtained  the  same  conclusions  from  their  experi- 
mental determination  of  the  pressure  intensities  in  a  mass  of  sand,  using 
electric  carbon  resistance  piles.  For  a  vertical  wall,  they  give  the  coefficients 
in  Table  41. 


TABLE  41. — Coefficients  of  i  yh^. 
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Authors' tests 

0.408 

•Minutes  of  Proceedings,  Inst.  C.  E..  Vol.  CCXII    (1921),  p.  369-392. 
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Their  formula  is  : 


/  tan  E  \ 

tan*^  i  (90°  —  (p)  (  1  —  ) . 

'  ^  ^'^  V  tan  ^  (90°  —  0)/ 

The  same  result — lack  of  agreement  at  the  high  slopes — is  shown  very 
clearly  in  Fig.  6.  The  writer  cannot  claim  any  absolute  accuracy  for  his 
conclusions,  but  the  tests  indicate  that,  of  the  existing  theories  covering  all 
possible  cases,  the  general  wedge  theory  approximates  experimental  results 
more  closely  than  any  of  the  others,  with  the  restriction  that  the  normal 
component  (for  a  vertical  wall,  the  horizontal)  is  independent  of  the  nature 
of  the  wall.  The  results  are  incomplete,  in  that  no  tests  were  made  with  other 
than  wooden-backed  sloping  walls;  but  the  close  agreement  of  the  normal- 
pressure  wedge  theory  in  giving  the.  horizontal  component  of  the  pressure  in 
all  the  vertical  wall  tests  is  noteworthy. 

Mr.  Godfrey's  fourteen  points  epitomize  well  the  facts  of  the  retaining 
wall  problem.  The  natural  (or  should  it  be  said,  the  logical)  corollary  is 
certainly  warranted,  and  should  be  used  as  a  criterion  for  the  choice  of  the 
proper  theory.     He  states: 

"The  only  consistent  theory  for  the  design  of  retaining  walls  is  one  that 
approximates  the  results  of  tests  and  at  the  same  time  produces  a  wall  cor- 
responding in  stability  with  successful  walls." 

His  next  statement,  however,  that  "the  simplest  method  of  design  is  the 
equivalent  fluid  pressure  method",  is  open  to  discussion.  The  writer's  objec- 
tions to  this  method  are  based  on  the  grounds  that  it  is  not  equivalent  and  that 
it  has  no  right  to  the  name  "fluid". 

The  criteria  for  this  method,  quoting  from  the  corollary,  are  the  approxi- 
mation of  tests  and  the  correspondence  in  stability  with  successful  walls. 
That  the  method  does  not  correspond  with  tests  is  evident.  The  equivalent 
fluid  pressure  method  does  not  account  for  a  vertical  component,  and  the 
magnitude  of  the  horizontal  component,  as  noted  by  Mr.  Godfrey,  should  be 
0.17  ilyh^),  when  the  test  gives  0.264  (iyh-).  The  only  reason  that  the 
equivalent  fluid  pressure  method  agrees  with  the  stability  of  any  existing  wall 
is  that  the  coefficient  is  chosen  so  as  to  give  such  agreement,  the  vertical  com- 
ponent of  the  pressure  being  omitted  in  the  analysis. 

The  advantage  of  the  equivalent  fluid  pressure  method,  according  to  Mr. 
Godfrey,  is  the  gTeater  facility  in  computation  and  checking.  He  states: 
"The  coefiicient  for  the  equivalent  fluid  pressure  is  all  that  is  required  in  the 
solution  of  a  problem  in  design,  where  there  is  no  surcharge." 

In  one  of  Mr.  Godfrey's  former  articles,*  the  method  for  the  determina- 
tion of  this  coefficient  is  the  formula :  Coefficient  of  (i  yh'^)  is  tan^  J  (90°  —  <f,). 
Substituting,  there  results  the  ordinary  Coulomb  formula  for  the  horizontal 
pressure,  from  the  application  of  the  wedge  theory.  In  other  words,  the 
equivalent  fluid  pressure  method  consists  of  the  use  of  the  wedge  theory  to 
determine  a  coefficient,  and  then  the  use  of  this  coefficient  as  the  proper  factor 
for  the  case  under  consideration,  according  to  the  simpler  method.    The  writer 

*  "Design  of  Reinforced  Concrete  Retaining  Walls",  Enoineering  Neios,  Vol.  56  (1906), 
pp.  402-403. 
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prefers  to  use  the  wedge  theory  "straight".     In  his  discussion,  Mr.  Godfrey 
gives  this  method  in  substance: 

"The  equivalent  fluid  pressure  method  of  design  is  not  restricted  to  any 
tlieory,  as  it  can  be  made  to  give  results  identical  with  the  theories  mentioned 
by  Mr.  Feld,  merely  by  using  a  suitable  coefficient." 

Should  he  not  have  added  :    "which  coefficient  is  determined  by  the  theory"  ? 

Does  Mr.  Godfrey  imply  that  the  use  of  the  theories  should  be  restricted 
to  a  select  group  of  engineers  who  are  to  issue  "coefficients"  for  the  use  of  the 
ordinary  designer?  He  states  that  "it  is  true,  also,  that  a  vertical  force  is 
seldom  considered  in  a  design,  and  for  safety  should  be  neglected."  In 
practically  every  retaining  wall  on  an  ordinary  fqundation,  the  criterion 
governing  the  width  of  the  base  is  the  requirement  that  there  shall  be  no 
tension  at  the  heel  of  the  wall,  and  that  the  maximum  allowable  soil  load 
must  not  be  exceeded  at  the  toe.  The  eccentricity  of  the  resultant  pressure 
on  the  foundation  is  caused  largely  by  the  overturning  effect  of  the  horizontal 
component.  Taking  the  vertical  component  into  account — and  there  is  no 
doubt  that  a  vertical  component  exists — decreases  this  eccentricity  as  well  as 
the  overturning  moment.  A  proper  design,  of  uniform  strength  and  with  a 
known  factor  of  safety,  can  then  be  made.  In  walls  resting  on  pile  founda- 
tions, the  vertical  component  can  hardly  be  disregarded — the  difference  in 
design  is  too  large.  In  bins  for  storage,  where  a  large  part  of  the  filling 
material  is  carried  by  the  walls,  the  friction  cannot  be  disregarded.  As  the 
foundation  would  not  be  strong  enough,  the  vertical  component  certainly  can- 
not be  disregarded  for  the  "sake  of  safety".  As  Mr.  Paaswell  has  stated : 
"Examine  the  records  of  the  failures  of  retaining  walls,  and  ndte  how  few 
collapses  are  due  to  overturning  moments".  And,  the  writer  would  like  to  add : 
Examine  the  records  of  successful  walls  in  Europe,  and  note  how  much  lighter 
the  sections  are  when  compared  with  the  usual  American  design.  Considering 
present  costs  of  construction,  it  is  about  time  that  the  designer  realized  the 
waste  of  materials  and  labor  to  which  he  is  a  party.  This  statement  is  made 
in  spite  of  the  failures  which  occur  from  time  to  time,  as  a  careful  examination 
will  invariably  show  that  there  was  too  much  material  at  all  points  except  one, 
which  was  probably  "too  difficult  to  compute",  and  so  it  was  "guessed".  It 
would  have  been  cheaper  to  construct  a  properly  designed  structure  which 
would  not  have  failed. 

After  comparing  the  results  sho\vii  in  Table  5,  and  the  coefficients  as 
given  by  the  equivalent  fluid  pressure  method,  Mr.  Godfrey  states : 

"The  conclusion,  therefore,  is  that  in  the  design  of  retaining  walls  to 
sustain  earth  fill,  the  pressure  of  sand  is  greater  than  need  be  provided ;  and 
this  is  what  is  to  be  expected  because  of  the  cohesion  of  the  earth." 

In  order  to  compare  the  results  of  Table  5  with  Mr.  Godfrey's  method, 
and  his  statement  that  a  stone  wall  of  a  width  one-third  of  its  height  is  stable 
as  a  retaining  wall,  the  writer  made  the  following  comparisons  in  design : 

Assume  an  earth  of  100  lb.  per  cu.  ft.,  <^  =  37°,  <^'  =  32°,  retained  by  a 
vertical  wall  20  ft.  high,  the  fill  being  level  with  the  top  of  the  wall : 
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The  horizontal  component  is  0.264  (iyh'-),  or  5  280  lb.  per  ft. 
The  vertical  component  is  0.625  (5  280),  or  3  300  lb.  per  ft. 

Mr.  Godfrey  gives  as  the  horizontal  pressure:  0.17  ihyh''),  or  3  400  lb.  per 
sq.  ft.  The  equivalent  fluid  pressure  method  gives  an  overturning  moment 
of  22  YOO  ft-lb.  The  resisting  moment  of  a  rectangular  wall,  with  a  base  width 
one-third  of  the  height  and  a  density  of  150  lb.  per  cu.  ft.,  is  66  700  ft-lb.,  or 
a  safety  factor  of  3  for  overturning.  As  the  resultant  intersects  the  base  just 
outside  the  one-third  point,  it  seems  that  the  coefficient  was  chosen  to  satisfy 
this  condition.  The  writer's  results  indicate  that  the  overturning  moment 
was  17  600  ft-lb.,  a  factor  of  safety  of  almost  4,  and  that  the  resultant  inter- 
sects the  base  at  2.29  ft.  from  the  toe,  that  is,  this  type  of  wall  is  quite  stable 
and  there  is  no  tension  at  the  heel. 

The  comparison  of  a  trapezoidal  section,  having  the  same  characteristics  as 
in  the  previous  case,  vertical  back,  and  top  width  of  2  ft.,  is:  The  resisting 
moment  now  is  65  750  ft-lb.,  with  the  center  of  gravity  of  the  wall  4.29  ft. 
from  the  toe.  Mr.  Godfrey's  method  shows  a  factor  of  safety  against  over- 
turning of  2.5 ;  and  the  resultant  intersects  the  base  2.54  ft.  from  the  toe 
(well  inside  the  third  point). 

The  writer's  results  show  that  the  factor  of  safety  against  overturning 
for  this  wall  is  3.2,  and  the  resultant  intersects  the  base  at  2.60  ft.  from  the. toe. 
It  is  very  evident  that  the  coefficients  of  the  "equivalent  fluid  pressure  method" 
are  derived  either  from  the  wedge  theory  or  from  walls  designed  by  the  wedge 
theory.  The  writer,  therefore,  can  see  no  reason  for  the  name  given  these 
coefficients.  Mr.  Godfrey  states  that :  "In  next  to  the  last  column  of  Table  5, 
values  are  given  that  could  be  used  as  a  coefficient  for  an  equivalent  fluid 
pressure."  As  he  realizes,  however,  these  coefficients  are  too  high  for  his 
method  and  would  require  needlessly  wide  walls;  the  vertical  component  must 
also  be  taken  into  account. 

Mr.  Godfrey  notes  that  the  differences  in  readings  of  the  corresponding  scales 
in  Table  3  discredit  the  exactness  of  the  lateral  pressure  theory.  The  reason- 
ing is  most  illogical.  There  was  no  contract  between  the  theory  and  the 
apparatus  that  they  should  agree;  at  least,  the  \vriter  knows  of  no  such  con- 
tract. Such  differences  in  the  horizontal  pressure  at  the  two  lower  corners  of 
the  wall  have  absolutely  nothing  to  do  with  the  theories.  The  wall  is  acting 
as  a  stiff  plate  resting  on  three  horizontal  contacts.  If  one  contact  was  slightly 
stiffer  than  the  other,  that  is,  in  adjusting  the  apparatus  preliminary  to  the 
test,  one  contact  had  not  been  loosened  as  much  as  the  other,  it  would  take 
a  larger  part  of  the  load.*  This  happened  several  times;  at  first,  the  test 
would  be  repeated  after  the  apparatus  had  been  re-adjusted.  It  was  found 
that  the  sum  of  the  readings  remained  the  same,  and  as  it  Avas  the  sum  that 
was  required,  the  inconsistency  in  readings  had  no  effect  on  the  results.  This 
was  also  true  of  the  recorded  vertical  pressures. 

The   writer   agrees   with   Mr.   Godfrey   that   the   tests   with   superimposed 
loadings  are  neither  complete  nor  decisive;  however,  the  results  obtained  will 
be  found  to  be  quite  in  agreement  with  each  other.     There  is  undoubtedly  an 
•  See  "Method  of  Operation,"  p.  1458. 
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increase  in  pressure  when  loads  are  placed  outside  the  theoretical  wedge  of 
rupture,  but  the  amount  of  such  increase  warrants  the  conclusion  on  page 
1491,  that  the  increase  may  be  disregarded.  The  present  theory  assumes  that 
a  discontinuity  exists  at  the  point  where  the  surface  of  rupture  cuts  the  top 
surface  of  the  fill.  The  tests  indicate  that  such  a  discontinuity  does  not  exist, 
but  is  a  close  approximation  to  the  truth. 

Mr.  Godfrey's  problem  is  too  indefinite  to  allow  a  solution;  for,  as  he  says, 
"the  designer  wants  to  know  at  what  distance  from  a  retaining  wall  a  railroad 
track  will  exert  pressure  against  the  wall."  As  very  few  designers  would 
ti*y  to  solve  the  problem  unless  given  the  height  of  the  proposed  wall  and  the 
distance  from  the  wall  to  the  center  line  of  the  track,  the  writer  hopes  to 
be  pardoned  for  not  answering  Mr.  Godfrey's  question.  If  the  method  he 
gives  is  supposed  to  be  applicable  to  all  heights  and  all  locations  of  the  track 
relative  to  the  wall,  the  writer  does  not  hesitate  to  go  on  record  as  being 
strongly  opposed  to  it. 

The  suggestion  by  Mr.  Godfrey,  that  the  experimental  results  for  the 
pressures  of  oblique  fills  against  vertical  walls  be  compared  with  his  method, 
in  order  to  ascertain  "whether  one-half  the  vertical  height  of  the  triangle  of 
surcharge  added  to  h  will  not  give  the  horizontal  pressure  of  his  tests  with 
about  the  same  coefficient  as  that  found  without  surcharge",  resulted  in  the 
writer  computing  Table  42,  as  supplementary  to  Table  8,  in  an  attempt  to 
determine  the  existence  of  such  correlation.  The  test  was  with  a  vertical 
wooden  wall,  the  height  of  fill  at  the  wall  was  5  ft.,  and  the  slopes  of  the  sur- 
face are  indicated  in  Column  1.  It  was  assumed  that  the  plane  of  rupture 
bisects  the  angle  between  the  plane  of  repose  and  the  wall,  which  is  approxi- 
mately correct.  In  Column  2,  ¥  denotes  the  height  of  the  highest  point  of 
the  wedge  of  rupture,  above  the  wall: 

h  .  tan  E 
~  tan  i  (90°  +  0)  —  tan  e' 

Column  3  gives  e,  Mr.  Godfrey's  equivalent  height,  or  h  -j-  ^  h'.  As  the  total 
pressures  vary  as  the  square  of  the  height  (the  conditions  and,  therefore,  the 
coefficients  being  the  same),  the  coefficients  for  Mr.  Godfrey's  method,  c  in 
Column  4,  are  equal  to  the  ratio,  e- :  h^  multiplied  by  the  coefficient  for  the 

case,  8  =  Q,  h  =  5  ft.,  that  is,  0.237  -j^  .     Column  5  gives  the  experimental 

coefficients  for  the  horizontal  components.  It  may  be  seen  that  the  average 
difference  between  experiment  and  Mr.  Godfrey's  method  is  twice  as  large  as 
that  between  experiment  and  the  wedge  theory. 

Mr.  Wiggin  states  that  the  test  wall  being  "supported  rigidly  at  top  and 
bottom,  cannot  entirely  represent  the  ordinai-y  wall.  The  Goldbeck  cell  for 
measuring  pressures  in  earth  oflfers  a  better  means  than  was  formerly  avail- 
able for  observing  pressures  and  changes  of  pressure  with  lapse  of  time  in 
earth  back  of  actual  structures."  The  test  wall  was,  in  reality,  a  "free  body" 
with  motion  in  two  directions  restricted,  but  not  prevented.  The  readings 
were  recorded  before  the  maximum  movement  possible  was  attained.       The 
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wall  was  free  to  translate  horizontally  or  vertically  and  to  rotate  about  the 
bottom  (tipping)  or  the  top  (settling  at  the  heel).  The  kind  of  movement 
which  really  occurred  (very  small  in  amount)  depended  on  the  nature  of 
the  fill. 


TABLE  42. 
(Supplementary  to  Table  8). 


e 

ii'. 

e. 

c. 

( C)  — Experim  enta  1 . 

(■) 

(2) 

-3) 

'4) 

(5) 

—33°  40' 
-31° 

—28°  05' 

-1.28 
-1.18 
—1.06 

4.36 
4.41 

4.47 

0.180 
0.185 
0.190 

0.179 
0.179 

0.177 

—25° 
-21°  50' 
—18°  30' 

-0.970 
—0.855 
-0.740 

4.53 
4.57 
4.63 

0.195 
0.198 
0.204 

0.177 
0  179 
0.184 

-14°  55' 
—11°  20' 
—  7°  40' 

-0  600 
—0.465 
-0.335 

4.70 
4  77 
4.84 

0.210 
0.216 
0.223 

0.185 
0.193 
0.204 

—  3°  50' 
0    00 
3°  50' 

—0.165 
0.000 
0.180 

4.93 
5.00 
5.09 

0.230 
0.237 
0.346 

0.231 
0.3.37 
0.350 

7°  40' 
11°  20' 
14°  55' 

0.375 
0.575 
0  795 

5  19 
5.39 
5.40 

0.256 
0.266 
0.277 

0.360 
0.382 
0.388 

18°  30' 
21°  50' 
35° 

1.04 
1.30 
1.57 

5.53 
5.65 
5.78 

0.290 
0.302 
0.817 

0.308 
0.327 
0.351 

28°  05' 

31° 

34° 

1.90 
2.34 
2.66 

5.95 
6.12 
6.33 

0.335 
0.355 
0  380 

0.391 
0.395 
0.433 

The  writer  is  in  full  agreement  with  Mr.  Wiggin  relative  to  the  accuracy 
and  sensitiveness  of  the  Goldbeck  pressure  cell,  but  doubts  the  applicability 
of  this  apparatus  to  the  problem  discussed  in  the  paper.  The  objections  to 
the  pressure  cell  are:  The  small  area  exposed  to  pressure,  and  the  fact  that 
the  readings  are  obtained  after  a  movement  of  the  disk  against  the  fill  has 
been  accomplished.  The  latter  objection,  because  of  the  very  small  size  of 
such  movement,  is  not  as  important  as  the  former.  A  filling  material  is  not 
homogeneous,  and  a  pressure  cell  can  only  record  the  pressure  at  its  face, 
which  pressure  may  be  far  from  the  average  condition  existing  in  the  fill. 

It  may  be  of  interest  to  know  that  the  writer  had  planned  to  insert  several 
of  these  pressure  cells  in  the  face  of  the  test  wall.  As  the  University  of 
Cincinnati  had  no  funds  available  for  this  purpose,  an  attempt  was  made  to 
borrow  some  cells  from  the  U.  S.  Bureau  of  Public  Roads.  The  Bureau 
was  most  kind  in  its  offer  of  several  cells  when  they  should  become  available : 
but,  unfortunately,  that  was  after  most  of  the  tests  had  been  completed.  The 
writer  hopes  that  this  part  of  the  plan  will  be  carried  out  in  future  tests 
at  the  University. 

Mr.  Wiggin's  explanation  of  Mr.  Meem's  observations  in  timbered  cuts 
can  be  extended  by  the  following  example:    Assuming  the  truth  of  the  wedge 


1580      DISCUSSION   ON   DETERMINATION   OF   LATERAL  EARTH   PRESSURE 

theory,  for  a  material  of  such  nature  that  the  wedge  will  stick  together  as  a 
unit,  it  can  be  shown  that,  after  a  certain  ratio  of  depth  to  width  is  exceeded, 
the  earth,  as  in  a  pit,  is  self-supporting.  The  same  phenomenon  occurs  in  a 
braced  cut,  where  a  part  of  the  cut  is  exposed  and  the  material  on  each  side 
is  well  braced  and  supported. 

The  horizontal  pressure  of  the  material,  or  the  horizontal  reaction  which 
is  required  to  prevent  slipping,  is: 

i  y  b  h^  tan^  ^  (90°  —  <p) (a) 

the  unit  pressure  at  the  depth,  x,  is: 

y  X  tan^  i  (90°  —  0) (b) 

The  writer  is  assuming  a  horizontal  fill  and  a  vertical  wall,  of  width,  h,  and 
height,  h.  The  wedge  tends  to  move,  as  a  unit,  ijarallel  to  the  plane  of 
rupture,  an  angle  of  i  (90°  —  </>)  to  the  vertical,  and  is  resisted  by  the  fric- 
tion along  the  two  triangular  sides  of  the  wedge.  The  friction  along  the 
plane  of  rupture  has  been  considered  in  the  evaluation  of  the  required  bal- 
ancing force.  The  total  pressure  on  each  side  of  the  wedge,  the  width,  s, 
of  a  strip,  dx  high,  being, 

(h  —  x)  tan  i  (90°  —  </>), 

18, 

I   yx  s  tan*^  ^  (90°  —  cp)  d  x 
r.v/r^  tan'  ^  (^0°  —  cp)l 

Acting  parallel  to  the  direction  of  motion,  i  (90°  —  (f>)  to  the  vertical,  there 
are  frictional  resistances  on  the  two  sides,  the  total  value  being, 


•'0 

or, 


tan  (p  (^tan'  ^  (90°  —  (p)) 


(^0 


The  horizontal  comiwnent  of  this  resistance  is: 

^  y  h^  tan  <p  tan'  ^  (90°  —  0)   sin  i  (90°  —  0) (e) 

For  equilibrium.  Equations   (a)   and   (e)  must  be  equal,  from  which  results 
the  equation : 

6  =  I  /i  tan  (p  tan  ^  (90°  -  <p)  sin  (90°  —  0), 
as  the  relation  between  h  and  h  for  the  case  of  zero  horizontal  pressure.    From 
this,  Table  43  was  computed. 

A  similar  investigation  shows  that  the  requirement  for  zero  vertical 
pressure  is: 

2  h  tan  0 

6  =  -  ^sin  1  (90°  —  0), 

3  tan  0'  ^  ^  ^^' 

and  assuming  that  (f>  =  cf>',  there  results  the  values  in  Table  44. 

The  cohesion  has  been  disregarded  as  its  effect  is  to  increase  the  resistance 
and  decrease  the  pressure.  It  should  be  noted  that  the  maximum  condition 
occurs  for  zero  horizontal  pressure  when  </>  is  about  35°,  when  a  vertical  cut, 
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0.112  as  wide  as  high,  is  self-supporting,  without  taking  into  account  the  action 
of  cohesion.  For  larger  or  smaller  values  of  the  angle  of  internal  resistance, 
the  width  must  be  a  smaller  part  of  the  height. 

TABLE  43. — Values  of  h:  h  for  Zero  Horizontal  Pressure. 


* 

0 

5 

10 

15 

20 

25 

30 

35 

40 

h 
H 

0.0 

0.036 

0.065 

0.084 

0.098 

0.106 

0.111 

0.112 

0.110 

* 

45 

50 

55 

60 

65 

70 

75 

80 

85     90 

b 
h 

0.106 

0.099 

0.090 

0.080 

0.069 

0.056 

0.043 

0.028 

0.016   0.00 

The  writer  agrees  with  Professor  Menefee's  discussion  in  every  point.  The 
use  of  the  term,  "elasticity",  in  connection  with  soils  is  not  entirely  objection- 
able, if  by  soils  (as  defined  by  the  writer  in  the  beginning  of  this  discussion) 
is  meant  all  the  materials  which  cannot  be  classed  as  solid  or  fluid.  The 
writer  was  unable  to  find  a  better  term  than  elasticity  to  cover  that  factor,  on 
which  soil  action  depends  and  which  corresponds  to  the  "solidity"  and  elastic 
strain  of  the  material.  The  writer,  however,  does  not  include  the  require- 
ment of  Hooke's  law  in  the  term,  "solidity." 

TABLE  44. 


4>     0 

5 

10 

15 

20 

25 

30 

35 

40 

-!"         0.471 

0.450 

0.428 

0.406 

0.382 

0.3.58 

0.333 

0.308 

0.282 

; 

<!>     1   45 

.50 

55 

60 

65 

70 

75 

89 

85 

90 

■^    0.256 

0.228 

0.201 

0.173 

0.144 

0.116 

0.087 

0.056 

0.029 

0.0 

Professor  Cain  deserves  the  thanks  of  the  Society  for  his  painstaking 
analytical  discussion,  and  the  writer  feels  highly  complimented  to  receive  it. 
A  discussion  of  that  nature  from  the  man  who  may  rightly  be  called  the  Dean 
of  the  Soil  Physicists  of  the  country,  proves  to  the  writer  that  his  efforts  to 
contribute  a  share  to  the  complete  solution  of  the  problem  have  not  been 
in  vain. 

The  conclusions  for  the  effect  of  wall  friction  would  certainly  have  a  better 
experimental  foundation  if  there  was  a  greater  variation  in  the  coefficient 
of  wall  friction.  The  variation  of  the  friction  of  sand  or  earth  on  the 
materials  generally  used  for  wall  backing,  however,  is  surprisingly  small. 
Polished  sheet  metal  showed  the  smallest  coefficient ;  the  coefficient  with  glass 
was  larger,  a  rather  unexpected  result.     The  minimum  value,  24°   4(y,  is 
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not  far  from  the  maximum  possible  value,  the  angle  of  internal  resistance, 
because  if  <^'  should  become  greater  than  (f>,  a  thin  layer  of  earth  will  attach 
itself  to  the  face  of  the  wall,  and  any  displacement  which  may  occur  will  be 
along  a  surface  bounded  on  both  sides  by  earth,  as  there  is  a  less  frictional 
resistance  on  such  a  surface  than  along  the  back  of  the  wall.  This  is  clearly 
pointed  out  by  Professor  Cain  in  all  his  pai>ers  and  books,  yet  he  seems  to 
have  overlooked  it,  as  in  five  places  in  his  discussion  there  appears  the  case  of 
(ji  equal  to  30°  and  cf>'  equal  to  32°  30'.  These  assumptions  are  made  to  show 
a  closer  correlation  between  theory  and  experiment.  The  writer  cannot  con- 
sider any  conclusions  to  be  drawn  from  such  an  assumption. 

The  detailed  data  on  the  determination  of  the  coefficient  of  wall  fric- 
tion may  be  of  interest.  The  method  used  is  described  on  page  1462.  The 
height  of  the  sand  in  the  box  was  equivalent  to  a  pressure  of  about  26  lb.  i>er 
sq.  ft.  on  the  area  along  which  the  friction  was  being  measured.  For  dry 
wood  (yellow  pine,  across  the  grain),  the  average  of  nine  readings,  for  a  mois- 
ture content  of  9.4%,  gave  a  coefficient  of  0.492  (corresponding  to  an  angle  of 
26°  10'),  with  a  maximum  variation  of  10%;  for  the  wet  wood,  the  corre- 
sponding figures  were  0.585  (30°  30').  In  these  tests,  there  was  little  varia- 
tion between  the  static  and  kinetic  friction. 

For  sheet  metal,  the  static  friction  was  0.530  (28°  00')  and  the  kinetic 
friction  was  0.460  (24°  40').  For  plate  glass,  the  static  friction  was  0.535 
(28°  W)  and  the  kinetic  friction  was  0.505  (26°  50'),  the  maximum  variation 
being  7  per  cent.  Although  far  from  conclusive,  the  tests  indicate  a  sur- 
prisingly small  variation.  The  writer  expects  soon  to  continue  this  phase  of 
the  problem. 

The  effect  of  the  water  content,  with  the  usual  type  of  filling  material, 
the  writer  believes  will  be  found  not  to  be  as  great  as  is  expected,  although  he 
has  no  data  to  prove  it.  Lubricating  action  will  only  occur  in  those  mate- 
rials which  contain  a  rather  high  colloid  content,  such  as  loams  and  clays, 
and  on  those  which  are  changed,  either  chemically  or  physically,  by  the  action 
of  water,  such  as  shales  and  marls. 

The  writer  agrees  with  Professor  Cain  that  the  accurate  determination  of 
(f>'  is  more  important  than  that  of  (f>,  as  the  magnitude  of  the  pressure  varies 
only  slightly  with  a  variation  in  <^,  whereas  the  magnitude  of  the  overturning 
moment  and  also  of  the  distribution  of  the  pressure  on  the  foundation,  is 
greatly  affected  by  <f/. 

In  reference  to  the  statement  on  page  1474,  that  the  plane  of  rupture  bisects 
the  angle  between  the  plane  of  repose  and  the  wall,  the  writer  fully  realizes 
that  it  has  no  theoretical  support.  In  spite  of  this,  the  statement  has  been 
made  in  several  standard  books,  and  the  writer  included  the  computations 
based  on  this  assumption  to  show  that  it  also  had  no  experimental  basis. 
Some  authors  even  make  the  statement  that  the  plane  of  rupture  bisects  the 
angle  between  the  plane  of  repose  and  a  sloped  wall.* 

In  a  recent  discussion  of  this  method  of  evaluating  the  lateral  pressure, 
the  writer  pointed  out  some  inconsistencies  which  exist  in  the  wedge  theory, 

*  Hool  and  Johnson,  "Concrete  Engineers'  Handbook",  1919,  p.  579. 


DISCUSSION   ON   DETERMINATION   OF   LATERAL  EARTH   PRESSURE      1583 

and  that  this  assumption  is  not  the  proi)er  Sfjlution  to  avoid  these  incon- 
sistencies, as  is  claimed  by  some.*  As,  theoretically,  the  area  of  the  wedge  of 
rupture  becomes  infinite  as  the  surface  slope  approaches  a  maximum,  a  cor- 
relation between  the  acting  pressure  and  the  area  of  the  theoretical  wedge 
is  useless.  It  would  be  desirable  to  have  a  simple  relation  between  the  pres- 
sure and  the  assumed  theoretical  we^dge  (that  is,  the  plane  of  rupture  bisects 
the  angle  between  the  wall  and  the  plane  of  repose),  but  no  such  relation 
exists.  The  writer  attempted  to  derive  an  empirical  formula,  of  the  straight- 
line,  power,  or  exponential  form,  to  show  the  relation  between  pressure  and 
the  angle  of  surface  slope,  and  a  similar  formula  for  the  relation  between 
pressure  and  the  wall  angle,  but  it  was  found  that  such  formulas  were  more 
complicated  than  theoretical  wedge  formulas. 

The  following  data  concerning  the  physical  properties  of  the  material 
may  answer,  partly  at  least,  Professor  Cain's  inquiry  relative  to  the  methods 
used  in  determining  the  various  constants.  As  a  general  rule,  two  samples 
were  taken  from  each  test,  one  at  about  the  middle  and  one  at  the  end,  the 
latter  being  the  material  at  the  surface.  The  physical  determinations  were 
made  on  a  mixture  of  these  two  samples.  The  weight  per  cubic  foot  of  the 
material,  as  shoveled  into  the  air-tight  sample  cans,  was  found  for  the  loose 
and  the  packed  conditions,  and  the  average  value  was  used  in  the  computa- 
tions. At  first,  the  method  was  to  weigh  the  full  can  of  earth  as  shoveled  in, 
compact  the  material  by  shaking  and  jarring,  and  then  determine  the  volume 
of  the  loose  and  the  packed  material  by  weighing  equal  volumes  of  water. 
The  weight  of  the  empty  can  completed  the  required  data  for  the  determina- 
tion of  all  the  possible  information  concerning  the  unit  weight.  Lack  of 
time  prevented  the  continuation  of  this  procedure  in  the  later  tests,  in  which 
only  the  average  volume  was  measured.  The  wi-iter  could  get  no  one  to  aid 
him  in  this  very  uninteresting  routine  work  and  had  to  resort  to  this  short- 
cut method  for  obtaining  the  average  values  in  order  to  make  available  the 
sample  cans  for  other  tests.  As  the  main  apparatus  was  not  well  protected, 
the  tests  had  to  be  completed  before  cold  weather. 

The  most  complete  determinations  were  for  the  materials  used  in  the  sheet 
metal  and  glass  walls  (Tests  Nos.  3  and  4),  as  given  in  Table  45. 

TABLE   45. 


Test  No. 

Percentage  of 
moisture. 

Unit  Weight,  in  Pounds  per 
Cubic  Foot. 

Average  weight, 
in  pounds  per 

Loose. 

Packed. 

cubic  foot. 

3 
4 

4.9 
4.2 

89. 
89.5 

97 
99 

93 
94 

A  summary  of  all  the  data  is  given  in  the  description  under  Test  No.  1. 

The  detailed  description  was  not  included  in  the  paper,  because  the  author 

did  not  feel  that  it  was  conii3lete,  but  as  it  may  be  of  use  or  of  interest  to 

•  Engineering  News-Record,  March  22,  1923,  p.  553. 
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some  of  the  members,  it  is  now  given.  For  the  friction  tests,  the  box  used 
had  a  cross-sectional  area  of  24  sq.  in.  and  was  of  very  light  construction. 
In  two  cases,  the  coefficient  was  determined  under  varying  load  on  the  box. 
Fig.  28  shows  very  clearly  that  there  was  no  cohesion.  The  plotting  of  Pro- 
fessor Cain's  formula,  g  =  /  Pn  -j-  c^  passes  very  close  to  the  origin.  These 
tests,  however,  were  determined  by  the  spring-scale  method,  and  probably  do 
not  include  the  total  resistance  to  shear,  and  therefore,  the  writer  does  not 
consider  them  to  be  conclusive.  The  straight-line  variation  seems  to  hold  over 
a  rather  wide  range. 


100 


2C0  300 

■^  in  Pounds  per  Square  foot 
Pig.  28. 


400 


500 


Table  46  shows  very  clearly  the  relation  between  the  unit  weight  and  the 
moisture  content.  The  relation  between  the  moisture  content  and  the 
various  coefficients  is  not  quite  so  evident.  The  reason  for  the  lack  of  data 
with  a  moisture  content  between  8.9  and  4.9%  is  that  the  material  dried  out 
partly  during  the  summer.  In  the  fall,  it  was  shoveled  several  times  before 
a  uniform  distribution  of  moisture,  as  shown  by  the  color,  was  obtained. 

The  moisture  content  is  by  weight;  about  15-lb.  specimens  were  weighed 
directly  after  the  removal  of  the  material  from  the  specimen  cans  and  then 
about  a  week  later,  during  which  period  the  material  had  been  spread  out  on 
a  stone  table  exposed  to  the  sun  for  several  hours  each  day,  in  a  layer  about 
1  in.  thick.  The  moisture  content  for  Tests  Nos.  5  and  6  was  8.9%  and  for 
Test  No.  7,  4.2  per  cent.  These  data  were  accidentally  omitted  from  the 
tables. 

As  shown  by  Table  2,  the  materials  at  the  top,  at  6-ft.  and  at  10-ft.  depths, 
differ  only  slightly  from  each  other.  The  three  boxes  were  somewhat  more 
than  5  in.  on  each  edge,  holding  about  12J  lb.  of  earth.  It  is  probable  that 
the  moisture  content  and  unit  weight  are  constant  throughout  the  greater  part 
of  the  mass,  with  the  exception  of  the  material  near  the  surface.     As  is  well 
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known,  the  voids  in  a  soil  decrease  to  a  minimum  value  as  water  is  added; 
additional  water  causes  an  increase  again  until  the  soil  is  saturated.  With 
minimum  voids,  the  unit  weight  is  a  maximum.  The  writer  believes  that, 
under  usual  conditions,  moisture  will  distribute  itself  so  that  the  minimum 
voids  will  exist  at  all  points.  Excess  water  will  seep  through;  insufficient 
water  will  be  unevenly  distributed,  from  zero  at  the  surface  to  the  value 
which  causes  minimum  voids  at  a  short  distance  below  the  surface.  In  the 
latter  case,  the  distribution  will  not  be  in  accordance  with  a  straight-line  varia- 
tion. In  other  words,  soil  tends  to  arrange  itself  in  the  smallest  possible 
volume. 

TABLE  46. — Physical  Properties  of  the  Filling  Material. 


Percentage 

of 
moisture. 

Weight,  in 
pounds  per 
cubic  feet. 

Angle  of 
natural  slope. 

Angle  of 
internal  resistance. 

Angle  of 
internal  friction. 

0.0 

103 

30°  15' 

28°  20' 

28°  20' 

3.05 

93 

35"  00' 

31°  20' 

29°  30' 

3  24 

94 

38°  20' 

31°  50' 

28°  30' 

3.49 

96 

32°  45' 

29°  40' 

27°  30' 

3.50 

97 

34°  00' 

31°  00' 

29°  00' 

3.55 

97 

36°  30' 

30°  20' 

27°  30' 

3.65 

97 

34°  50' 

30°  30' 

27°  55' 

3.73 

97 

35°  00' 

31°  00' 

29°  15' 

3.73 

97 

36°  00' 

31°  50' 

29°  40' 

4.3 

94 

38°  00' 

34°  30' 

32°  00' 

4.9 

93 

35°  30' 

33°  50' 

31°  50' 

8.9 

95 

39°  30' 

38°  00' 

35°  30' 

9.4 

100 

40°  W 

37°  00' 

34°  00' 

With  reference  to  Professor  Cain's  description  of  a  different  method  for 
the  determination  of  the  coefficient  of  internal  friction,  the  writer  believes 
that  a  refinement  of  his  own  simple  apparatus  will  give  more  consistent  results 
with  less  work.  A  shear  surface  in  the  material  is  all  that  is  required,  the 
resistance  along  which  can  be  measured  with  as  little  difficulty  as  i)ossible. 
The  open  box  with  beveled  sides  acts  as  the  normal  pressure  on  the  surface 
of  the  material  bounded  by  the  base  of  the  box.  The  box  may  be  filled  to  any 
height  and  loads  placed  on  top  of  the  box,  or  on  the  material,  for  the  heavier 
unit  pressures.  These  loads,  if  resting  directly  on  the  box,  are  transmitted 
to  the  earth  by  the  frictional  shear  resistance  along  the  sides.  Too  large  a 
load  placed  in  this  manner  will  cause  the  box  to  dig  into  the  lower  surface  of 
earth,  which  is  objectionable  and  must  be  guarded  against. 

In  describing  Mr  Griffith's  apparatus,  Professor  Cain  states: 

"The  weight  thus  transmitted  to  the  sides  of  the  upper  box  can  be  ascer- 
tained, perhaps  with  sufficient  accuracy,  by  measuring  the  vertical  force  neces- 
sary to  draw  the  upper  box  upward  and  away  from  the  sand." 

The  writer  doubts  very  much  whether  this  vertical  force  subtracted  from 
the  total  weight  of  the  upper  box  will  give  the  load  bearing  on  the  surface 
along  which  the  friction  is  being  measured.  In  the  writer's  method,  the 
entire  weight  of  the  upper  box  is  the  load,  and  no  auxiliary  data  are  required. 


1586      DISCUSSION   ON   DETERMINATION   OF  LATERAL  EARTH  PRESSURE 

It  is  rather  unfortunate  that  Professor  Cain  assumed  <^'  greater  than  <^, 
in  attempting  to  show  a  closer  agreement  between  theory  and  experiment.  It 
must  also  be  remembered  that  any  set  of  data  can  be  shown  to  agree  exactly 
with  any  theory  if  one  or  more  of  the  series  of  figures  obtained  is  changed  to 
suit  such  agreement ;  such  methods  are  open  to  serious  criticism. 

Before  any  tests  were  i)erformed  with  sloping  walls,  a  vertical  false  wall 
was  attached  directly  to  the  back  of  the  main  wall,  in  order  to  determine  the 
effect  of  the  eccentric  loads,  the  false  wall,  and  the  vertical  component,  on 
the  method  of  measuring  the  pressures.  This  test  was  made  with  the  dryer 
type  of  material,  and  completes  the  set  of  tests  with  the  moisture  content  about 
4  per  cent.  It  was  omitted  from  the  paper,  because  it  was  not  performed  with 
such  great  care  as  the  other  tests  and  because  it  gave  no  conclusions  not 
covered  by  previous  tests.    It  is  given  in  Table  47, 

TABLE  47. — Test  No.  7a,  Pressure  Against  a  Vertical  False  Wall.* 


Date:  October  25,  1921. 

Weather:  Clear. 

Temperature:  18°  cent.  f65°  Fahr.). 

h  =  4  ft.;   Qc  =  0. 

Moisture  content:  4.2%. 


Physical  Properties: 

Weight  per  cubic  foot  —  94  lb. 

Angle  of  Natural  Slope  =  3'*°30' 

"  "  Internal  Resistance  =  37°:i5' 
"  "  Internal  Friction  =  34°50' 
"       "  Wall  Friction  =  28° 


Surface 
slope,  e. 

Pressures  in  Pounds 
PER  Foot. 

*■ 

X 

h 

H 

J 

H' 

H. 

T'. 

P. 

00°    0 
4°  45' 
9°  30' 

169 
174 
179 

82 
83 
88 

188 
193 
199 

2(5° 

25°  30' 
26°  30' 

0.336 
0.370 
0.372 

0.225 
0.232 
0.238 

0.240 
0.2.T3 
0.264 

0.194 
0.205 
0.215 

14°  00' 

18°  30' 
22°  30' 

185 
200 
312 

98 
107 
116 

218 
227 
242 

27°  30' 

28° 

29° 

0.380 
0.386 
0.393 

0.246 
0.266 
0.282 

0.280 
0.246 
0.263 

*  For  the  notation,  see  the  explanation  of  Test  No.  5,  p.  1473.     The  conclusions  to  be 
drawn  from  Test  No.  7a  are  the  same  as  those  drawn  from  Test  No.   5. 


Professor  Ketchum  raises  two  objections  to  the  apparatus,  namely,  the 
small  width  and  the  necessity  of  movement  of  the  wall  to  record  pressures. 
As  far  as  the  possibility  of  arching  is  concerned,  that  has  already  been  fully 
discussed.  As  to  the  necessity  of  motion,  all  present-day  methods  of  deter- 
mining stress  are  by  a  comparison  of  the  strain  with  a  fixed  standard.  The 
writer  refers  Professor  Ketchum  to  some  notes  on  page  1503  on  this  subject. 
"The  pressure-measuring  apparatus  described  in  the  writer's  book  is  the 
only  one  known  to  him  that  is  not  subject  to  very  severe  criticism".  The 
writer  hoped  that  he  had  made  clear  the  advantages  of  the  platform  scales  over 
all  indirect  methods  of  measuring  the  pressure.  The  carbon  piles  mentioned  by 
Professor  Ketchum,  must  consistently  and  accurately  record  pressures  of  about 
2  000  lb.,  and  greater,  if  a  wider  bin  is  to  be  used  in  order  to  "eliminate  the 
arching  action".  The  writer  studied  the  subject  of  carbon  piles,  and  in  addi- 
tion to  the  objection  that  they  must  be  calibrated  before  each  test,  he  found  that 
a  unit,  in  order  to  record  pressures  of  2  000  lb.,  would  have  to  be  of  large 
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cross-section  if  the  maximum  deformation  is  to  be  kept  to  the  values  which 
were  obtained  with  platform  scales.  It  may  also  be  of  interest  to  know  that 
the  writer  investigated  the  possibility  of  using  other  methods  of  recording 
the  pressures,  such  as  elastic  struts,  plungers  in  oil,  friction  dynamometers, 
deflecting  plates,  etc.,  as  well  as  the  carbon  and  other  better  types  of  resist- 
ance piles  and  platform  scales. 

Professor  Ketchum  does  not  seem  to  be  convinced  that  the  frictional  com- 
I)onent  along  the  back  of  the  wall  should  be  considered.  The  tests  do  not 
satisfy  the  conditions  assumed  by  Rankine,  in  that  the  pressure-measuring 
surface  must  be  sufficiently  rigid  to  prevent  movement  of  the  mass.  If  any 
apparatus  could  be  devised,  which  is  so  rigid  that  there  is  absolutely  no 
deflection  and,  consequently,  no  movement  of  the  mass,  the  writer  agrees  that 
no  frictional  resistance  component  would  be  found.  He  is  also  convinced  that 
no  other  comjKDnent  would  be  found.  In  other  words,  if  Rankine's  assump- 
tions are  fulfilled,  the  wall  is  perfectly  stable.  A  careful  survey  of  the  basis 
of  all  design  will  show  that  the  investigation  is  at  the  point  of  non-stability, 
the  factor  of  safety  or  the  reduced  unit  stresses  assuring  that  this  point  will 
not  be  reached.  If  an  economical  retaining  wall  is  desired,  it  should  be 
designed  for  the  case  of  incipient  failure  under  the  worst  conditions;  the 
use  of  reduced  unit  stresses  will  then  assure  the  safety  of  the  structure.  Under 
these  conditions — and  they  are  the  actual  conditions — the  writer  cannot  see 
how  Professor  Ketchum  can  continue  to  use  the  Rankine  assumptions  for 
the  analysis  of  retaining  walls. 

It  may  be  of  interest  to  know  that  as  early  as  1860,  J.  J.  Sylvester,*  one 
of  the  most  noted  mathematicians  of  the  United  States  and  England,  made  a 
careful  analysis  of  the  bases  of  the  wedge  and  the  Rankine  theories.  He 
states  that  Rankine  had  misused  the  Moseley  principle  of  least  resistance, 
which  applies  only  to  a  system  in  equilibrium.  The  lateral  pressure,  in  the 
Rankine  theory,  is  determined  at  the  state  of  incipient  motion  during  which 
it  cannot  be  assumed  that  the  summation  of  the  pressures  is  a  minimum,  as 
stated  in  the  Moseley  principle.  Another  objection  is  the  use  of  the  angle 
of  internal  friction  as  the  inclination  of  the  resultant  at  the  point  of  non- 
equilibrium;  although  the  inclination  of  the  resultant  at  every  point  must  be 
less  than  this  angle,  there  is  no  basis  for  the  assumption  that  the  inclination 
is  equal  to  this  angle  at  the  limiting  point. 

Professor  Ketchum  states  that  the  writer  has  "erroneously  assumed  that 
the  Rankine  theory"  is  not  general.  The  writer  is  well  acquainted  with  the 
theory,  as  developed  by  Rankine,  as  well  as  the  versions  of  several  other  men. 
By  the  Rankine  theory,  the  writer  means  the  Rankine  theory  and  no  version 
thereof.  A  letter  from  Rankine  to  the  Secretary  of  the  Royal  Society  (Pro- 
fessor Stokes),  announcing  his  intention  of  writing  a  paper  on  the  subject 
and  stating  his  premises,  has  been  iiublished.f  This  letter  was  dated  February 
18,  1856.  The  paper  was  presented  on  June  19,  1856,  before  the  Royal  Society. 
It  is  very  curious  to  note  that  on  September  27,  1856,  three  months  later, 
Carl  Holtzmann's  work  entitled,  'TJeber  die  Yerteilung  des  Drucks  im  Inneren 

*  "On  the  Pressure  of  Earth  on  Revetments",  1860,  Philosophical  Magazine,  pp.489— 499. 
t  In  the  Philosophical  Magazine,  Vol.  II,  1856,  pp.  469-470. 
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eines  Koerpers",  appeared  in  print.*  The  lateral  pressure  for  the  special  case 
o£  vertical  wall  and  horizontal  fill  is  derived  from  the  ellipsoids  of  stress  of 
Cauchy  and  Lame.  The  method  is  almost  identical  with  that  of  Rankine, 
the  applications  of  which  are  given  in  his  "Civil  Engineering"  and  "Me- 
chanics".   In  "Civil  Engineering",!  he  states: 

"Pressure  of  Earth  Against  a  Vertical  Plane. — Consider  a  mass  of  earth, 
whose  upper  surface,  YOY,  is  either  horizontal  or  inclined  at  any  angle,  <i>, 
and  is  cut  by  the  vertical  plane  in  a  direction  perpendicular  to  that  of  steepest 
declivity.     *     *    * 

"The  direction  of  the  resultant  is  already  known  to  be  parallel  to  the 
declivity,  YOY." 

The  same  statements  are  made  in  his  "Applied  Mechanics",  and,  in  addi- 
tion,:}: he  shows  a  sloped  wall  and  takes  the  pressure  on  a  vertical  plane 
through  the  heel.  If  the  wall  has  negative  batter,  he  states  that  the  weight 
on  the  base  is  equal  to  the  weight  of  the  masonry  in  front  of  this  vertical 
plane  minus  the  weight  of  earth  of  a  volume  equal  to  the  volume  of  masonry 
behind  the  plane.  This  is  equivalent  to  the  assumption  of  an  upward  pressure 
on  the  back  of  the  wall.  How  can  Professor  Ketchum  connect  this  method 
with  the  premise:  "(a)  There  can  be  no  active  upward  component  in  a  gran- 
ular mass"  ? 

To  summarize:  As  Rankine  probably  realized,  and  as  used  by  him,  the 
ellipse  of  stress  method  takes  one  of  the  conjugate  stresses,  the  weight  due  to 
gravity,  as  vertical;  hence,  from  the  very  definition  of  conjugate  stresses, 
the  other  stress  must  act  on  a  vertical  plane.  The  writer,  therefore,  cannot  see 
that  he  has  omitted  any  possible  comparison  between  his  experimental  results 
and  the  Rankine  theory.  Some  work  had  been  done  to  correlate  the  tests  with 
the  Weyrauch  and  Mohr  theories,  but  the  material  was  not  sufficiently  com- 
plete for  presentation.  The  results  obtained  showed  no  agreement  or  con- 
clusions of  value. 

The  writer  will  repeat  that  he  did  not  see  any  surface  of  rupture,  nor  did 
he  expect  to  see  any.  The  maximum  movement  of  the  wall  was  just  outside 
of  microscopic  dimensions,  and  there  was  no  microscope  available.  The  writer 
admits  the  error  in  the  statement  concerning  the  plane  of  rupture,  and  refers 
to  the  preceding  discussion  for  the  reason.  He  was  rather  surprised  to  read 
the  statement : 

"The  so-called  plane  of  rupture  bisects  the  angle  between  the  vertical  and 
the  plane  of  internal  friction  only  for  a  vertical  wall  with  a  horizontal  sur- 
charge, with  the  resultant  pressure  normal  to  the  wall,  as  will  be  given  by 
Rankine." 

The  writer  has  never  seen  any  reference  to  a  plane  of  rupture  in  Rankine's 
works.  It  would  have  been  very  interesting  to  learn  some  reasons  for  the 
last  statement  in  Professor  Ketchum's  discussion. 

On  first  reading  the  lengthy  and  detailed  discussion  of  Dr.  Terzaghi,  the 
writer  thought  it  was  a  valuable  contribution  to  the  subject.  However,  closer 
study  of  the  argument  advanced  shows  that  it  is  based  on  three  assumptions, 

*  Einladungsschrift  der  K.  K.  Polytechnischen  Schule  in  Stuttgart. 
t  23d  Edition,  p.   323. 
t  18th  Edition,  p.  250. 
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one  of  which  is  entirely  wrong,  and  at  least  one  of  the  other  two  is  very 
doubtful.     The  assumptions  are: 

(1)  That  the  experiments  performed  by  Dr.  Terzaghi  on  a  model  wall, 
10  cm.  (4  in.)  high,  with  a  crushed  sifted  quartz  averaging  0.1  in.  in  diameter, 
or  one-fortieth  of  the  total  height  of  the  wall,  are  absolutely  accurate.  The 
coefficient,  0.42,  is,  therefore,  not  to  be  doubted  and  holds  for  all  the  cases  for 
the  maximum  pressure  of  the  material  behind  the  wall.  The  writer  can  hardly 
admit  that  the  material  of  the  Cincinnati  tests  was  crushed  sifted  quartz. 

(2)  That  the  results  of  these  miniature  tests — "toy  experiments"  is  a  name 
given  to  this  type  of  research  in  several  places  in  earth  pressure  literature — 
are  absolutely  applicable  to  the  results  of  tests  with  a  6-ft.  wall,  an  exterpola- 
tion  of  1800  per  cent.  This  assumption  is  hardly  an  axiom,  yet  it  has  neither 
experimental  nor  theoretical  proof. 

(3)  That  the  Cincinnati  tests  proved  the  existence  of  a  straight-line  varia- 
tion relation  between  the  acting  pressure  and  the  amount  of  wall  movement. 
This  is  totally  in  error;  Dr.  Terzaghi  misread  the  text  in  connection  with 
Table  1  and  did  not  use  the  proper  data. 

It  must  be  remembered  that  Dr.  Terzaghi  had  certain  ideas  fixed  in  his 
mind,  and  that  he  states  that  certain  of  the  tests  with  vertical  walls  give  an 
experimental  proof  to  his  theory.  He  makes  no  attempt  to  generalize  his 
ideas  to  the  cases  of  sloped  walls  or  sloped  fills,  nor  does  he  attempt  to  correlate 
most  of  the  tests  with  his  theory. 

He  states :  "If  the  wall  yields,  the  pressure  should  decrease  rapidly  and 
be  a  continuous  function  of  the  distance  covered  by  the  wall  before  the  first 
'slip'  occurs."  It  will  be  shown  subsequently  how  the  very  data  he  uses  to 
prove  this  statement,  actually  prove  just  the  opposite. 

Dr.  Terzaghi  states  that  "the  earth  pressure  acting  against  a  perfectly  rigid 

y  h^ 
retaining  wall  should  be  of  the  order,  0.42  — -."     Xo   wall   is  perfectly  rigid  ; 

if  it  was,  it  would  not  fail  under  any  pressure,  no  matter  how  large.  "The 
coefficient,  0.42,  was  determined  for  crushed  and  sifted  quartz  and  was  foimd 
to  be  independent  of  whether  the  sand  was  loose  or  compacted."  If  it  is 
remembered  that  40  grains,  of  the  sand  used,  made  up  the  total  height  of 
his  test  wall,  the  value  of  the  conclusion  is  immediately  evident.  It  is  not 
reasonable,  and  it  also  contradicts  the  other  parts  of  his  theory.  For  the  "slip" 
in  a  loose  material  will  occur  much  sooner — that  is,  with  a  less  wall  movement — 
than  in  the  compacted  material. 

Dr.  Terzaghi  also  states:  "From  the  diagrams  published  by  the  writer,  it 
may  be  learned  that  the  first  slip  involves  a  total  horizontal  outward  move- 
ment of  the  wall  of  about  0.001  k."  As  it  is  safe  to  assume  that  the  loose 
and  the  packed  material  exert  the  same  pressure  at  the  point  of  slip,  this  would 
require  that  the  pressure  of  the  packed  material  be  less  than  that  of  the 
original  loose  material  at  the  point  where  the  wall  has  moved  sufficiently  to 
make  it  of  the  same  nature  as  the  loose  material.  The  movement  of  the  wall 
necessary  to  permit  the  grains  of  the  packed  material  to  assume  the  condition 
of  the  loose  material  is  probably  far  more  than  0.001  h  (except  for  very  large 
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walls),  when  there  occurs  the  case  of  slip  in  the  compacted  material  following 
a  wall  movement  of  0.001  h,  and  while  the  material  is  not  in  the  same  condi- 
tion as  the  loose  material  at  its  first  slip : 

"This  process  was  called  by  the  writer  the  'first  phase'  of  the  earth  pressure, 
and  involves  a  decrease  in  lateral  pressure  of  about  48%  to  31%  of  the 
original  value,  according  to  the  densitj'  of  the  structure  of  the  sand." 

In  other  words,  the  decrease  in  pressure  from  the  original  maximum  to 
that  at  the  point  of  slip  depends  on  the  "density  of  the  structure",  or  the 
compactness  of  the  original  material,  to  bring  the  values  to  the  same  pressure 
at  the  point  of  slip.  Hence,  the  original  values  could  not  be  the  same,  and 
this  also  contradicts  the  statement  of  the  infallibility  of  the  coefficient,  0.42. 

Dr.  Terzaghi  determines  a  value  which  he  calls  the  "modulus  of  elasticity 
of  sand".  From  the  definition  given  in  Hooke's  law,  the  term,  "Young's 
modulus  of  elasticity",  denotes  a  constant.  The  writer,  therefore,  would 
prefer  a  different  name  for  the  values  in  Table  37.  It  is  also  noteworthy 
that  these  values  have  been  obtained  by  compressing  a  mass  of  sand  in  which 
the  lateral  expansion  has  been  prevented.  This  is  in  no  way  analogous  to 
the  similar  property  of  solids;  in  determining  the  modulus  of  elasticity  of 
a  solid,  lateral  expansion  does  occur,  as  is  explained  by  Poisson.  Therefore, 
the  values  of  s^  in  Table  37,  based  on  the  modulus  of  elasticity,  also  contain 
this  error.  Dr.  Terzaghi  omitted  from  his  discussion  an  explanation  of  the 
real  source  of  the  values,  s^.  The  statement  that  a  movement  of  0.00483  cm. 
will  decrease  the  pressure  against  a  6-ft.  wall  by  10%  is  open  to  criticism  as 
it  depends  on  a  wrong  value  of  the  modulus. 

Dr.  Terzaghi  also  states  that  the  movement  required  for  the  occurrence  of 
the  first  slip  is  0.001  h,  which  may  have  been  true  for  a  4-in.  wall,  but  that 
is  no  proof  that  it  is  true  for  a  72-in.  wall.  Incidentally,  the  writer  would  like 
to  know  how  the  wall  movement  of  0.001  of  4  in.,  or  0.004  in.,  was  measured. 
Then,  with  the  magical  number,  0.42,  as  the  initial  value,  and  one  other  very 
doubtful  point,  Dr.  Terzaghi  constructs  a  smooth  curve  showing  the  relation 
between  pressure  and  displacement,  based  on  the  results  and  figures  noted 
previously.  All  cases  must  abide  by  this  curve;  if  any  test  does  not,  it  is 
in  error  by  37.5%,  more  or  less,  and  yet  the  last  paragraph  of  Dr.  Terzaghi's 
discussion  begins  with  the  words :  "The  writer  wishes  to  express  his  admira- 
tion for  the  remarkable  precision  with  which  Mr.  Feld  made  his  observations". 
The  writer  cannot  see  how  he  is  expected  to  accept  both  statements  at  their 
face  value. 

The  crux  of  the  discussion  is  the  discovery  that  Table  1  showed  a  horizontal 

y  h"" 
component  of  0.25  — —  and  a  decrease  of  .3.4%  with  a  wall  movement  of  from 

rff-^TTT)  ^^  iho  "^-5  ^^'  0.00634  cm. 

Unfortunately  for  Dr.  Terzaghi's  thesis,  the  test  proves  just  the  opposite. 
As  was  stated  by  the  writer  in  the  paper,  there  is  a  remarkable  lack  of  variation 
in  the  pressure  with  wall  displacement,  within  the  range  tested.  The  writer 
submits  the  following  notes  and  data  taken  from  the  log  of  the  test  while 
in  operation : 
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"Attempt  to  obtain  passive  pressure  and  to  measure  the  effect  of  wall 
movement  on  the  active  pressures. 

"Zero  readings  of  the  scales  (in  order,  for  the  location  of  Scales  ISTos.  1, 
2,  3,  4  and  5).  Scale-beam  in  lowest  position:  108,  64,  60,  146,  125  (wall  is 
tipped  to  left) ;  fill  at  5  ft.  high,  surface  at  34°  above  horizontal,  wood  wall, 
vertical  wall. 

"Scale  readings,  beam  in  lowest  position,  554,  464,  528,  985,  701.  Eelease 
all  scale  stops  (T-bars  holding  the  scale-beams),  beams  move  up  i  in.,  vertical 
contacts  move  down  -^^-^  in.,  horizontal  contacts  move  out  ^^ijj  in. 

"Result.— Slight  sand  movement,  as  shown  by  a  little  sand  falling  out  at 
sides.  Scale-beams  just  touching  the  trig  loop  at  the  top  at  the  readings: 
533.  451,  510,  951.  674i. 

"Move  riders  of  scale-beam  till  the  scale-beam  is  in  mean  position;  read- 
ings: 541,  459,  518,  965,  683.  This  corresponds  to  pushing  the  wall  against 
the  fill  by  ^^^  "i- 

"Headings  as  the  beam  just  touches  the  bottom  of  the  trig  loop :  553,  465, 
527,  985,  701.  This  corresponds  to  another  push  of  gi^j  in.  against  the  fill. 
Headings  practically  identical  with  the  initial  case.  Effect  of  these  move- 
ments is  negative. 

"Eelease  all  beams  again  and  joggle  each  3  times  and  repeat  readings,  as 
above. 

"Results. — Vertical  contact,  none;  horizontal  contact,  a  few  more  grains 
fall  out,  movement  actually  occurs  at  wall. 

Beam  at  top:  533,  450^  510J,  950,     673. 

Beam   at  bottom:    553,  465,     527,     981^,  700^. 

"Release  all  beams  again,  joggle  beams  3  times.     Readings : 

Beam  at  top:  532^  450,     510,  950,  672^. 

Beam  at  bottom:       552i,  464i  526,  983,  700^. 

^'■Results. — Negative.  Pressures  within  movements  tested  (^i^  in.)  are 
active,  and  the  movement  is  not  large  enough  to  develop  the  passive  pressure. 
Readings  are  not  affected  by  the  repetition  of  such  movements.  Variation  is 
due  to  the  different  positions  of  the  scale-beam.  As  the  lower  edge  was  the 
index  in  the  lower  position  and  the  upper  edge  in  the  upper  position,  the  total 
movement  is  i  in." 

The  difference  in  readings  for  the  beam  at  the  highest  and  at  the  lowest 
point  depends  on  the  type  of  scale,  the  leverage  ratio,  and  the  load.  For  the 
type  of  scales  used,  the  difference  in  readings  between  the  beam  at  the  top 
and  at  the  bottom  varied  from  8  to  30  lb.,  as  the  load  varied  from  zero  to 
1  000  lb.  The  variation  was  quite  uniform.  A  detailed  description  of  the 
design  and  adjustment  of  the  apparatus  and  the  calibration  of  the  scales  is 
included  in  the  writer's  "Master's  Thesis",  copies  of  which  are  filed  in  the 
Library  of  the  University  of  Cincinnati  and  in  the  Engineering  Societies 
Library. 

This  test  proves  that,  for  the  movements  tested,  y^-^o^  to  ^^-^  in.,  there 
is  no  variation  in  the  acting  pressure  and,  therefore,  it  totally  upsets  Dr. 
Terzaghi's  ideas. 

Dr.  Terzaghi  is  in  error  when  he  determines  the  maximum  deflection  of 
the  wall  as  0.07  cm.,  by  assuming  that  the  lowest  horizontal  timber  is  a  simply 
supported  beam.  The  wall  acts  as  a  plate  or  slab,  with  rib  stiffeners  in 
both  directions,  as  well  as  cross-ties  to  decrease  deflection.  The  maximum 
deflection  occurs  at  some  point  near  the  center  line  at  about  the  lower  third- 
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point  of  the  lieight  (somewhat  above  this  point  theoretically).     Disregarding 

the  eifect  of  the  cross-ties,  the  wall,  considered  as  a  slab,  should  have  a  maxi- 

nuini  deflection  of  ^^^  in.  under   the    maximum    loadinfi;s.     If   Dr.    Terzajihi 

desires  to  find  the  deflection  in  the  lower  timber,  the  writer  believes  that  he 

should  consider  it  as  a  T-beam  and  include  the  effect  of  the  sheathing.     The 

different  pieces  were  carefully  fitted  together  and  closely  spiked. 

From  Ihis  maze  of  incorrect  assumptions.  Dr.  Terzaghi  derives  the  amazing 

conclusion  that  the  results  obtained  are  only  37.5%  in  error.    If  the  equation, 

0.07 
3-'*  X  T-TTTZTTT-  =  37.5,  is  considered,  it  must    be  remembered    that  the    test 
v.vUboi 

described  previously  shows  that  the  true  value  of  the  3.4  is  very  close  to  zero. 
Hence,  the  error  is  not  far  from  zero,  according  to  Dr.  Terzaghi's  reasoning, 
as  the  denominator  is  a  fixed  quantity.  The  0.07  is  far  too  large,  as  the 
maximum  deflection  of  the  wall  cannot  be  determined  by  the  method  used 
by  Dr.  Terzaghi.  Even  the  0.00634  cm.  (^i^  in.)  is  not  correct,  because 
the  horizontal  and  vertical  displacements  were  simultaneous.  The  results  and 
the  applications  of  the  discussion  are,  therefore,  worthless. 

Dr.  Terzaghi  finds  a  remarkable  agreement  between  the  actual  (0.15%) 
and  his  theoretical  result  (0.121%)  for  the  variation  of  pressure  with  temper- 
ature. He  is  assuming  that  the  effect  is  entirely  on  the  fill  and  not  on  the 
wall.  The  temperatures  are  those  of  the  air  near  the  wall.  The  writer  can 
liardly  agree  with  the  assumption,  knowing  that  the  effect  of  frost  in  this 
latitude  seldom  extends  below  3  ft. 

It  seems  to  the  writer  that  the  numerical  agreement  has  one  other  error — 
the  signs  of  the  two  values  are  opposite.  A  drop  in  temperature  causes  a 
decrease  in  wall  deflection.  A  decrease  in  wall  deflection,  according  to  Dr. 
Terzaghi's  theory,  causes  an  increase  in  pressure.  The  writer  found  a  decrease. 
As  Dr.  Terzaghi's  entire  discussion  on  the  value  of  the  concept  of  the 
internal  friction  and  the  internal  resistance  begins  with  the  false  premise: 
"Considering  the  fact  that  the  large-scale  Cincinnati  observations  confirm  the 
existence  of  intimate  relations  between  the  intensity  of  the  earth  pressure  and 
the  distance  of  yield  or  deflection  of  the  wall",  there  is  no  use  in  discussing 
the  conclusions.  A  few  points,  however,  are  of  interest.  The  method  for  the 
correct  determination  of  the  value  of  <^,  according  to  Dr.  Terzaghi,  is  to 
obtain  it  from  the  formula  after  the  earth  pressure  has  been  found  experi- 
mentally. The  formula  will  then  be  checked;  the  writer  agrees,  but  the  final 
result  is  of  no  value;  there  is  no  way  in  which  to  correlate  theory  with  ex- 
periment. The  only  metliod  is  to  evaluate  <^  independently  of  the  experi- 
mental determination  of  the  pressure. 

Dr.  Terzaghi  discovers  that  (jy^  for  the  material  of  the  Cincinnati  tests 
was  rather  less  than  24  degrees.  This  angle  is  not  the  angle  of  repose,  nor 
any  angle  of  friction  or  resistance.  It  merely  substantiates  the  statement 
that  Dr.  Terzaghi  has  no  right  to  substitute  the  experimental  value  of  the 
pressure  in  his  formula  to  determine  the  value  of  <^.  This  ridiculous  value 
comes  from  the  use  of  the  coefficient,  0.42.  He  finds  the  angle  of  internal 
friction  to  be  far  greater  than  the  natural  slope,  a  theory  advanced  by  only 
a  few   experimenters,  which  has  been   disproved   on  theoretical   groimds   by 
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Boussinesq  and  Cain  and  on  experimental  grounds  by  practically  every  man 
who  has  shoveled  earth  or  sand. 

It  may  be  of  interest  to  some  of  the  members  of  the  Society  to  know  that 
the  <f>2  for  loam  and  clay  is  given  as  a  single  value,  but  that,  for  sand,  it 
varies  by  17°,  or  a  variation  of  almost  100%  in  the  tangent.  In  his  discussion 
of  the  idea  of  internal  friction  Dr.  Terzaghi's  reasoning  is  as  follows:  The 
pressure  varies  with  the  wall  displacement,  and  if  a  constant  mathematical 
relation  exists  between  pressure  and  internal  friction,  the  angle  of  internal 
friction  varies  with  the  wall  displacement.  The  reasoning  is  logically  sound; 
•but  logic  guarantees  not  truth,  but  consistency  with  the  value  of  the  premises. 
The  value  of  the  premises  has  been  shown  previously. 

The  objections  to  the  writer's  method  of  determining  the  coefficients  of 
friction  and  cohesion  have  some  weight,  from  the  scientific  point  of  view. 
Dr.  Terzaghi  is  arguing  from  the  idea  of  soil  mechanics  and  forgets  that  the 
paper  is  primarily  an  empirical  solution  of  the  problem.  The  methods  used 
to  determine  the  cofficients  are  an  easy  means  for  determining  constants  of 
the  filling  material  for  the  purpose  of  a  comparison  between  the  experimental 
and  theoretical  values  of  the  pressure.  Two  coefficients  can  be  determined, 
as  is  explained  in  the  paper.  To  facilitate  comparison,  it  is  assumed  that 
they  are  the  natural  tangents  of  angles.  That  this  assumption  is  not  much 
in  error  is  proved  by  the  consistent  results  obtained  in  comparing  the  experi- 
mental with  the  theoretical  values.  The  writer  is  free  to  admit  that  it  is  in 
error,  theoretically,  as  the  cohesion,  if  any  cohesion  is  present,  should  be 
dependent  on  the  load  and,  therefore,  cannot  be  combined  with  the  frictional 
resistance.  Further  research  may  cause  a  change  in  these  ideas.  The  writer 
wishes  to  repeat  his  statement  that,  for  an  empirical  method,  the  use  of  an 
angle  the  tangent  of  which  is  the  coefficient  of  internal  resistance,  is  advisable 
and  quite  accurate. 

In  connection  with  Dr.  Terzaghi's  distinction  between  two  different  types 
of  frictional  resistances,  the  writer  submits  the  following  ideas  from  Mayniel's 
book  on  earth  pressure,  printed  in  1808.*  Mayniel  is  generalizing  the  Coulomb 
theory  to  the  case  of  sloped  walls  and  states,  as  the  bases  of  the  problem,  the 
following  ideas: 

"There  are  two  types  of  friction  in  soils : 

"1.  Perfect  friction,  as  in  sand,  is  caused  by  the  intercogging  of  the 
particles,  acted  upon  by  a  continuous  pressure,  and  is  to  be  distinguished 
from  cohesion  which  is  a  reunion  of  masses,  like  a  gluing  together. 

"2.  Imperfect  friction  is  the  rubbing  or  rolling  of  particles  over  each  other, 
due  entirely  to  their  own  individual  weights." 

The  manner  in  which  earth  exerts  pressure  against  a  wall  is : 
"A  certain  part  of  the  fill  in  the  shape  of  a  wedge  with  the  apex  at  the 
heel  of  tjie  wall  slips  down  on  a  surface  which  is  probably  a  plane;  this  ma- 
terial is  not  the  entire  volume  which  tends  to  slip,  for  later  slips  do  occur  if  the 
wall  slips  or  fails,  but  these  do  not  concern  the  problem  of  the  determination 
of  the  existing  pressure." 

Mayniel  does  not  accept  the  assumption  of  the  equality  of  the  angles  of 
friction  and  natural  repose,  although  he  mentions  that  Prony  had  made  such 
•  "Traite   Experimental    et   Theoretique   sur    la   Poussee   des    Terres",    1808,    Paris. 
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an  assumption,  but  makes  no  attempt  to  evaluate  the  internal  friction.  The 
mathematical  work  is  very  detailed  and  complicated,  but  he  states:  "That  is 
because  of  the  generality  of  the  solution  of  the  problem;  we  must  take  into 
account  all  the  points  of  the  problem."  Therefore,  it  seems  that  a  cycle  has 
been  completed,  and  the  subject,  from  the  theoretical  point  of  view,  is  back 
to  the  solution  of  Mayniel. 

Dr.  Terzaghi  misinterprets  the  writer's  ideas  concerning  cohesion,  so  that 
he  submits  an  elaboration  of  the  few  statements  made  in  the  first  part  of  the 
paper.  In  the  interior  of  a  mass  of  earth  in  the  usual  state,  the  grains  being 
of  irregular  shape  and  of  non-uniform  size,  and  coated  with  water  films  as 
well  as  with  colloidal  substances,  equilibrium  of  forces  must  exist,  for  there 
is  no  displacement.  The  water  film  is  practically  never  absent,  although  in 
dry  soils  it  may  not  completely  fill  the  air  spaces  between  the  particles. 
The  colloid  matter  consists  of  such  substances  as  ferric  and  aluminium  hy- 
droxides, huniic  acids,  and  decomposition  products  of  living  plasms.  The 
surface  tension  in  these  films  tends  to  draw  the  particles  into  closer  contact — 
to  bring  the  centers  of  gravity  of  adjacent  particles  closer,  that  is,  to  decrease 
the  voids  and  increase  the  unit  weight.  In  doing  so,  it  tends  to  squeeze  out 
some  of  the  liquid  between  particles,  and  equilibrium  results  at  a  definite 
point.  This  explains  why  the  unit  weight  of  a  soil  is  a  maximum  at  a  definite 
moisture  content  and  is  smaller  for  less  and  greater  moisture  contents.  Excess 
water  refuses  to  permit  the  particles  coming  closer  together;  too  little  water 
means  that  there  will  be  some  air  in  the  capillary  spaces  between  grains.  A 
mass  in  internal  equilibrium,  therefore,  is  at  its  maximum  unit  weight.  The 
mass  can  only  be  compacted  into  a  smaller  volume  by  a  load  sufficiently  large 
to  crush  the  particles,  that  is,  to  shear  off  the  rough  corners  and  thin  edges. 

The  conditions  in  the  writer's  method  of  determining  the  coefficients  do 
not  differ  greatly  from  those  which  exist  at  the  state  of  equilibrium,  just  before 
the  force  is  exerted  on  the  bottomless  box.  A  pull  on  the  box  tends  to  cause 
a  separation  along  the  weakest  surface,  which  is  a  rough  surface,  averaging 
very  closely  to  the  plane  of  the  bottom  edges  of  the  box.  As  the  grains  do 
not  have  horizontal  faces  along  this  plane,  horizontal  separation  can  only 
occur  after  a  slight  vertical  displacement,  and  this,  as  in  the  case  of  friction 
between  solids,  is  a  sliding  along  the  sloped  faces  in  contact.  The  resistance 
to  this  displacement,  therefore,  is  the  sum  of  the  following  resistances:  The 
force  of  gravity  on  the  upper  mass,  the  friction  between  the  grains  in  contact, 
and  the  surface  tension  of  the  liquid. 

As  soon  as  vertical  separation  has  been  effected,  with  a  slight  simultaneous 
horizontal  displacement,  the  particles  along  the  surface  of  separation  are  no 
longer  in  such  close  contact,  the  fihn  is  broken  at  several  places,  and  the 
force  required  to  keep  up  motion,  which  may  be  compared  to  the  skimming  of 
a  rough  object  over  rough  ice,  that  hits  only  the  high  spots  with  an  occasional 
shearing  off  of  a  peak  or  rotation  of  a  loose  grain  to  clear  the  path,  is  smaller 
than  the  initial  force. 

The  coefficient  of  internal  resistance,  therefore,  is  a  measure  of  the  sum  of 
the  following  main  resistances : 
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(1)  Gravity  tending:  to  prevent  upward  motion. 

(2)  Surface  tension  of  the  liquid  materials  between  particles.  This  is  a 
very  large  quantity  in  colloidal  soils. 

(3)  Friction  between  grains  which  have  a  relative  displacement.  This  is 
decreased  by  the  lubricating  action  of  colloids,  but  is  independent  of 
the  motion  if  the  lubrication  is  disregarded. 

(4)  Elastic  compression  of  the  particles,  for  the  total  load  is  now  carried 
by  a  relatively  few  point  contacts  and  the  unit  stress  is  proportion- 
ately higher.  * 

(5)  Rotational  resistances  of  the  particles  opposing  the  motion,  bringing 
into  play  more  surface  tension,  friction,  and  compression. 

As  soon  as  motion  is  started,  the  resistance  drops  to  the  value  called  the 
coefficient  of  internal  friction  times  the  load.  Three  of  the  five  factors  enu- 
merated are  decreased,  whereas  the  third  and  the  fourth  may  increase.  As 
the  mass  moves  forward,  it  bobs  up  and  down  as  the  grains  separate  and 
intercog,  but  the  amount  of  rise  and  fall  of  the  center  of  gravity  of  the 
moving  mass  is  less  in  magnitude  than  the  original  rise.  The  surface  tension 
still  acts,  but  the  area  in  contact  is  now  less  and  the  thickness  of  the  film  is 
greater,  so  that  the  resistance  is  decreased  for  two  reasons.  The  total  fric- 
tional  resistance  remains  the  same  and  may  increase  somewhat  because  the 
lubricating  action  will  decrease  with  the  smaller  areas  of  contact  and  the 
larger  voids  into  which  the  liquid  can  be  squeezed.  The  mass  now  being  in 
a  higher  position,  fewer  grains  oppose  the  motion,  and  the  resistance  offered 
by  this  factor  is  decreased. 

In  dry  sand,  there  is  no  surface  tension  and  no  lubricating  action,  the  two 
factors  which  give  the  largest  part  of  the  difference  between  resistance  at  rest 
and  resistance  during  uniform  motion.  It  should  be  expected  to  find  the  two 
coefficients  for  dry  sand  of  approximately  the  same  value.  This  is  substan- 
tiated by  experiment. 

Dr.  Terzaghi  has  shown  that  a  re-arrangement  of  particles  takes  place  in 
a  soil  under  pressure  even  when  lateral  displacement  is  prevented.  In  this 
way,  he  discredits  his  determination  of  the  modulus  of  elasticity  by  a  similar 
method.  As  load  is  placed  on  a  retained  soil,  part  of  the  burden  is  slowly 
shifted  to  the  container,  if  the  latter  is  sufficiently  stiff  to  prevent  part  of 
the  lateral  displacement  of  the  grains.  The  maximum  amount  of  this  relieved 
load  is  dependent  on  the  friction  between  the  soil  and  the  container.  Dr. 
Terzaghi  will  have  to  take  account  of-  this,  as  well  as  of  the  effect  of  shape 
on  the  load  dissipated,  before  his  mathematical  analysis  will  be  even  of 
approximate  value.  The  various  symbols  used  are  not  defined,  so  that  the  real 
meaning  and  application  of  the  formulas  derived  is  not  determinate. 

As  may  have  been  noticed  from  the  comments  just  made  and  also  from 
Dr.  Terzaghi's  conclusions,  the  disagreement  which  he  finds  is  caused  chiefly 
by  his  refusal  to  accept  the  definitions.  Under  such  conditions,  constructive 
criticism  and  discussion  is  impossible. 

The  writer  still  believes  that  the  ideas  advanced  by  Dr.  Terzaghi  are  valu- 
able only  from  the  qualitative  point  of  view,  and  that  his  quantitative  rela- 
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tions  are  in  great  error.  The  numerical  values  given  in  the  theory  have  no 
real  experimental  basis  and  cannot  be  used  in  the  problem  of  the  paper,  the 
accurate  determination  of  the  lateral  pressure  of  earth  behind  a  retaining  wall. 
Mr.  Goldmark  deserves  the  thanks  of  the  Profession  for  placing  on  record 
a  set  of  field  tests  which  were  sufficiently  comprehensive  to  yield  results  that 
could  be  used  for  the  design  of  such  a  large  project.  The  important  fact  is 
that  these  tests  were  made  on  the  job  and  not  in  a  laboratory,  with  the 
material  as  it  existed  in  the  ground.  This  report  shows  that  the  much  needed 
experimental  study  of  the  soil  is  possible  arid  will  not  require  expensive 
apparatus  or  excessive  time  to  change  the  assumptions  on  which  the  design 
is  based  from  a  pure  guess  to  an  experimental  basis. 

The  material  tested  probably  contained  a  large  proportion  of  colloidal 
matter,  which  explains  the  large  variation  in  unit  weight  with  moisture 
changes,  as  colloids  have  a  high  absorption  capacity,  the  action  during  drying, 
resulting  in  hard  bricks  with  large  cracks  and  a  porous  structure,  the  caking 
in  the  small  box,  coagulation  along  the  walls  forming  a  water-tight  container 
for  the  inner  mass  which  remained  liquid  for  a  long  time,  and  the  variation 
and  low  values  found  for  the  angle  of  repose. 

•  In  calibrating  the  steel  plate,  it  might  have  been  advisable  to  approximate 
the  actual  conditions  of  pressure  against  the  plate  a  little  closer.  Instead  of 
determining  the  modulus  of  elasticity  from  the  deflection  of  the  plate  sup- 
ported as  a  simple  beam  with  a  concentrated  load  in  the  center,  it  might  have 
been  loaded  by  a  distributed  load  from  zero  at  one  end  to  a  maximum  at  the 
other,  the  latter  to  be  used  for  the  bottom  of  the  test  wall.     The  maximum 
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deflection  will  occur  at  L      |l  —      I— ,  or  3.23  ft.  from  the  support  at  the  zero 


load,  corresponding  to  the  top  of  the  wall.  This  is  very  nicely  checked  by 
the  curve  on  Fig.  24,  "Bending  due  to  water",  with  a  maximum  between  3.15 
and  3.20  ft.  The  writer  hopes  to  hear  of  other  field  tests  of  a  similar  nature 
and  value  in  the  near  future.  It  will  be  helpful  for  the  comparison  of  results 
and  the  application  to  other  locations,  if  a  complete  physical  and  chemical 
analysis  of  the  material  is  made. 

Mr.  Fargher's  questions  have  already  been  answered,  in  more  or  less  detail, 
and,  to  save  space,  the  writer  refers  him  to  the  previous  part  of  this  discussion. 
It  will  be  very  interesting  to  see  the  results  of  Mr.  Fargher's  experiments  with 
a  wall  made  up  of  vertical  parallel  strips,  a  device  which  has  not  been  tried 
heretofore.  The  writer  hopes  that  the  pressures  on  each  strip  will  be  measured 
independently,  and  that  some  other  material  than  "artificially  dried  sand"  will 
be  used. 

As  was  noted  carefully  in  the  paper,  the  remarks  on  Mr.  Crosthwaite's 
experimental  work  were  based  on  his  1916  paper  and  the  abstracts  of  his  1920 
paper.  At  the  time  the  writer's  paper  was  prepared,  a  complete  copy  of  the 
1920  paper  could  not  be  obtained.  Since  then,  the  writer  has  read  the  complete 
paper,  and  finds  that  there  is  no  necessity  for  revising  any  statement  made  by 
him.  The  references  and  quotations  prove  the  statements  made.  The  writer 
can  see  no  justification  for  calling  three  different  numerical  characteristics  of  a 
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soil  by  the  same  name.  With  the  exception  of  Mr.  Crosthwaite's,  the  writer  has 
not  found  a  single  reference  to  any  method  for  the  determination  of  the  angle 
or  coefficient  of  internal  friction  not  based  on  the  idea  of  internal  shear. 
Measuring  the  angle  of  internal  friction  by  the  use  of  a  plunger  in  a  bucketful 
of  soil  is  open  to  numerous  indeterminate  and  undeterminable  errors,  as  is  well 
proved  by  the  variation  in  the  values  found.  As  the  writer  has  already  stated, 
the  angle  of  internal  friction  cannot  be  determined  by  measuring  the  pressure 
against  a  wall,  unless  the  accuracy  of  the  theoretical  formula  is  assumed ;  and, 
as  Mr.  Crosthwaite  points  out,  there  is  no  known  correct  formula  or  theory. 

In  discussing  the  value  of  the  method  of  measuring  the  pressures  in  the 
writer's  apparatus,  Mr.  Crosthwaite  claims  that  two  errors  exist :  That  due  to 
the  buckling  of  the  test  wall  and  the  resultant  "kick-back"  on  the  horizontal 
components,  and  that  due  to  the  lost  vertical  component  caused  by  the  relative 
motion  between  the  wall  and  the  fill.  In  answer  to  the  first  point,  the  writer 
refers  Mr.  Crosthwaite  to  the  description  of  the  apparatus  and  to  several 
remarks  in  the  previous  part  of  this  discussion.  He  will  find  that  the  lug 
angles  attached  to  the  wall  prevented  any  motion  against  the  fill.  The  wall, 
therefore,  was  in  a  fixed  plane  adjacent  to  the  plane  of  the  filling  material. 
Any  deformations  which  occurred  locally  were  certainly  not  much  larger  than, 
if  as  large  as,  the  elastic  deformations  in  an  actual  retaining  wall. 

The  discussion  relative  to  the  second  point  makes  the  writer  believe  that 
Mr.  Crosthwaite  is  suggesting  the  existence  of  two  vertical  forces,  one  of  which 
is  part  of  the  earth  pressure,  per  se,  and  the  other  is  the  vertical  frictional 
force  caused  by  the  horizontal  pressure.  Mr.  Crosthwaite  claims  that  the 
writer's  apparatus  only  measures  the  former,  and  he  agrees  that  the  thrust  (in 
the  paper  the  writer  used  the  expression,  "the  horizontal  thrust")  is  independent 
of  the  nature  of  the  wall.  How,  then,  can  Mr.  Crosthwaite  explain  these  two 
facts : 

1. — That  the  ratio  of  the  vertical  to  the  horizontal  component  was  in  all 
cases  equal  to  the  coefficient  of  wall  friction,  which  coefficient  was  determined 
independently. 

2. — That  the  vertical  components  in  walls  of  the  three  types — wood,  glass, 
and  sheet-metal — were  not  the  same;  but,  in  each  case,  the  values  were  as 
previously  stated. 

Mr.  Crosthwaite's  objections  might  be  permissible  if  the  movements  of  the 
wall  were  of  appreciable  inagnitude,  but,  as  it  is,  they  were  smaller  than  the 
total  elastic  deformations  in  the  several  grains  making  up  the  fill,  to  say  nothing 
of  the  void  spaces  between  the  grains.  There  was  no  relative  motion  between 
the  wall  and  the  fill.  The  force  measured  was  the  maximum  possible  before 
such  motion  could  occur,  as  has  been  explained  before.  For  a  detailed  ana- 
lytical and  mathematical  analysis  of  the  measuring  devices,  showing  the 
necessity  and  sufficiency  of  five  points  of  support,  the  writer  refers  the  reader 
to  Mueller-Breslau's  book. 

The  writer  wishes  to  express  his  thanks  to  those  who  aided  him  in  the 
preparation  of  the  paper  and  of  his  discussion,  and  also  to  those  who  discussed 
the  paper,  giving  of  their  time  and  knowledge  to  enrich  the  contents  by  new 
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ideas  and  methods  of  attack.  He  was  most  pleasantly  surprised  to  receive 
discui<sions  from  foreign  countries,  and  rosi'cts  that  lack  of  time  prohihits  a 
more  thorough  exchange  of  views  before  the  publication  of  the  paper.  He 
hopes  that  those  who  have  discussed  the  paper,  and  any  others  who  may  be 
interested,  will  feel  free  to  continue  the  discussion,  by  mail  or  otherwise,  should 
any  statement  require  further  elaboration.  He  hoi)e8  that  he  will  be  able  to 
present  another  paper  on  the  same  subject  in  a  few  years  containing  more 
decisive  experimental  work  and  perhaps  a  simple  and  consistent  theory  for  the 
accurate  determination  of  the  lateral  pressure  of  earth. 
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There  is  a  ConstitutioBal  provision  that  the  President  of  the  Society  shall 
present  an  address  at  each  Annual  Convention.  After  consideration  of  how 
this  requirement  could  best  be  complied  with  on  this  occasion,  it  seemed 
quite  opportune  to  review  some  aspects  of  the  affairs  of  the  Society,  both  in 
retrospect  and  prospect.  To  do  this  will  obviously  result  in  repeating  some 
matters  which  may  be  well  or  even  better  known  to  many;  to  look  forward 
may  provoke  renewed  interest  in  the  Society's  aims  and  activities.  It  is 
hoped  that  what  follows  may  not  appear  to  be  a  needless  repetition  of  facts, 
now  more  or  less  of  record,  but  may  help  to  a  better  understanding  of  the 
problems  with  which  the  Society  is  confronted  and  be  helpful  in  their  wise 
solution. 

The  American  Society  of  Civil  Engineers  was  founded  November  5,  1852. 
It  has  therefore  just  passed  its  Seventieth  Anniversary.  In  these  seventy 
years,  much  water  has  gone  over  the  dam  of  engineering  practice;  much  of 
the  whole  field  of  engineering  has  been  revolutionized  in  this  period,  both  as 
to  materials  of  construction  and  as  to  practice.  It  is  safe  to  assert  that  the 
Society  and  the  rank  and  file  of  its  membership  have  contributed  in  large 
measure  to,  and  have  had  a  great  degree  of  responsibility  for,  the  remarkable 
progress  of  these  seventy  years. 

It  is  interesting  to  note  the  date  of  the  founding  of  National  engineering 
and  architectural  societies  in  various  countries: 

The  Institution  of  Civil  Engineers  of  Great  Britain  was  founded  in 
1818  and  incorporated  in  1828. 

The  Institution  of  Civil  Engineers  of  Ireland  was  founded  in   1835 
and  incorporated  in  1877. 

The  Royal  Institute  of  British  Architects  was  founded  in  1837. 

»  Chf.  Engr.,  C,  M.  &  St.  P.  Ry.,  Chicago.  111. 
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The  Institution  of  Mechanical  Engineers  was  founded  in  1847. 

Koninklijk  Instituut  van  Ingenieurs,  (Holland)  was  founded  in  1847. 

Oesterreichischer  Ingenieur-  und  Architekten-Verein  (Austria)  was 
founded  in.  1848. 

Societe  des  Ingenieurs  Civils  de  France  was  founded  in  1848. 

The  American  Society  of  Civil  Engineers  was  founded  in  1852. 

The  American  Institute  of  Architects  was  founded  in  1857. 

The  Iron  and  Steel  Institute  was  founded  in  1869. 

The  American  Institute  of  Mining  and  Metallurgical  Engineers  was 
founded  in  1871,  the  organization  meetings  of  this  Society  having 
been  held  in  the  rooms  of  the  American  Society  of  Civil  Engineers. 

The  American  Society  of  Mechanical  Engineers  was  founded  in  1880. 

The  American  Water  Works  Association  was  founded  in  1881. 

The  American  Institute  of  Electrical  Engineers  was  founded  in  18S4. 

The  older  local  engineering  organizations  of  the  United  States  are  the 

Franklin  Institute,  founded  in  1824,  the  Boston  Society  of  Civil  Engineers, 

in  1848,  and  the  Civil  Engineers  Club  of  the  ]Srori;hwe8t,  now  the  Western 

Society  of  Engineers,  founded  in  1869. 

It  will  be  interesting  to  review  the  early  efforts  to  found  a  National  engi- 
neering society  in  this  country.  The  founding  of  this  Society  in  1852  was 
preceded  by  earlier  efforts;  more  than  twelve  years  previously  "a  highly 
respectable  meeting  of  the  profession"  was  held  in  Augusta,  Ga.,  of  which, 
unfortunately,  no  record  remains.  At  this  meeting,  the  formation  of  a 
National  engineering  society  was  urged,  and  an  appeal  to  that  end  was  sent 
out  to  a  widely  scattered  group  of  men,  calling  a  convention  of  civil  engi- 
neers of  the  country.  In  response  to  this  call,  forty  engineers,  from  nine 
of  the  Seaboard  and  Gulf  States,  and  from  Illinois  and  Missouri,  met  in 
Baltimore,  Md.,  on  February  11,  1839.  At  this  meeting,  it  was  decided  to 
organize  a  Society  of  Civil  Engineers  of  the  United  States.  Mr.  Benjamin 
H.  Latrobe,  of  Baltimore,  a  bridge  engineer  of  great  note,  was  elected  Presi- 
dent and  Mr.  J.  F.  Houston,  of  Pennsylvania,  was  made  Secretary.  A  repre- 
sentative committee  of  seventeen,  from  eleven  States,  so  elected  that  "dif- 
ferent portions  of  the  Union  may  be  represented  so  far  as  is  practicable,"  was 
appointed  to  prepare  a  Constitution  and  take  other  steps  toward  forming  a 
permanent  society.  Two  of  these  gentlemen  were  later  members  of  this 
Society.  A  few  members  of  this  committee  met  in  April,  1839,  at  the  rooms 
of  the  Franklin  Institute  in  Philadelphia,  Pa.  A  draft  of  a  constitution  for 
a  society  was  agreed  on,  and  later  submitted  to  the  remaining  members,  but 
failed  of  approval,  as  only  seven  of  the  seventeen  members  voted  in  favor 
of  it.  It  is  worthy  of  note  that  the  name  of  the  proposed  society,  as  stated 
in  the  draft  of  the  Constitution  submitted  by  this  committee,  was  identical 
with  the  present  name  of  the  Society,  and  that  architects  were  to  be  admitted 
only  as  Associates.  This  effort,  however,  seems  to  have  been  born  out  of  time, 
for  nothing  further  resulted;  however,  it  doubtless  paved  the  way  for  the 
more  successful  effort  thirteen  years  later,  in  November,  1852,  when  this 
Society  was  organized. 
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The  founding  of  this  Society  was  the  result  of  a  call  by  a  few  New  York 
engineers,  dated  October  23,  1852,  for  a  meeting  to  be  held  November  5,  in 
New  York,  N.  Y.,  to  organize  a  "Society  of  Civil  Engineers  and  Architects." 
At  this  meeting,  it  was  resolved  that  an  organization  should  be  formed  and 
incorporated,  the  name  of  which  should  be  "The  American  Society  of  Civil 
Engineers  and  Architects."  A  draft  of  a  Constitution  was  submitted  and 
approved,  and  remained  in  force  without  change  until  1868.  It  fixed  the 
permanent  place  for  the  transaction  of  the  business  of  the  Society  as  New 
York,  N.  Y.,  and  provided  for  one  grade  of  membership  only,  to  which  were 
eligible  "Civil,  Geological,  Mining  and  Mechanical  Engineers,  Architects  and 
other  persons  who  by  profession,  are  interested  in  the  advancement  of  science." 
Officers  were  elected,  the  first  President  being  the  late  James  Laurie,  who 
remained  in  office  until  after  the  re-organization  of  the  Society,  in  1867. 
At  this  meeting  was  approved  the  draft  of  an  address  to  be  sent  to  those 
engineers  and  architects  of  the  United  States,  who  were  considered  by  the 
Board  of  Direction  as  eligible  for  membership,  making  an  appeal  for  support 
for  the  new  society.    A  part  of  this  appeal  is  as  follows : 

"It  will  be  admitted  that  no  point  in  our  country  offers  the  facilities  for 
rendering  such  a  society  of  practical  benefit  to  the  public  as  well  as  to  its 
own  members  as  the  city  of  New  York,  and  so  long  as  this  city  retains  its 
present  commercial  importance,  so  long  it  will  be  a  center  around  and  within 
which  there  will  accumulate  by  a  natural  law  practical  commercial  and  pro- 
fessional information  not  elsewhere  to  be  sought,  and  which,  embodying  the 
elements  of  siiccessful  enterprise,  may  be  regarded  as  a  fund  of  valuable  data, 
equally  valuable  to  the  man  of  science  and  to  the  political  economist.  Much 
of  this  information,  is,  from  its  nature,  unwritten,  but  is  entirely  accessible, 
and,  under  the  auspices  of  a  society  formed  for  that  purpose,  could  be  rendered 
available  to  such  members  as  may  desire  the  benefit  of  it. 

"The  Constitution  of  the  Society  declares  that  it  has  for  its  object : 

"The  professional  improvement  of  its  members,  the  encouragement  of 
social  intercourse  among  men  of  practical  science,  the  advancement  of  engi- 
neering in  its  several  branches,  and  of  architecture,  and  the  establishment  of 
a  central  point  of  reference  and  union  for  its  members. 

"Among  the  means  to  be  employed  for  attaining  these  ends  shall  be 
periodical  meetings  for  the  reading  of  professional  papers,  and  the  discussion 
of  scientific  subjects,  the  foundation  of  a  library,  the  collection  of  maps, 
drawings  and  models,  and  the  publication  of  such  parts  of  the  proceedings  as 
may  be  deemed  expedient. 

"Civil,  geological,  mining  and  mechanical  engineers,  architects  and  other 
persons  who,  by  profession,  are  interested  in  the  advancement  of  science,  shall 
be  eligible  as  members. 

"It  is  anticipated  that  the  union  of  the  three  branches  of  civil  and  mechan- 
ical engineering  and  architecture  will  be  attended  by  the  happiest  results, 
not  with  a  view  to  the  fusion  of  the  three  professions  in  one;  but  as  in  our 
country,  from  necessity,  a  member  of  one  profession  is  liable  at  times  to  be 
called  upon  to  practice  to  a  greater  or  less  extent  in  the  others,  and  as  the 
line  between  them  cannot  be  drawn  with  precision,  it  behooves  each,  if  possible, 
to  be  grounded  in  the  practice  of  the  others;  and  the  bond  of  union  estab- 
lished by  membership  in  the  same  Society,  seeking  the  same  end.  and  by  the 
same  means,  will,  it  is  hoped,  do  much  to  qiiiet  the  unworthy  jealousies  which 
have  tended  to  diminish  the  usefulness  of  distinct  societies  formed  heretofore 
by  the  several  professions  for  their  individual  benefit. 
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"It  is  scarcely  necessary  in  this  place,  even  did  space  permit,  to  enlarge 
on  the  many  advantages  which  may  be  anticipated  to  flow  from  the  judicious 
management  of  such  a  society  as  the  one  we  have  organized." 

The  first  meeting  at  which  the  Society  actually  got  to  work  as  such 
appears  to  have  been  January  5,  1853.  However,  only  eight  members  were 
present  at  that  meeting. 

Even  in  1852,  the  time  was  premature  for  the  formation  of  a  National 
civil  engineering  society;  the  early  records  state  that,  although  in  1853  there 
were  eight  regular  meetings  and  a  membership  of  fifty-five,  the  average 
attendance  at  each  meeting  was  only  six,  and,  in  1854,  with  six  meetings 
and  no  increase  of  membership,  the  average  attendance  per  meeting  was 
less  than  six.  This  was  a  discouraging  situation  and,  with  the  hope  of 
bettering  it,  the  dues  were  reduced  from  $10  to  $5  for  resident  members  and 
from  $5  to  $3  for  non-resident.  The  report  of  the  Board  of  Direction  states 
that  it  was  induced  to  make  the  reduction  "in  order  to  render  membership  less 
onerous,  with  the  hope  that  new  members  might  be  induced  to  seek  a  con- 
nection with  the  Society,"  and,  further,  that  "the  labors  of  the  members 
more  than  their  money  is  wanted  to  make  the  Society  useful."  There 
appear  to  have  followed  only  two  or  three  meetings  in  the  early  part  of  1855. 
During  these  two  years  and  a  few  months,  the  Society  had  no  rooms  it 
could  call  its  own,  which  fact  was  thought  at  the  time  to  be  in  some  measure 
responsible  for  its  lack  of  growth. 

Then  follows  a  lapse  of  about  twelve  and  one-half  years,  during  which 
the  Society,  although  it  did  not  disband,  appears  to  have  hibernated.  At 
the  call  of  the  President,  Mr.  James  Laurie,  who  still  retained  office,  a  meet- 
ing was  called  for  October  2,  1867  to  "take  such  steps  as  may  be  necessary 
to  resuscitate  the  Society."  At  this  meeting  a  committee  was  appointed 
to  prepare  a  "plan  for  the  revival  of  the  meetings."  At  a  meeting  held 
a  week  later,  this  Committee  reported  and,  among  other  things,  recommended 
the  acceptance  of  an  offer  for  the  use  of  certain  rooms  at  an  annual  rental  of 
$400,  and  their  furnishing  at  a  cost  of  $600.  The  next  meeting,  a  month  later, 
on  November  6,  186Y,  was  the  first  held  by  the  Society  in  rooms  devoted 
exclusively  to  its  use.  At  this  meeting  the  accumulated  dues  of  members 
during  the  previous  twelve  or  more  years  were  remitted,  and  the  annual  dues 
were  increased  to  $10  for  resident  and  $5  for  non-resident  members.  During 
this  intermission  in  the  activities  of  the  Society,  its  financial  affairs  seem 
to  have  prospered.  In  1854,  the  Treasurer  had  $266.93  on  deposit  in  a  savings 
bank  which,  on  the  re-organization  of  the  Society,  had  grown  to  $497.57,  and 
the  President  turned  over  $558.25,  representing  the  dividends  on  five  shares  of 
New  York  Central  Railroad  stock  which  the  Society  had  acquired  in  March, 
1855.  At  the  following  meeting,  December  4,  1867,  while  only  nine  members 
were  present,  fifty-four  new  members  were  elected.  This  meeting  was  the 
beginning  of  the  custom  of  holding  regular  semi-monthly  meetings  on  the 
first  and  third  Wednesdays  of  each  month,  a  practice  which  prevailed  vmtil 
the  formation  of  the  New  York  Section  in  1921,  since  which  time  the  Society 
meetings  have  been  held  monthly.    On  March  4,  1867,  by  a  vote  of  seventeen 
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to  four,  the  name  of  the  Society  was  changed  to  the  "American  Society  of 
Civil  Engineers."  Through  oversight,  incorporation  was  not  effected  until 
April  17,  1877. 

The  record  shows  that  in  the  premature  efforts  made  in  1839,  and  through- 
out the  years  1853-54-55,  and  again  when  the  infant  Society  was  being 
revived  in  1867,  there  were  uppermost  in  the  minds  of  the  men  working  for 
the  formation  of  this  Society  two  outstanding  principles:  First,  that  it  should 
be  broadly  inclusive  of  all  Civil  Engineers,  including  the  allied  profession 
of  Architecture;  and,  second,  that  it  should  be  geographically  inclusive  of 
all  the  United  States.  At  no  time  does  it  appear  that  the  founders  would 
have  been  satisfied  with  a  merely  local  Society.  Is  it  not  quite  possible 
that  the  quarter  of  a  century  of  more  or  less  continuous  effort  on  the  part 
of  the  little  handful  of  pioneers  who  labored  to  found  this  Society  might 
have  borne  fruit  much  more  quickly  if  their  vision  had  been  less  far- 
reaching?  But,  if  so,  it  is  more  than  probable  that  the  National  Engineering 
Societies,  of  which  the  American  Society  of  Civil  Engineers  is  the  oldest, 
would  not  have  the  large  membership,  influence,  and  prestige  which  is  theirs 
to-day. 

A  diagram  showing  the  growth  of  membership  of  the  four  Founder 
Societies  from  their  foundation  to  January  1,  1923,  discloses  that  the  growth 
of  the  Society  from  its  rebirth  in  1867,  for  twenty  years,  although  slow, 
had  a  constant  increase.  For  the  following  period,  to  about  1905,  the  rate 
of  growth  was  more  rapid,  and  from  that  date  until  within  the  last  few 
years,  it  has  been  at  a  still  greater  rate  and  has  compared  favorably  with  that  of 
the  other  Founder  Societies.  Quite  recently  the  rate  of  growth  in  member- 
ship seems  to  have  slackened  noticeably.  This  fact  may  be  accounted  for 
largely  by  the  lack  of  employment,  unsettled  conditions,  and  unrest  which 
have  prevailed  so  generally  following  the  World  War.  The  increase  in 
membership  of  late  appears  to  be  more  nearly  the  normal  rate  of  earlier  years, 
and  it  is  confidently  anticipated  that  the  growth  of  the  Society  will  continue 
to  be  at  least  as  satisfactory  as  it  has  ever  been.  There  are  a  large  number 
of  professional  engineers  who  are  eligible  for  membership,  who,  if  they 
availed  themselves  of  the  privileges,  would,  through  the  activities  of  the 
Society,  advance  the  profession  and  benefit  themselves.  A  high  standard  for 
membership  qualifications  has  ever  been  maintained;  this  is  of  the  first 
importance  and  must  in  no  wise  be  sacrificed  for  increase  in  numbers.  The 
Society's  service  to  the  Engineering  Profession,  and  as  a  means  of  service  by 
the  profession  to  the  country,  are  so  well  established  that  there  can  be  no 
question  of  its  permanency.  Clearly,  what  is  needed  at  this  time  is  a  con- 
tinuation of  those  qualities  which  hitherto  have  contributed  so  largely  to  the 
prosperity  and  usefulness  of  the  Society,  namely,  an  abiding  interest  and 
loyalty  on  the  part  of  the  members,  an  adherence  to  those  policies  which 
have  been  found  by  past  experience  to  make  for  progress  and  usefulness,  and 
such  sane  progressiveness  and  vision  as  will  meet  the  needs  of  our  day  and 
generation. 
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Annual  Conventions 

It  has  been  the  practice  of  the  Society  to  hold  an  Annual  Convention  each 
year  during  the  summer  months.  This  practice  was  begun  in  1869.  The 
notice  announcing  the  time  and  place  of  the  first  Convention,  which  was  held 
in  New  York,  'N.  Y.,  was  dated  May  10,  1869,  and  read,  in  part,  as  follows : 

"Our  Society  has  of  late  been  impressed  with  the  importance  of  annually 
gathering  its  members  in  Convention  for  the  interchange  of  ideas  and  the 
discussion  of  professional  subjects,  as  well  as  those  relating  to  the  extension 
of  its  own  field  of  usefulness. 

"These  objects  cannot  be  attained  by  means  of  the  twenty-three  regular 
meetings,  held  during  the  year,  on  account  of  the  distant  residence  of  many 
of  its  members,  but  they  require  the  appointment  of  some  day  on  which  all 
can  meet  and  strengthen  that  bond  of  sympathy  which  should  animate  hearts 
engaged  in  the  furtherance  of  a  common  cause. 

"It  is  proposed,  therefore,  to  hold  the  first  of  such  a  series  of  conventions 
on  the  16th  day  of  June,  1869,  commencing  at  10  a.  m. 

"Through  the  courtesy  of  the  Chamber  of  Commerce,  the  meeting  will  be 
held  in  their  Assembly  Room.  It  will  occupy  most  of  the  day,  and  be 
followed  by  a  suitable  collation. 

"The  Society  relies  on  the  individual  efforts  of  its  members  for  sustaining 
the  interest  of  the  occasion,  and  desires  that  you  will  either  come  prepared  to 
read  a  brief  professional  paper — in  case  of  unavoidable  absence  will  forward 
such  to  the  Secretary — or  else  be  prepared  to  make  some  statement  of 
engineering  experience  calculated  to  prove  of  general  interest. 

"An  early  and  definite  reply  on  your  part  is  earnestly  requested." 

In  response  to  this  call  for  the  First  Annual  Convention  fifty-five  members 
attended  and  five  formal  papers  were  presented.  Of  the  Second  Convention, 
held  the  following  year,  also  in  New  York,  N.  Y.,  the  report  states  that  the 
"proceedings  were  interesting,  the  spirit  of  the  members  excellent,  both  socially 
and  professionally,  but  the  number  present  was  less  than  anticipated  and 
hoped  for."  "This,"  states  Charles  Warren  Hunt,  Secretary  Emeritus*  of  the 
Society,  in  his  very  interesting,  but  all  too  brief,  "Historical  Sketch  of  the 
American  Society  of  Civil  Engineers,"  published  in  1897,  from  which  much 
of  the  historical  data  contained  herein  have  been  taken,  "led  to  the  movement 
to  hold  future  conventions  in  other  localities  of  the  Union,  with  a  view  to 
strengthening  the  national  character  of  the  Society."  The  Third  Convention, 
in  1871,  was  again  held  in  New  York,  N.  Y.,  and  the  fourth,  in  June,  1872,  was 
held  in  the  City  Council  Chamber  in  Chicago,  111.  The  "Historical  Sketch", 
referred  to  previously,  states  that  it  was  well  attended,  twelve  pai)ers  were 
presented,  and  a  dinner  was  served  at  the  Parker  House.  The  Fifth  Con- 
vention was  held  in  May,  1873,  in  Louisville,  Ky.,  and  the  Annual  Report 
refers  to  it  as  having  been  attended  by  the  largest  number  of  civil  engineers 
ever  assembled  together  on  this  continent;  the  attendance,  from  an  unofficial 
source,  is  given  as  79  members. 

For  some  reasons  not  clear,  the  Sixth  Annual  Convention,  that  of  1874, 
was  again  held  in  New  York,  N.  Y.,  but  was  the  last  held  in  that  city. 
The  first  Convention  held  west  of  the  Mississippi  River  was  at  St.  Louis, 

*  Secretary  of  the  Society  from  1895  to  1920. 
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^lo.,  in  1880,  and  the  Convention  of  the  following  year,  the  first  outside  the 
United  States,  was  held  in  Montreal,  Que.,  Canada.  In  1886,  the  Con- 
vention reached  the  Eocky  Mountains  at  Denver,  Colo.,  and  the  Pacific 
Coast  at  San  Francisco,  Calif.,  in  189G;  the  following  year,  it  was  held  at 
Quebec,  Que.,  Canada.  Only  three  times  since  then  have  Conventions  been 
held  outside  the  United  States:  In  London,  England,  in  1900,  in  the  City  of 
Mexico,  in  1907,  and  in  Ottawa,  Ont.,  Canada,  in  1913.  There  have  been 
no  interruptions  of  these  Annual  Conventions  since  their  beginning,  except  in 
1917  and  1918,  when  none  was  held  on  account  of  the  World  War.  Formerly, 
the  places  for  holding  the  Conventions  were  selected  somewhat  at  haphazard, 
but  lately  they  have  been  determined  by  an  orderly  rotation  by  Districts. 

At  various  times  there  has  been  a  demand  for  more  gatherings  similar 
to  the  Annual  Conventions.  As  long  ago  as  1879,  the  late  Octave  Chanute, 
M.  Am.  Soc.  C.  E.,  then  a  Director  and,  later.  President  of  the  Society,  pro- 
posed the  following: 

"Besolved,  that  it  is  the  sense  of  this  meeting  that  the  Board  of  Direction 
should  take  immediate  steps  to  provide  for  holding  in  various  cities,  of  three 
general  meetings  in  each  year,  in  addition  to  the  general  convention,  for 
purposes  of  professional  intercourse." 

This  motion  was  lost.  Later,  in  1913,  in  addition  to  the  Annual  Con- 
vention held  in  June  of  that  year  in  Ottawa,  Ont.,  Canada,  a  general 
meeting  was  held  in  October  in  New  Orleans,  La.,  at  which  the  attendance 
nearly  equalled  that  of  the  Convention.  Nothing  more  was  done  in  this 
matter  iintil  1922,  when  general  meetings  were  held  in  April  at  Dayton,  Ohio, 
and  in  October  at  San  Francisco,  Calif.,  both  of  which  were  as  well  or  better 
attended  than  the  Annual  Convention  held  at  Portsmouth,  N.  H.  This  year, 
in  addition  to  this  Convention,  a  general  meeting  was  held  in  April  in 
New  Orleans,  La.,  and  one  will  be  held  in  October  in  Richmond  and  Nor- 
folk, Ya.  The  Board  of  Direction  has  decided  to  continue  this  policy  for 
another  year  and  plans,  as  yet  tentatively,  to  hold  a  general  meeting  in  the 
spring  at  some  place  south  of  the  Ohio  River,  and  in  the  fall  in  Detroit,  Mich., 
these  meetings  to  be  in  addition  to  the  Annual  Convention  which  will  be 
held  in  June  in  Pasadena,  Calif.  Whether  these  general  meetings,  held  away 
from  Society  Headquarters,  will  become  a  permanent  policy  will  depend 
on  the  interest  taken  in  them  by  the  membership.  It  would  seem  that 
with  such  a  large  and  widely  scattered  membership  two  general  meetings 
and  the  Annual  Convention  coixld  very  profitably  be  held  annually;  they 
should  serve  to  stimulate  the  interest  of  the  members  in  promoting  the 
welfare  of  the  Society,  afford  greater  opportunity  for  participation  in  its 
activities,  and  help  make  it  more  truly  a  National  society.  The  main 
purposes  of  the  Convention  and  general  meetings,  and  as  well  the  Annual 
Meeting  in  January,  held  in  New  York,  N.  Y.,  cannot  be  better  stated 
now  than  was  done  by  President  Julius  Walker  Adams  at  the  Annual 
Convention  of  1874,  when  he  said: 

"The  chief  purpose  and  end  of  our  convention,  unlike  most  gatherings 
known  by  this  name,  is  to  promote  social  union  among  the  members  of 
this   Society     *     *     *     [those  absent]    will  lose  the  hand-shaking,  the  per- 
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sonal  interchanpre  of  the  sentiment  of  fellowship  and  brotherhood,  the  knowl- 
edge of  each  other,  that  basis  of  true  esprit  de  corps,  which  is  the  life  and 
soul  of  a  Society  like  this." 

The  attendance  at,  and  interest  in,  the  Annual  Conventions  has  not  been 
maintained  in  keeping  with  the  growth  of  membership.  The  Board  of 
Direction  and  the  local  committees  in  charge  of  planning  these  features  of 
the  Society's  activities  devote  considerable  time  and  thought  to  them  and 
they  are  worthy  of  a  more  loyal  attendance  by  the  members. 

Local    Sections 

The  problems  confronting  a  National  society  are  in  many  respects  dif- 
ferent from,  and  at  the  same  time  more  involved  than,  those  with  which 
local  societies  have  to  contend.  Although  the  prestige  of  a  National  society 
attracts  many,  the  higher  dues  and  qualifications  for  membership  offset  this 
advantage.  Only  a  comparatively  small  proportion  of  the  members  of  a 
National  society  can  be  in  touch  with  its  activities,  and  then  only  at  infre- 
quent intervals,  whereas  the  opposite  is  true  with  respect  to  local  societies. 
These  handicaps  were  early  recognized,  and  much  thought  has  been  given 
at  various  times  to  devising  means  to  make  membership  in  the  National 
societies  not  only  attractive,  but  increasingly  useful.  One  such  means 
has  been  the  provision  for  Local  Sections. 

The  problem  of  Local  Sections  is  an  old  one.  As  far  back  as  1885,  a 
provision  for  Local  Sections  was  favorably  considered  by  the  Board  of 
Direction  in  a  resolution  offered  by  no  less  an  authority  than  the  late  A.  M. 
Wellington,  M.  Am.  Soc.  C.  E.  Repeatedly,  thereafter,  the  Board  of  Direction 
saw  the  need  of  some  means  through  which  the  interests  of  the  ever-widening 
geographical  distribution  of  the  membership  could  be  placed  in  closer  touch 
with  the  Society's  affairs,  more  effectively  aid  in  its  upbuilding,  and  make 
it  of  more  value. 

In  1905,  the  Board  directed  that  inquiries  be  sent  out  to  a  large  number 
of  members  scattered  throughout  the  country  to  ascertain  the  feeling  with 
respect  to  the  establishment  of  Local  Sections.  At  that  time,  there  were  only 
two  Local  Sections,  one  at  Kansas  City,  Mo.,  and  the  other  at  San  Francisco, 
Calif.  The  result  of  this  canvass  was  far  from  unanimous  in  favor  of  Local 
Sections,  and  from  some  localities  there  was  a  decided  expression  of  dis- 
approval. It  is  interesting  to  note  that  the  strongest  objections  came  from 
some  cities  which  now  have  the  strongest  Local  Sections.  The  objections 
were  perhaps  natural  in  those  cities  in  which  local  engineering  or  technical 
societies  were  already  functioning,  and  especially  where  they  included  in 
their  membership  a  larger  number  of  engineers  than  the  local  membership 
of  this  Society.  There  is  enthusiasm  in  numbers  and  more  engineers  would 
rally  about  a  large  and  successful  local  society  than  a  Local  Section  of  a 
National  society  with  fewer  members.  However,  with  the  growth  of  other 
National  societies  came  a  spirit  of  rivalry  and  intensified  interest,  which, 
together  with  the  natural  increase  in  local  membership  and  the  awakening 
desire  on  the  part  of  the  members  to  put  more  service  into  and  get  more 
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benefit  out  of  their  Society,  brought  about  a  change  with  respect  to  Local 
Sections,  making  them  increasingly  popular  until,  at  the  present  time,  there 
are  forty-one,  all  more  or  less  perfectly  functioning.  However,  the  problem 
of  Local  Sections  is  one  of  complexity  and  is  yet  unsolved.  The  Board 
is  desirous  of  finding  some  way  in  which  the  Sections  can  function  more 
effectively  and  with  more  co-ordination  with  the  governing  body  of  the  Parent 
Society,  so  as  to  make  them,  in  a  larger  sense,  the  local  representative 
of  the  Society  and  a  means  of  stimulating  local  interest  in  it  and  in  all 
that  it  represents.  In  the  last  analysis,  this  much  seems  sure — there  must  be 
a  recognition  of  a  mutuality  of  interest,  helpfulness,  and  confidence  between 
the  Sections  and  the  Parent  Society;  unless  there  is  loyalty,  they  both  fail. 
This  is  a  iN^ational  Society,  it  has  cost  much  to  make  it  such;  to  keep  it  such, 
it  will  be  necessary  for  the  Sections  to  take  a  broad  view  of  the  Society's 
aims  and  usefulness  and  their  relation  thereto  and  to  guard  against  an 
undue  emphasis  of  sectional  issues. 

It  is  realized  that  what  has  been  said  here  does  not  answer  the  question 
often  asked:  "What  are  the  purposes  and  possibilities  of  Local  Sections?" 
Naturally,  the  answer  will  depend  largely  on  local  conditions;  but  is  it  not 
fair  to  assume  that  generally  the  purposes  and  possibilities  of  the  Local 
Sections  of  this  Society  may  well  be  similar  to  those  of  a  local  engineering 
society,  and  have,  in  addition,  through  the  bonds  of  a  strong  National  society, 
the  advantages  of  a  close  association  and  co-operation  with  a  nation-wide 
group  of  men  of  like  mind  and  aspirations  ? 

Meetings  of  Board  of  Direction 

The  growth  of  the  Society  and  its  nation-wide  character  have  been  largely 
promoted  by  three  important  policies  adopted  in  recent  years.  These  policies 
are:  The  allowance  of  mileage  to  members  of  the  Board  of  Direction  for 
attendance  at  Board  meetings;  the  holding  of  less  frequent  Board  meetings; 
and  by  holding  Board  meetings  at  intervals  away  from  Society  Headquarters. 

Payment  of  mileage  for  attendance  at  Board  meetings  was  begun  in  1908 
and  resulted  immediately  in  a  larger  attendance.  Previously,  there  were 
repeated  instances  in  which  Directors  did  not  attend  any  of  the  Board 
meetings  during  the  entire  two  or  three-year  terms  of  their  office.  This  con- 
dition of  affairs  applied  not  only  to  the  representatives  of  districts  remote 
from  New  York,  but  was  true  in  lesser  degree  for  many  districts  not  far 
from  Society  Headquarters.  The  mileage  allowed  at  first  did  not  fully  cover 
the  necessary  expenses  incurred  in  attendance  at  Board  meetings,  and  it 
was  later  increased  sufficiently  to  do  so. 

Payment  of  mileage,  however,  was  not  of  itself  sufficient  to  insure  attend- 
ance of  officers  at  Board  meetings.  Prior  to  1916,  there  were  ten  or  more 
regular  Board  meetings  a  year,  each  meeting  generally  lasting  only  one  day. 
Not  many  officers  were  able  to  spare  the  time  for  attendance  at  so  many 
meetings,  especially  if  more  than  a  few  hours'  travel  was  necessary  to  and 
from  Society  Headquarters.  In  1915,  regular  Board  meetings  were  reduced 
to  five  or  six,  lasting  generally  two  days;  more  recently,  a  change  has  been 


1608  ADDRESS    OF    PEESIDENT    CHAllLES    F.    LOWETH 

made  whereby  meetings  are  held  quarterly.  This  materially  reduced  the 
demands  on   the  time   of   officers   and   resulted   in   an   increased   attendance. 

Formerly,  all  Board  meetings  were  held  at  the  Society's  Headquarters 
in  New  York,  'N.  Y.,  except  one  each  year  at  the  Annual  Convention.  Lately, 
the  Board  has  met  two  or  more  times  each  year  at  points  other  than  Society 
Headquarters.  In  1922,  Board  meetings  were  held  at  Dayton,  Ohio,  Ports- 
mouth, N.  H.,  and  San  Francisco,  Calif.  This  year,  meetings  have  been  held  at 
New  Orleans,  La.,  and  in  this  city  (Chicago),  and  one  will  be  held  in  October 
in  Richmond,  Va.  All  these  meetings  have  been  held  immediately  preceding 
the  Conventions  or  general  meetings  of  the  Society  held  at  the  same  places. 
Board  meetings  held  at  widely  scattered  points  and  at  intervals  make  it 
easier  for  members  of  the  Board  to  be  active,  stimulate  the  interest,  not  only 
of  the  officers,  but  of  the  membership  in  the  various  districts  where  such 
meetings  are  held,  and  places  the  Board  in  closer  touch  with  the  needs 
and  activities  of  the  Society. 

Reference  to  the  record  of  poor  attendance  at  Board  meetings  during 
early  years  should  not  be  interpreted,  at  least  for  the  most  part,  as  a  lack 
of  interest  on  the  part  of  the  officers,  but  to  practical  difficulties.  Com- 
paratively few  men  had  such  command  of  their  time  and  were  financially  able 
to  incur  the  expense  of  attending  ten  meetings  a  year,  eight  or  nine  of  which 
were  held  in  New  York.  Under  such  conditions,  quite  naturally,  the  resident 
officers  dominated  the  affairs  of  the  Society,  as,  under  similar  conditions, 
would  the  members  in  Chicago,  111.,  or  San  Francisco,  Calif.,  Washington, 
D.  C,  or  Omaha,  Nebr.  My  observation  has  been,  and  it  is,  I  think,  attested 
by  the  record  of  the  Society's  growth  and  prosperity,  that  during  these 
earlier  years,  in  which  the  burden  of  directing  the  Society's  activities  were 
so  largely  borne  by  the  resident  officers,  that  they  served  the  Society  unsel- 
fishly, loyally,  and  efficiently.  The  Society  owes  a  debt  of  gratitude  to  that 
devoted  body  of  resident  members  who,  through  so  many  years,  were  mainly 
responsible  for  its  management. 

Technical  Divisions 

The  number  of  engineering  societies  is  legion.  It  is  difficult  to  state  the 
exact  number  as  they  merge  by  many  gradations  from  those  organized  more 
or  less  for  social  purposes,  through  the  various  lines  of  technical  activities,  to 
those  having  high  professional  qualifications  for  membership.  It  has  some- 
times been  said  that  if  this,  the  oldest  Engineering  Society,  had  had  a  proper 
vision  it  would  have  become  the  one  all-inclusive  engineering  society  of  this 
country.  It  may  well  be  doubted  whether  this  would  have  been  possible, 
but,  if  so,  it  is  more  doubtful  whether  the  outcome  would  have  been  desirable. 
The  multiplicity  of  engineering  societies  has  been  of  great  value  to  the 
profession  in  stimulating  professional  activity  and  solidarity.  Their  com- 
petition, although  expensive,  has  been  helpful  and  inspiring,  and  certainly 
no  one  organization,  or  even  a  few,  could  have  accomplished  the  work  which 
has  resulted  through  the  eiforts  of  the  many.  Especially  is  this  true  in 
view  of  the  fact  that  many  of  the  smaller  societies,  such  as  the  American 
Railway    Engineering   Association    and   the    American    Society    for    Testing 
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Materials,  are  so  highly  specialized  that  they  cover  their  particular  fields 
of  activity  probably  much  more  efficiently  than  could  be  done  by  a  large 
general  society.  Be  this  as  it  may,  it  would  seem  certain  that  the  time 
has  now  come  when  there  should  be  little  or  no  need  for  founding  new 
societies.  The  recognition  now  given  to  Local  Sections  by  the  several 
National  societies  will  tend  to  check  the  formation  of  new  societies,  and  the 
same  end  will  be  effected  by  the  policy  recently  adopted  by  the  Board  of 
Direction  in  the  provision  for  Technical  Divisions. 

Technical  Divisions  may  be  formed  by  twenty  or  more  members  of  the 
Society  who  may  be  especially  interested  in  some  branch  of  engineering. 
They  are  given  a  large  degree  of  autonomy  in  the  charge  of  their  affairs, 
may  hold  their  own  meetings  in  charge  of  their  own  officers,  and  conduct 
their  own  committee  work.  There  are  now  organized,  and  more  or  less  per- 
fectly functioning,  a  Highway  Engineering  Division,  an  Irrigation  Engineer- 
ing Division,  a  Power  Division  and  a  Sanitary  Engineering  Division.  Other 
Divisions  will  doubtless  be  formed  in  the  near  future.  A  canvass  of  the 
membership  was  recently  taken  for  the  purpose  of  ascertaining  the  wishes  of 
the  members  as  to  additional  Divisions.  The  responses,  although  not  as 
numerous  as  expected,  were  encouraging.  A  Division  of  City  Planning  wovdd 
seem  desirable  and  is  now  being  organized.  City  Planning  has  recently  come 
to  the  fore  as  a  comparatively  new  and  somewhat  neglected  field  for  civil 
engineers.  In  this  connection,  it  is  interesting  to  be  reminded  that,  at  the 
first  regular  meeting  of  this  Society,  on  January  5,  1853,  the  topic  of  the 
evening  was  "The  Relief  of  Broadway,"  and  Mr.  James  Laurie,  the  first 
President,  presented  a  plan  for  the  placing  of  railway  tracks  above  the  level 
of  the  street.  This  matter  was  further  discussed  at  the  next  meeting,  as 
was  also  "Other  Projects,  Including  the  Widening  and  Extending  of  Church 
and  Mercer  Streets."  With  a  record  like  this,  the  members  of  this  Society 
should  not  permit  present-day  problems  of  City  Planning  to  pass  into  the 
hands  of  another  profession,  where  it  woiild  appear  they  do  not  as  properly 
belong. 

The  formation  of  these  Teclinical  Divisions  makes  it  possible  for  small 
groups  of  members  interested  in  particular  subjects  to  get  together  more 
easily  and  function  more  efficiently  than  would  be  possible  by  the  founda- 
tion of  a  new  society  intended  to  cover  only  a  restricted  field. 

Co-operation 

Much  has  been  said  of  late  of  co-operation  of  Engineering  Societies  as 
if  it  was  something  new.  It  is  not  new.  There  has  always  been  a  goodly 
degree  of  co-operation;  however,  the  great  increase  in  the  number  of  such 
societies  and  the  fact  that  many  of  them  are  so  highly  specialized  has  seemed 
to  call  for  an  increased  co-operation  and,  at  the  same  time,  made  it  increas- 
ingly difficult  to  bring  about. 

The  membership  requirements  of  some  societies  stress  most  strongly 
technical  qualifications,  in  fact,  in  some  the  technical  qualifications  are  highly 
specialized  and  are  fully  met  by  manufacturers  and  expert  technicians.  In 
others,  the  outstanding  qualifications  for  membership  are  those  of  professional 
attainments   and,    in   some   of   these,   professional   attainments   of   a   highly 
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specialized  nature.  In  some,  social  or  local  affiliations  are  a  large  factor 
in  membership  qualifications.  It  must  be  obvious,  therefore,  that  under 
such  widely  varying  society  ideals,  co-operation  will  necessarily  be  restricted 
to  those  matters  of  common  interest.  These  may  be  local  or  JTational 
affairs,  may  be  purely  technical  matters,  or  be  those  of  a  professional  char- 
acter; in  each  case,  the  incentive  for  co-operation  will  vary.  The  incentive 
and  opportunity  for  co-operation  depends,  therefore,  in  a  very  large  degree, 
on  a  common  interest,  the  purposes  and  ideals  of  the  several  groups  and 
equally  so  on  an  approximate  equality  of  ability  for  the  furtherance  of 
that  common  interest.  With  such  a  multiplicity  of  Engineering  Societies 
as  now  exist,  co-operative  efforts,  if  unduly  forced,  will  naturally  tend  to 
a  compromise  of  essentials  or  to  the  over-emphasis  of  many  things  of  minor 
importance.  In  such  case,  the  danger  would  be  to  the  societies  of  greatest 
prestige  and  highest  ideals. 

This  Society  has  recently,  and  for  the  third  time,  declined  to  join  with 
certain  others  in  an  all-inclusive  plan  of  engineering  society  co-operative 
work.  There  is  ample  evidence  that  these  decisions  have  been  based  on 
the  plan  of,  and  not  on  the  spirit  of,  co-operation.  Clearly  this  is  so,  for 
the  whole  history  of  the  Society  shows,  time  and  time  again,  a  deeply  rooted 
disposition  to  co-operate  fully  and  freely  whenever  there  has  been  opportunity 
to  do  so  effectively.  At  the  present  time,  there  is  a  very  large  degree  of 
co-operation  between  engineering  organizations  in  technical  matters.  The 
extensive  and  excellent  work  being  done  by  the  Engineering  Standards  Com- 
mittee, which  is  sponsored  by  a  nmnber  of  the  engineering  societies  and 
participated  in  by  many  of  their  members,  is  a  co-operative  effort  of  high 
order;  the  same  is  equally  true  of  the  excellent  work  of  the  Division  of 
Engineering  of  the  National  Research  Council.  Much  other  technical 
activity  is  being  fostered  through  the  joint  agencies  of  various  engineering 
societies.  It  makes  little  difference  whether  this  is  accomplished  through 
temporary  agencies,  such  as  joint  committees,  or  more  permanent  agencies. 
The  American  Society  for  Testing  Materials  and  the  American  Railway 
Engineering  Association  may  be  considered,  in  view  of  the  fact  that  many 
of  their  members  are  also  members  of  other  less  specialized  societies,  as 
co-operative  organizations  by  engineers.  Effective  co-operation  calls  for 
united  effort  and,  equally  so  at  other  times,  that  one  party  shall  refrain 
from  duplicating  the  activities  of  the  other.  The  setting  up  of  Engineering 
Foundation  for  the  furtherance  of  research  in  engineering  and  of  United 
Engineering  Societies  for  the  management  of  the  joint  property  interests  of 
the  four  large  National  societies,  called  by  these  acts  the  Founder  Societies, 
are  other  notable  instances  of  co-operation.  In  other  than  technical  matters, 
co-operation  has  not  progressed  as  far,  although  it  is  far  from  being  negligible. 

In  those  matters  pertaining  to  the  service  of  the  Engineering  Profession 
to  the  country  and  those  pertaining  to  the  general  welfare  of  the  profession, 
there  is  room  at  this  time  for  more  concerted  activity  on  the  part  of  engineer- 
ing organizations.  Considering  these  in  their  broadest  aspects,  it  would  seem 
as  if  it  was  the  especial  obligation,  and  as  well  the  privilege,  of  the  large 
National  societies,  particularly  those  in  which  the  professional  qualifications 
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for  membership  are  the  highest,  and  which  for  these  reasons  have  the  prestige 
and  wealth  of  personnel,  leadership,  and  funds  beyond  those  of  local  or 
specialized  societies,  to  undertake  primarily  and  largely  the  burden  of  repre- 
senting the  Engineering  Profession  at  large.  In  that  case,  therefore,  the 
Founder  Societies  with  other  National  organizations  of  approximately  similar 
standing  and  character  might  profitably  set  up  some  agency  through  which 
they  might  co-operate  as  occasion  requires.  Such  an  agency  might  well 
meet  the  following  requirements:  Its  field  of  activity  should  be  specific. 
It  should  have  definite  responsibility  to  its  sponsors,  yet  with  some  freedom 
of  initiation  and  action.  It  should  be  elastic  enough  to  meet  varying  needs, 
to  act  promptly  in  emergencies,  to  enlist  such  aids  as  might  be  helpful. 
Its  vision  should  be  nation  wide  and  its  organization  such  that  the  influences 
initiating  its  action  should  be  no  less  broad.  Its  chief  function  should  be 
largely  to  bring  about  concerted  action  of  various  organizations  as  their 
mutuality  of  interest  and  influence  might  seem  necessary,  rather  than  to 
attempt  to  speak  for  them,  and  it  should  function  so  as  to  leave  room  for 
expression  of  minority  opinion  or  qualified  approval  where  unanimity  could 
not  be  obtained  except  as  a  result  of  compromise.  It  should  have  no 
incentive  to  be  active  solely  for  the  sake  of  activity.  The  dangers  of  a 
super-organization  should  be  thoroughly  guarded  against  by  tying  it  closely 
to  its  sponsors,  and  it  may  well  be  that  its  organization  could  be  composed 
of  men  serving  automatically  by  virtue  of  their  offices  in  the  sponsoring 
societies.  Such  an  agency,  by  whatever  name  it  may  be  called,  in  addition 
to  being  useful  in  co-operative  efforts,  would  doubtless  in  large  measure 
promote  the  welfare  of  each  of  the  sponsoring  societies.  Surely,  of  all  men, 
engineers  should  be  able  to  construct  an  efficient,  adaptable,  and  enduring 
organization  which  would  foster  the  spirit  of  co-operative  effort,  making 
it  an  agency  through  which  the  Engineering  Profession,  in  those  larger 
matters  in  which  it  is  and  should  be  concerned,  may  be  of  greater  force 
and  effectiveness. 

The  profession  of  engineering  has  certain  obligations  and  responsibilities 
which  its  fellow  members  owe  to  each  other  and  to  the  community  and  the 
State;  these,  in  most  cases,  can  be  best  discharged  by  the  individuals  through 
a  professional  society  such  as  ours.  The  profession  of  Civil  Engineering 
has  certain  rights  and  privileges  which  it  may  properly  claim  from  its 
fellow  members  and  from  the  commimity  and  the  State;  these  too,  in  most 
cases,  can  be  obtained  most  effectively  by  the  individuals  through  a  society 
such  as  this.  This  Society  in  the  past  has  been  interested  in  those  things 
which  have  influenced  the  standing,  the  proficiency,  and  the  welfare  of  the 
engineer.  If  its  growth  and  prosperity  are  to  continue,  and  in  even  greater 
degree,  then  there  must  follow,  especially  in  these  days  of  society  competi- 
tion, a  still  greater  interest  and  activity  by  the  Society  in  all  matters  that 
pertain  to  and  concern  the  welfare  of  the  professional  engineer  and  those 
matters  of  public  concern  in  which  the  engineer  can  aid  in  securing  a  wise 
solution.  The  Society  can  only  accomplish  its  aims  and  purposes  through 
the  efforts  of  its  membership.  The  need,  therefore,  is  for  a  continued  and 
increased  interest  and  loyalty  on  the  part  of  aU  members. 
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JOHN  ANDERSON  BKNSEL,  Past- President,  Am.  Soc.  C.  E. 


Djed  June  19,  1922. 


John  Anderson  Bensel  was  born  in  New  York  City  on  August  16,  186.">, 
He  was  the  son  of  Brownlee  Bensel,  whose  ancestors  came  from  Bruges,  Bel- 
gium. His  mother  was  Mary  Maclay  Hogg,  the  daughter  of  John  Anderson 
Hogg,  a  Scotchman  and  lawyer,  who  was  associated  with  Charles  O'Connor, 
a  leading  member  of  the  New  York  Bar  about  fifty  years  ago.  Mr.  Hogg  was 
considered  by  Mr.  O'Connor  to  be  among  the  most  brilliant  and  promising  of 
his  young  assistants.  Mr.  Hogg's  wife  was  a  Miss  Maclay,  the  daughter  of  a 
prominent  clergyman  of  Scotch  ancestry.  In  this,  Major  Bensel  took  great 
pride,  showing  a  love  for  all  the  old  Scotch  customs  and  holding  the  virtues 
and  sturdy  characteristics  of  his  Scotch  ancestors  in  high  esteem.  Thus,  his 
membership  in  the  St.  Andrew's  Society  was  always  a  source  of  pleasure,  and, 
for  many  years,  he  took  an  active  interest  in  all  its  functions. 

Mr.  Bensel  was  the  eldest  of  eight  children,  and  at  the  age  of  twelve  had 
many  responsibilities  thrust  upon  him  on  account  of  the  death  of  his  father. 
A  sketch  of  his  early  life  is  a  reminder  of  the  wonderful  growth  of  New  York 
City  in  the  past  half  century.  Born  in  24th  Street,  his  family  moved,  when 
he  was  six  years  old,  to  155th  Street  in  the  vicinity  of  Audubon  Park,  which 
was,  at  that  time,  the  country-side  far  beyond  the  city  proper.  From  there,  he 
attended  school  far  dow^i  town,  the  Twelfth  Street  Public  School,  celebrated 
for  having  turned  out  many  notable  men;  later,  he  attended  the  "Friends 
School"  on  East  13th  Street.  This  connection  with  the  Quakers  conveyed 
some  lasting  impressions,  and  he  always  retained  a  great  admiration  for  them, 
their  standards  and  ideals,  the  simplicity  of  their  dress,  and  the  spirituality 
of  their  religious  exercises.  At  about  his  sixteenth  year,  the  family  returned 
to  the  city  proper  and  lived  for  many  years  at  64  East  79th  Street.  The  gap 
caused  by  the  loss  of  his  father  at  an  early  age,  was  fortunately  filled  by  a 
mother  of  unusual  attainments.  A  strict  disciplinarian,  she  brought  her  young 
family  up  in  an  atmosphere  of  the  utmost  simplicity.  Possessed  of  a  cultivated 
mind  and  high  ideals,  and  of  unusually  intimate  knowledge  of  history  and  lit- 
erature, she  was  qualified  to  supply  the  lack  in  the  ordinary  public  school 
curriculum  extant  at  that  time.  Although  this  effort  of  his  mother  to  transmit 
something  of  her  laiowledge  of  the  classics  did  not  outwardly  bear  direct  re- 
sults, the  boy's  mind  running  on  purely  practical  lines,  the  impressions  were 
lasting,  and  showed  in  his  appreciation  of  everything  beautiful.  His  artistic 
sense  and  his  keen  appreciation  of  beautiful  things  were  not  only  evident  in 
his  house  and  its  furnishings,  but  in  every  structure  that  he  had  a  part  in 
designing. 

Mr.  Bensel  was  graduated  from  Stevens  Institute  of  Technology  on  June 
12,  1884,  with  the  degree  of  Mechanical  Engineer.     On  June  21,  1921,  his 

*  Memoir  prepared  by  George  H.  Pegram,  Past-President,  Am.  Soc.  C.  E.,  and  John  P. 
Hogan,  Robert  Ridgway,  Charles  W.  Staniford,  and  William  H.  Yates,  Members,  Am.  Soc. 
C.    E. 
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Alma  Mater  conferred  on  him  the  honorary  degree  of  Doctor  of  Engineering  in 
recognition  of  his  distinguished  engineering  service. 

His  first  work  after  graduation  was  as  Rodman  in  the  Department  of  Public 
Works  of  ISTew  York  City,  where  he  was  engaged  on  contour  and  property  sur- 
veys for  the  proposed  new  Croton  Dam. 

On  October  1,  1884,  Mr.  Bensel  was  appointed  Rodman  in  the  Maintenance 
of  Way  Department,  United  Railroads  of  New  Jersey  Division  of  the  Pennsyl- 
vania Railroad,  and,  in  1886,  he  was  promoted  to  be  Assistant  Engineer.  Dur- 
ing his  connection  with  this  Company,  he  made  surveys  of  its  holdings  in  New 
York  City  and  Jersey  City;  superintended  the  repair  of  various  piers  and 
ferry  racks;  made  plans  and  superintended  the  construction  of  a  new  pier  and 
freight  shed  at  35th  Street,  North  River ;  and  of  the  following  structures :  The 
Williamsburg  Terminal;  the  freight  shed  on  Pier  3,  Jersey  City;  car  houses 
at  Bayonne,  N.  J. ;  ferry  structures  at  Bayonne,  and  at  Port  Richmond,  Staten 
Island;  and  the  steam-power,  counterbalanced,  float  bridge  at  Harsimus  Cove, 
Jersey  City.  He  prepared  a  paper*  for  the  Society  in  1888  describing  this 
float  bridge.  In  September,  1888,  he  was  promoted  to  be  Assistant  Supervisor, 
Division  A,  and  given  charge  of  the  main-line  yards  and  terminals  between 
Jersey  City  and  Newark,  N.  J. 

Mr.  Bensel  resigned  from  the  service  of  the  Pennsylvania  Railroad  in  1889 
to  accept  a  position  as  Assistant  Engineer  in  the  Department  of  Docks,  New 
York  City.  As  Assistant  Engineer  from  1889  to  1896,  he  had  charge  of  works 
of  construction  on  the  North  River,  including  the  Laight  Street  Section  of 
bulkhead  or  river  wall;  Pier  New  29;  the  sections  of  bulkhead  walls  at  Franklin 
Street  and  West  Washington  Market;  Pier  New  23,  and  Piers  New  14  and  15, 
for  the  American  Line,  which  at  the  time  were  the  most  modern  piers  in  the 
city,  with  an  elaborate  double-deck  steel  shed  on  Pier  14.  The  work  at  Pier  14 
embraced  a  difficult  piece  of  rock  removal  to  a  depth  of  40  ft.  below  low  water, 
which  was  successfully  accomplished  under  his  immediate  supervision  by  a 
Department  force.  He  described  this  work  in  a  paper  entitled  "Removal  of 
Rock  40  Ft.  below  Surface  of  Water,  North  River,  N.  Y.",  which  has  been 
published  by  the  Society .f 

In  1896,  he  left  the  Department  of  Docks  to  become  a  member  of  the  firm 
of  Steers  and  Bensel  and,  for  two  years,  conducted  a  large  amount  of  dredging 
and  pier  construction  in  and  about  New  York  Harbor. 

In  1898,  Mr.  Bensel  was  appointed  Engineer-in-Chief  of  the  Department " 
of  Docks,  New  York  City,  serving  eight  years  until  1906,  when  he  was  made 
Commissioner  of  Docks  by  Mayor  George  B.  ]\IcClellan,  serving  two  years, 
until  1908,  when  he  went  to  the  Board  of  Water  Supply  as  President. 

Many  notable  works  and  improvements  were  initiated  or  carried  out  by 
Mr.  Bensel  during  the  time  he  served  as  Engineer-in-Chief  and  Commissioner 
of  the  Department  of  Docks,  among  which  were  the  nine  double-deck  piers  and 
sheds  of  the  Transatlantic  Steamship  Terminal  on  the  North  River,  known 
as  the  "Chelsea  Section;"  the  extensive  group  of  very  long  piers  in  South 
Brooklyn;    the   retaining   wall    enlargement    of   Piker's   and    South   Brother 

*  Transactions,  Am.  Soc.  C.  E.,  Vol.  XIX   (1888),  p.   309. 
^Transactions,  Am.  Soc.  C.   E.,  "Vol.  XXXII   (1894),  p.   231. 
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Islands;  extensive  bulkhead  wall  and  pier  work  on  the  North  and  East  Eivers; 
and  the  construction  of  all  the  municipal  ferries,  consisting  of  four  elaborate 
steel  ferry-houses,  eleven  slips,  and  eight  of  the  largest  ferry-boats  in  New 
York  Harbor. 

During  1905  and  1906,  while  Engineer-in-Chief,  he  acted  as  Consulting 
Engineer  on  an  extensive  bulkhead  wall  project  in  Philadelphia,  Pa.,  for  the 
Girard  Estate,  for  which  his  services  were  sought  on  account  of  his  long  ex- 
perience with  this  difficult  phase  of  construction  in  New  York  City. 

Bulkhead  wall  construction,  particularly  around  Manhattan,  presenting 
many  unusual  problems  in  foundation  work  and  involving,  as  it  did,  the  ex- 
penditure of  comparatively  huge  sums  of  money,  had  long  been  studied  by 
boards  of  engineers  and  had  constantly  given  concern  to  the  engineers  of  the 
Department  of  Docks.  Perhaps  the  study  of  this  great  problem,  to  which 
as  Assistant  Engineer,  and,  later,  in  control,  Mr.  Bensel  gave  the  most  lively 
interest,  and  which  resulted  in  an  adequate  design  at  reduced  cost,  is  a  feature 
which  will  always  link  his  name  with  the  work  of  the  New  York  Dock  De- 
partment. Briefly,  this  16-year  period  of  his  life  was  one  continuous  study  to 
accomplish  something  worth  while  by  leaving  the  beaten  paths,  and  to  do  this, 
he  in  no  way  spared  himself  or  his  own  comfort.  It  has  been  said  that  Mr. 
Bensel  made  more  dock  history  for  the  epoch  during  which  he  was  Engineer- 
in-Chief  and  Commissioner  than  any  other  individual  for  a  similar  period  of 
time.  He  never  believed  in  sacrificing  money  for  a  city  improvement  that  was 
not  in  full  keeping  with  the  standard  New  York  should  have.  He  said,  "no  one 
appreciates  a  poor  structure  or  utility." 

Mr.  Bensel  was  appointed  a  Commissioner  of  the  Board  of  Water  Supply 
by  Mayor  McClellan  on  January  31,  1908,  and,  on  the  same  day,  he  was 
elected  President  of  the  Board  by  the  other  two  Commissioners.  He  served 
in  this  capacity  until  his  resignation  on  December  31,  1910,  assuming  on  the 
following  day  the  office  of  State  Engineer  and  Surveyor  of  New  York.  His 
services  were  characterized  by  his  tremendous  personal  energy,  and  his  admin- 
istrative ability  effectively  advanced  the  work  of  the  Board. 

The  time  during  which  Mr.  Bensel  was  connected  with  the  Board  of  "Water 
Supply  was  a  period  of  great  activity,  not  only  in  the  actual  work  accom- 
plished, but,  also,  in  the  amount  and  number  of  contracts  awarded.  Forty-one 
contracts  representing  a  construction  cost  of  $54  000  000  were  awarded  during 
his  term  of  office,  and  work  to  the  value  of  more  than  $25  000  000  was  done.  As 
the  contract  cost  of  the  first  stage  of  the  Catskill  Water  System  for  the  de- 
livery of  at  least  250  000  000  gal.  per  day  from  the  Esopus  water-shed  was  about 
$100  000  000,  it  is  seen  that  during  these  three  years  contracts  were  awarded 
for  more  than  half  the  work  and  one-quarter  of  it  was  actually  done.  Several 
important  questions  came  up  and  were  settled  during  this  time,  including  the 
difficult  problem  of  carrying  the  Catskill  Aqueduct  across  the  Hudson  River 
at  Storm  King  by  means  of  the  deep  pressure  rock  tunnel,  1 100  ft.  below 
the  water  surface.  Another  problem  related  to  the  type  of  structure  for  the 
aqueduct  traversing  the  several  Boroughs  of  New  York  City.  Through  Man- 
hattan, The  Bronx,  and  a  part  of  Brooklyn,  it  was  decided,  on  the  recom- 
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mendation  of  tlie  Chief  Engineer,  to  use  a  deep,  pressure,  concrete-lined  rock 
tunnel  instead  of  the  delivery  pipes  tentatively  suggested  in  the  original  plan. 

At  the  Democratic  State  Convention  in  the  summer  of  1910,  Mr.  Bensel 
was  a  prominent  candidate  for  Governor  of  New  York  State.  The  Conven- 
tion did  not  select  him  for  this  office,  but  nominated  him  as  the  candidate 
for  State  Engineer  and  Surveyor,  to  which  post  he  was  elected  in  the  fall  of 
1910,  taking  office  on  January  1,  1911.  He  was  re-elected  in  1912,  and 
thus  served  two  terms  of  two  years  each.  During  his  administration,  work 
was  actively  advanced  on  the  Barge  Canal,  the  main  line  of  which  extends 
from  the  Hudson  River'  to  Lake  Erie  and  was  the  most  extensive  public 
work  ever  undertaken  by  the  State  of  JSTew  York.  Although  work  on  this 
improvement  had  been  commenced  under  previous  administrations,  60% 
of  the  total  amount  was  performed  during  his  terms  of  office. 

One  of  Mr.  Bensel's  greatest  achievements  in  connection  with  this  project 
was  the  change  in  plan  which  combined  Locks  Nos.  2  and  3,  of  the  Cayuga- 
Seneca  Canal,  at  Seneca  Falls,  thereby  increasing  about  100%  the  horse- 
power available  there  for  commercial  purposes. 

A  Principal  Assistant  on  his  stall  as  State  Engineer,  writes: 

"One  of  the  things  which  impressed  me  greatly  was  the  courageous  way 
in  which  he  handled  his  engineering  appointments  while  State  Engineer, 
v.'hich,  like  many  other  executive  positions  in  the  State  service,  are  very 
largely  of  a  political  nature,  and  the  pressure  to  appoint  engineers  to  various 
positions  because  of  their  political  affiliations  is  sometimes  quite  manifest. 
Mr.  Bensel's  attitude  in  handling  the  appointments  was  always  very  pleasing 
to  the  members  of  the  profession.  A  man's  standing  as  an  engineer,  his 
qualifications  for  the  particular  position  under  consideration  or  to  be  filled, 
his  term  of  previous  service  and  right  to  promotion  always  came  first  in 
Bensel's  mind,  and  political  consideration  as  secondary.  This  is  best  evi- 
denced by  his  appointment  of  deputy  and  division  engineers,  and  others,  who 
were  promoted  to  appointive  positions  carrying  substantial  salaries.  In  most 
instances,  they  were  men  of  different  political  faith  and  were  entirely  unknown 
to  Mr.  Bensel  previous  to  his  assuming  the  duties  of  State  Engineer  and 
were  appointed  entirely  on  their  past  record  and  qualifications  for  the  posi- 
tions given  them." 

In  1915,  Mr.  Bensel  opened  an  office  in  New  York  City  and,  thereafter, 
until  his  death,  he  was  engaged  as  a  consultant  on  many  public  undertakings, 
including  the  proposed  hydro-electric  municipal  power-house  at  Oswego, 
N.  Y. ;  the  Great  Western  Gateway  Highway  Bridge  over  the  Mohawk  River, 
at  Schenectady,  N.  Y. ;  and  the  proposed  water-front  improvements  for 
Jersey  City,  N.  J. 

In  1919,  he  was  appointed  a  member  of  the  Board  of  Consulting  Engineers 
for  the  Vehicular  Tunnel  under  the  Hudson  River  at  Canal  Street,  New 
York  City,  connecting  the  States  of  New  York  and  New  Jersey,  serving  in 
such  capacity  until  his  death.  The  Chief  Engineer  has  summed  up  Major 
Bensel's  connection  with  this  great  work  in  the  following  manner: 

"As  a  consultant,  I  found  him  always  ready  to  give  me  the  benefit  of 
his  years  of  experience  in  public  work  to  such  an  extent  that  at  times  his 
interest  might   be   said  to  have  been  almost  paternal — an   interest  which  I 
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found  to  be  most  enjoyable  and  helpful.  His  advice  was  particularly  helpful 
when  it  came  to  broad  matters  of  policy  in  regard  to  which  he  had  had  many 
years  of  experience  in  public  life,  and  this  experience  was  a  reservoir  of 
the  greatest  value.  Major  Bensel,  as  a  consultant,  had  a  perfect  understand- 
ing of  the  relationship  which  he  bore  to  me  as  Chief  Engineer,  which  con- 
tributed in  no  small  part  to  the  pleasant  relations  which  we  enjoyed." 

At  the  outbreak  of  the  World  War,  Mr.  Bensel  immediately  offered  his 
sei-vices  to  the  Government  and,  on  May  16,  1917,  he  was  commissioned  a 
Major  in  the  Engineer  Officers  Reserve  Corps.  lie  was  assigned  to  duty  at 
Norfolk,  Ya.,  where  he  remained  until  after  the  close  of  the  war  as  Con- 
sulting Engineer  on  the  port  and  harbor  development  at  that  Base.  He  was 
relieved  from  active  duty  on  January  3,  1919,  after  nearly  two  years'  active 
service,  and  remained  in  the  Reserve  Corps  as  Major  of  Engineers  until  his 
death.  On  October  30,  1919,  he  was  assigned  to  the  command  of  the  125th 
Battalion,  Engineers,  a  Reserve  unit. 

Major  Bensel  died  at  his  summer  home,  at  Bernardsville,  N.  J.,  on  June 
19,  1922. 

He  was  married  on  November  11,  1896,  to  Ella  L.  Day,  the  daughter  of 
Henry  Day  and  Adelaide  Scofield  Day.  Mr.  Day  came  from  New  England, 
while  Mrs.  Day's  people  were  residents  of  New  York  City  for  four  generations. 
Mrs.  Bensel  and  four  children,  Louise  Day,  John  A.  Jr.,  Evelyn  Adelaide,  and 
Henry  Day,  survive  him. 

Few  of  Major  Bensel's  many  friends  really  knew  him,  but  those  who 
enjoyed  this  great  privilege  will  realize  how  difficult  it  is  to  portray  his 
character  clearly.  He  was  known  as  an  able  administrator  and  a  capable 
engineer,  fearless  and  progressive.  Much  of  his  success  came  from  his 
keen  insight  of  human  nature  and  few  possessed  his  ability  to  pass  quick 
judgment  with  accuracy.  Impetuous,  but  always  under  control,  he  was  firm 
in  his  adhesion  to  first  judgments,  but  was  remarkable  in  his  willingness  to 
listen  to  appeal  and  argument.  Subordinates  could  always  be  certain  that 
an  opportunity  would  be  granted  them  to  defend  their  grievances  before 
him,  if  they  desired  to  do  so.  One  of  his  characteristics  was  the  extreme 
openness  with  which  he  dealt  with  superiors  and  subordinates.  Having  a 
high  sense  of  honor  and  high  ideals  regarding  professional  etiquette  and 
public  service,  he  insisted  that  those  who  gave  him  a  professional  opinion 
should  be  qualified  by  education  and  experience  to  do  so,  and  he  expected 
from  those  associated  with  him  the  same  loyal  service  to  a  cause  that  he 
gave  himself.  His  subordinates  were  frequently  surprised  to  learn  of  the 
intimate  knowledge  he  had  of  the  details  of  the  particular  project  that 
might  be  under  discussion,  and  he  expected  them  to  have  at  least  equal 
knowledge  of  such  details  and  to  know  the  reason  for  taking  each  step. 

An  associate  of  many  years'  standing,  writes  of  him : 

"In  all  my  experience,  I  have  never  known  a  man  who  controlled  large 
forces  to  be  held  in  such  high  esteem  by  the  laboring  men  and  mechanics 
under  him.  This  love  and  respect  did  not  always  come  from  those  who 
received  help,  but  often  after  receiving  discipline.  It  was  his  pleasure  to 
use  his  power  to  help  the  unfortunate  to  help  themselves." 
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Another,  friend  states: 

"An  appeal  to  the  heart  of  John  Bensel  always  received  a  generous 
response;  indeed  too  much  of  his  time  was  spent  helping  others.  No  effort 
on  his  part  was  too  great  when  a  friend  needed  aid.  This  characteristic  was 
made  manifest  continuously  until  his  death.  It  mattered  little  what  kind 
of  assistance  was  needed,  he  never  spared  either  his  energy  or  his  purse  to 
assist  a  friend." 

When  informed  of  Major  Bensel's  death  at  its  meeting  of  June  19,  1922, 
the  Board  of  Direction  of  the  Society  passed  the  following  preamble  and 
resolution : 

"The  Board  of  Direction  of  the  American  Society  of  Civil  Engineers 
records  with  deep  regret  the  death  of  John  Anderson  Bensel,  Past-President  of 
the  Society,  who  was  a  member  for  thirty-seven  years,  during  eleven  of  which 
he  served  on  this  Board.  His  death  severed  strong  ties  of  friendship  and 
has  left  us  with  a  deep  and  lasting  sorrow. 

"As  member  of  this  Board  of  Direction,  he  brought  to  its  counsels  qualities 
of  leadership  upon  which  we  were  accustomed  to  rely  and  which  cannot  be 
replaced — a  life-long  study  of  the  problems  of  engineering,  and  an  intuitive 
knowledge  of  men,  a  sound  and  matured  judgment,  founded  upon  natural 
wisdom  and  long  experience.  His  mental  grasp  ignored  all  narrow  con- 
siderations and  reached  out  to  the  larger  view.  His  generous  nature  rejected 
all  selfishness  in  favor  of  the  common  good.  His  courage  was  of  the  quality 
that  never  faltered.  But  perhaps  his  most  striking  characteristic  was  that 
clear  integrity  which  was  not  mere  honesty,  but  an  unerring  instinct  of 
fairness  and  of  right. 

''Resolved:  That  the  Board  of  Direction  of  the  American  Society  of  Civil 
Engineers  give  expression  of  their  heartfelt  and  enduring  sorrow  to  Mrs. 
Bensel  and  to  his  children." 

Major  Bensel  was  a  member  of  the  American  Society  of  Mechanical  Engi- 
neers, the  American  Institute  of  Mining  and  Metallurgical  Engineers,  and 
the  Institution  of  Civil  Engineers  of  Great  Britain.  He  belonged  to  the 
Engineers',  Lawyers',  Union  and  University  Clubs,  of  New  York  City,  the 
Fort  Orange  Club,  of  Albany,  N.  Y.,  the  Nassau  County  (New  York)  Golf 
Club,  and  the  Somerset  Hills  (New  Jersey)  Country  Club.  He  was  a  member 
of  All  Souls  Unitarian  Church  of  New  York  City. 

Major  Bensel  was  elected  a  Junior  of  the  American  Society  of  Civil  Engi- 
neers, on  September  2,  1885,  and  a  Member  on  March  4,  1891.  He  was  a 
Director  from  1899  to  1901,  inclusive,  a  Vice-President  in  1907  and  1908, 
and  was  President  of  the  Society  in  1910.  As  Director,  Vice-President,  Presi- 
dent, and  Past-President,  he  served  on  the  Board  of  Direction  for  eleven 
years.  In  addition  to  the  papers  previously  mentioned,  he  was  the  author  of 
the  following  papers  and  reports  which  were  published  by  the  Society: 
"Observations  on  Dock  "Work  in  New  York  Harbor";*  "Final  Report  of 
the  Special  Committee  to  Investigate  the  Conditions  of  Employment  of,  and 
Compensation  of,  Civil  Engineers"  ;t  "Final  Report  of  the  Special  Committee 
on  Floods  and  Flood  Prevention"  ;X  and  "Address  at  the  42nd  Annual  Conven- 
tion, Chicago,  Illinois,  June  21,  1910."§  ,     ;;   r 

*  Transactions,  Am.   Soc.  C.  E.,  "Vol.  LIV,  Part  F   (1905),  p.  3. 
f  Loc.   Git.,  Vol.   LXXXI    (1917),   p.    1207. 
t  Loc.  cit.,  Vol.  LXXXI    (1917),  p.  1218. 
§  Loc.   cit.,  Vol.   LXX    (1910),  p.  464. 
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110 BERT  MOORE,  Past- President,  Am.  Soc.  C.  E.* 


Died  July  24,  1922. 


Kobert  Moore,  the  son  of  Henry  Clay  and  Amelia  IST.  Whippo  Moore,  was 
born  at  New  Castle,  Pa.,  on  June  19,  1838.  His  great-grandfather.  Dr. 
Henry  Moore,  came  to  the  United  States  from  Dublin,  Ireland,  in  May,  1773, 
and  settled  in  Washington,  Pa.  His  maternal  grandfather  was  Charles  T. 
Whippo,  an  engineer  employed  on  the  construction  of  the  Erie  Canal,  of 
Pennsylvania,  who,  later,  became  Chief  Engineer  of  the  Canal  from  Beaver 
to  Erie,  Pa. 

Mr.  Moore  was  graduated  from  Miami  University,  of  Ohio,  with  the  degree 
of  Bachelor  of  Arts,  on  June  20,  1858,  later,  receiving  the  degree  of  Master  of 
Arts.  His  early  engineering  training  was  obtained  directly  under  his  father, 
who  was  a  prominent  civil  engineer,  engaged  largely  in  the  pioneer  railroad 
development  in  the  Middle  West. 

Mr.  Moore's  early  manhood  covered  the  period  of  the  Civil  War.  In  1863, 
he  was  engaged  as  a  Civilian  Engineer  with  the  Engineer  Corps,  U.  S.  Army, 
on  fortifications  in  Kentucky.  Prom  1864  to  1877,  he  was  engaged  in  the  loca- 
tion and  construction  of  various  railways  in  Ohio,  Indiana,  Illinois,  Missoliri, 
and  Kansas,  lines  which  now  form  part  of  the  trunk-line  systems  of  the 
United  States. 

With  the  adoption  of  a  new  charter  by  the  City  of  St.  Louis,  Mo.,  in  1876, 
the  Board  of  Public  Improvements,  which  has  charge  of  the  engineering  work 
of  the  city,  was  established  in  1877.  Mr.  Moore  was  a  member  of  the  first 
Board,  and  acted  as  Sewer  Commissioner  from  1877  to  1881.  His  confreres 
on  this  Board  were  all  eminent  men  in  the  Engineering  Profession,  namely, 
the  late  Henry  Flad,  Past-President,  Am.  Soc.  C.  E.,  Thomas  J.  Whitman, 
M.  Am.  Soc.  C.  E.,  Gen.  John  W.  Turner,  and  Mr.  Charles  Pfeiffer.  The 
capable  and  efficient  handling  of  public  affairs  by  this  Board  gave  the  Profes- 
sion a  standing  and  prestige  in  St.  Louis  that  has  remained  a  factor  in  the 
government  of  the  city  to  the  present  day. 

Early  in  his  professional  career,  Mr.  Moore  perceived  the  disadvantage 
under  which  a  man  labors,  who  becomes  a  one-company  engineer,  and,  thence- 
forth, he  devoted  himself  to  consulting  practice.  The  spirit  of  independence 
which  this  illustrates,  was  one  of  his  most  marked  characteristics.  Accord- 
ingly, from  1881  until  his  retirement  from  active  practice  in  1920,  his  engage- 
ments were  very  largely  as  a  Consulting  Engineer.  During  that  time,  he  was 
connected  with  some  of  the  most  important  construction  projects  and  difficult 
problems  of  those  years :  He  was  in  charge  of  the  re-construction  of  the  rail- 
way floor  system  of  the  Eads  Bridge ;  Consulting  Engineer  of  the  St.  Paul  and 
Duluth  Railway;  Chief  Engineer  of  the  St.  Louis  Merchants  Bridge  Terminal 
Railway;  and  Consulting  Engineer  for  the  Re-organization  Connnittees  of  the 
St.  Louis  Southwestern  Railway,  the  Rio  Grande  Western  Railway,  and  the 
Santa  Fe  System.    He  was  Chief  Engineer  of  the  St.  Louis,  Peoria,  and 

*  Memoir  prepared  by  the  following  Committee  appointed  by  the  Board  of  Direction  : 
Messrs.  Baxter  L.  Brown,  Chairtnan,  F.  G.  Jonah,  and  W.  E.  Rolfe,  Members,  Am.  Soc.  C.  E. 
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Northern  Eailway,  a  line  extending  from  St.  Louis  to  Peoria,  111.,  from  1894 
to  1898;  and,  during  this  time,  he  also  represented  the  Los  Angeles  Terminal 
Railway  in  the  San  Pedro-Santa  Monica  Harbor  controversy.  He  was  also 
Chief  Engineer  of  the  Wabash,  Chester,  and  Western  Kailway,  and  the  Missouri 
Extension  of  the  Missouri  and  Illinois  Eailway.  Mr.  Moore  was  a  member  of 
the  Brazos  Eiver  Board  in  1897,  and  a  member  of  the  Southwest  Pass  Board 
in  1899  and  1900.  He  also  acted  as  a  Special  Consulting  Engineer  on  the 
Missouri  and  Mississippi  Eiver  Bridges,  for  the  Chicago,  Burlington,  and 
Quincy  Eailway,  from  1900  to  1920. 

In  addition  to  his  professional  work  during  these  years,  Mr.  Moore  found 
time  to  take  a  most  active  part  in  the  educational  affairs  of  the  City  of 
St.  Louis.  He  became  a  member  of  the  Board  of  Education  in  1897,  at  a  time 
when  the  public  had  been  aroused  with  respect  to  the  evils  existent  in  the 
public  school  system,  and  served  as  a  member  of  what  was  then  designated  as 
the  Eeform  Board,  composed  of  twelve  members,  which  took  the  place  of  the 
old  system  of  ward  representation.  At  that  time,  Mr.  Moore  had  already 
reached  an  age  when  most  men,  although  conscious  of  civic  duty,  feel  entitled 
to  be  relieved  from  such  demands  on  their  time;  however,  he  not  only  acted 
through  his  original  term  of  election,  but  through  successive  terms,  con- 
tinuously, for  sixteen  years.  He  was  President  of  the  Board  of  Education  in 
1906  and,  again,  in  1910,  and  during  practically  the  whole  period  of  his  service 
with  the  Board,  when  not  holding  the  office  of  President,  he  was  at  the  head  of 
one  of  its  important  Standing  Committees. 

It  was  the  time  of  the  greatest  improvement  and  development  of  the  public 
school  system  in  St.  Louis,  when  it  was  brought  from  an  exceedingly  low  ebb 
of  inefficiency  to  a  high  tide  of  successful  administration,  taking  its  place 
easily  as  the  best  in  the  United  States  and  the  model  for  the  work  of  other 
cities.  It  is  not  too  much  to  say  that  this  attainment  was  largely  the  result  of 
Mr.  Moore's  quiet  courage  and  intelligent  labors. 

Mr.  Moore  took  a  most  active  part  in  the  ethical  movement  in  St.  Louis. 
He  became  Chairman  of  the  Ethical  Society  in  1891,  and,  thereafter,  until 
disabled  by  ill  health,  he  remained  as  its  active  civic  representative  and  its 
guiding  spirit  as  Chairman  Emeritus  until  his  death.  He  worked  for  his 
creed  with  an  unselfishness,  a  devotion,  and  a  persistency  worthy  of  the  best 
traditions  of  his  Puritan  ancestors. 

Mr.  Moore's  most  marked  characteristic  was  perfect  mental  integrity.  He 
deceived  no  man,  and,  better  still,  he  did  not  deceive  himself.  He  cared 
nothing  for  praise  or  blame  from  the  public,  if  he  thought  he  was  right.  He 
had  no  ambition  for  himself.  He  was  quiet,  dignified,  and  reserved,  a  man  of 
few  words,  with  a  marked  sense  of  fairness  and  justice.  This  trait  was  so 
generally  recognized  that  in  all  the  work  coming  under  his  charge,  covering  a 
period  of  a  great  many  years,  he  never  had  any  disputes  to  litigate.  His  letters, 
papers,  and  addresses  were  models  of  clear  thinking  and  concise  diction. 

During  his  long  and  active  career,  he  was  associated  with,  and  had  in  his 
employ,  many  young  men  entering  the  Profession,  whose  success  is  due  in  a 
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large  measure  to  the  inspiration  of  his  example,  and  whose  association  with 
him  will  always  remain  among  their  most  cherished  recollections. 

Mr.  Moore  was  married  on  October  3,  1878,  to  Alice  Filley,  of  St.  Louis, 
who,  with  a  son,  Charles  Whippo  Moore,  survives  him. 

He  was  a  Member  of  the  Institution  of  Civil  Engineers  of  Great  Britain 
and  one  of  the  early  members  and  a  Past-President  of  the  Engineers'  Club  of 
St.  Louis. 

Mr.  Moore  was  elected  a  Member  of  the  American  Society  of  Civil  Engi- 
neers on  April  5,  1876.  He  served  as  a  Director  of  the  Society  from  1892  to 
1893,  as  Vice-President  in  1888,  and  from  1889  to  1900,  and  as  President  in 
1902. 

"They  cannot  die  whose  lives  are  part 
Of  that  great  life  which  is  to  be. 
Whose  hearts  beat  with  the  world's  great  heart. 
And  throb  with  its  high  destiny. 

"Then  mourn  not  those  who,  dying,  gave 
A  gift  of  greater  life  to  man ; 
'  Death  stands  abashed  before  the  brave; 

They  own  a  life  he  may  not  ban." 
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SIR  DOUGLAS  FOX,  Hon.  M.  Am.  Soc.  C.  E.* 


Died  November  13,  1921. 


Sir  Douglas  Fox  was  born  at  Smethwick,  Birmingham,  England,  on  May 
14,  1840,  and  was  the  son  of  the  late  Sir  Charles  Fox  and  Lady  Mary  (Brook- 
house)  Fox.  His  father.  Sir  Charles  Fox,  was  a  pupil  of  and,  subsequently. 
Assistant  Engineer  under,  Robert  Stephenson.  He  designed  and  erected  the 
First  International  Exhibition  of  1851  in  Hyde  Park,  for  which  he  was 
knighted,  and,  subsequently,  for  many  years  practiced  as  a  Civil  Engineer  in 
Westminster,  London. 

Sir  Douglas  Fox  was  educated  at  Cholmondeley  School,  Highgate,  King's 
College  School,  and  King's  College,  London,  of  which  he  was  a  Fellow. 

In  1860,  he  and  his  brother,  Sir  Francis  Fox,  joined  their  father  in  his 
business,  the  firm  practicing  as  Sir  Charles  Fox  and  Sons.  On  the  death  of 
Sir  Charles  Fox,  the  name  of  the  firm  was  changed  to  Sir  Douglas  Fox  and 
Partners,  and  the  firm,  now  located  in  London,  has  since  continued  to  act  pro- 
fessionally, both  at  home  and  abroad,  as  Engineers  in  Chief  and  Consulting 
Engineers  to  many  important  undertakings,  among  the  earliest  of  which  was 
the  construction  of  the  approaches  of  the  London,  Chatham,  and  Dover  and 
the  London,  Brighton,  and  South  Coast  Railways  to  London. 

In  conjunction  with  the  late  Sir  James  Brunlees,  the  firm  was  associated 
with  the  constructional  designs  of  the  Mersey  Tunnel  between  Liverpool  and 
Birkenhead,  for  which  work  Sir  Douglas  Fox  was  knighted. 

The  firm  was  professionally  connected  with  the  constructional  designs  of 
the  Swing  Bridge,  over  the  River  Dee,  on  the  Chester  and  Connah's  Quay 
Railway  at  Ha  warden,  Cheshire;  the  Liverpool,  St.  Helens,  and  South  Lan- 
cashire Railway ;  the  Liverpool,  Southport,  and  Preston  Railway ;  the  Liverpool 
Overhead  Electric  Railway  which  was  the  first  electrified  railway  in  England; 
the  Snowdon  Mountain  Railway;  the  Cardiff  Railway,  for  the  Marquis  of 
Bute;  the  Neath,  Pontardawe,  and  Brynamman  Railway,  and  the  Southern 
Extension  (Rugby  to  London)  including  the  Marylebone  Terminus,  of  the 
Great  Central  Railway. 

With  the  late  W.  R.  Galbraith,  the  firm  acted  as  Engineers  in  the  construc- 
tion of  the  Charing  Cross,  Euston,  and  Hampstead  Tube  Electric  Railway, 
which  was  opened  in  1907.  The  firm  also  acted  as  the  Engineers  during  the 
construction  of  the  Great  Northern  and  City  Tube  Electric  Railway,  from 
Finsbury  Park  to  Moorgate  Street,  which  was  opened  in  1904,  and  its  members 
are  Consulting  Engineers  to  the  Channel  Tunnel  Company,  in  connection  with 
the  proposal  to  construct  a  tunnel  between  England  and  France. 

During  the  World  War,  the  firm  was  associated  with  the  design  and  con- 
struction of  docks   and   slipways  for  Lord  Furness,   at  Middlesbrough,   the 
Explosives  Factory  for  the  Admiralty  at  Holton  Heath,  Dorset,  and  the  Explo- 
sives Factory  for  Nobel's  Explosives  Company  at  Pembrey,  South  Wales. 
•  Memoir  prepared  by  Sir  Douglas  Fox  and  Partners,  London,  England. 
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Sir  Douglas  Fox  and  Partners  are  engaged  also  as  Engineers  for  important 
hydro-electric  works  in  North  Wales,  for  the  Aluminum  Corporation,  Limited, 
and  Joint  Consulting  Engineers,  with  Messrs.  Livesey,  Son  and  Henderson,  to 
the  Central  Argentine  Railway  Company.  With  Sir  Charles  Metcalfe,  the  firm 
is  acting  as  Joint  Consulting  Engineers  to  the  Shire  Highlands  (Nyasaland) 
Railway  Company,  the  Rhodesia,  Mashonaland,  and  Beira  Railway  Company 
(Cape  to  Cairo),  the  Benguella  Railway  Company,  the  Trans-Zambesia  Rail- 
way Company,  and  to  the  British  South  Africa  Chartered  Company. 

With  the  late  Sir  George  Bruce  and  Mr.  Robert  White,  the  firm  of  Sir 
Douglas  Fox  and  Partners  was  for  many  years  Joint  Consulting  Engineers 
to  the  South  Indian  Railway  Company,  and  is  acting  as  Consulting  Engineers 
to  the  Southern  San  Paulo  Railway  Company  and  the  Dorada  (United  States 
of  Colombia)  Railway  Company.  The  firm  was  responsible  for  the  design  of 
the  steel  bridge  over  the  Zambesi  River,  at  the  Victoria  Falls,  in  Rhodesia. 

Sir  Douglas  Fox  was  constantly  engaged  as  an  expert  engineering  witness  in 
the  Parliamentary  Committee  Rooms  at  Westminster,  and  in  connection  with 
the  promotion  and  opposition  to  bills  for  the  construction  of  railways,  harbors, 
etc.,  and  the  London  tube  railways. 

He  was  interested  in  many  companies.  He  served  as  Chairman  of  the 
British  Griffin  Chilled  Iron  and  Steel  Company,  Limited,  Barrow-in-Furness, 
the  Improved  Industrial  Dwellings  Company,  Limited,  Northfleet  Coal  and 
Ballast  Company,  Limited,  Venezuela  Telephone  and  Electrical  Appliances 
Company,  Limited,  and  The  Thurrock  Chalk  and  Whiting  Company,  Limited. 
He  was  a  Director  of  the  British  South  African  Explosives  Company,  Limited, 
City  of  Las  Palmas  Water  Company,  Limited,  Haematite  Ore  Concentrates, 
Limited,  Pondicheri  Railway  Company,  Limited,  South  Indian  Railway  Com- 
pany, Limited,  and  United  Electric  Tramways  Company  of  Caracas,  Limited. 

In  1921,  he  was  presented  with  a  testimonial  by  the  Shareholders  of  the 
Northfleet  Coal  and  Ballast  Company,  Limited,  in  recognition  of  his  fifty  years 
of  service  as  Chairman,  during  which  period  he  never  missed  an  Annual  Gen- 
eral Meeting. 

He  was  President  of  the  Institution  of  Civil  Engineers  from  1899  to  1900 
and,  for  many  years,  was  an  active  member  of  its  Engineering  Standardization 
Committee.  He  was  also  a  member  of  the  Institution  of  Mining  Engineers 
and  the  Institution  of  Electrical  Engineers. 

On  May  26,  1863,  he  was  married  to  Miss  Mary  Wright,  daughter  of  the 
late  Francis  Beresford  Wright,  Esq.,  of  Osmastou  Manor,  Derby.  He  is  sur- 
vived by  five  children,  a  son,  Francis  Douglas  Fox,  and  four  daughters.  He 
was  deeply  interested  in  all  Christian  and  philanthropic  work. 

Sir  Douglas  Fox  was  elected  a  Corresponding  Member  of  the  American 
Society  of  Civil  Engineers  on  June  7,  1871,  and  an  Honorary  Member  on 
March  5,  1901. 
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WILLIAM  HASELL  WILSON,  Hon.  M.  Am.  Soc.  C.  E.* 

Died.  August  17,  1902. 


William  Hasell  Wilson,  the  son  of  John  and  Eliza  (Gibbes)  Wilson,  was 
bora  at  Charleston,  S.  C,  on  November  5,  1811.  His  grandfather  was  an 
Engineer  and  served  as  a  British  officer  during  the  Revolutionary  War.  His 
father  was  also  an  Engineer  and  Surveyor,  and  served  the  United  States  as  an 
Engineer  Officer  during  the  War  of  1812.  It  is  interesting  to  note  that  Mr. 
Wilson's  grandfather  planned  the  British  attack  on  Charleston,  S.  C,  and 
Savannah,  Ga.,  dviring  the  Revolutionary  War,  and  his  father  planned  the 
American  defense  of  those  cities  in  the  War  of  1812. 

Mr.  Wilson  received  his  education  at  Charleston,  S.  C,  MorristowB,  N.  J., 
and  Philadelphia,  Pa.,  where  he  entered  the  High  School  of  the  Eranklin  In- 
stitute. In  June,  1827,  he  joined  an  Engineer  Corps  which  his  father  had 
organized  under  the  direction  of  the  State  of  Pennsylvania,  for  canal  and 
railroad  surveys  through  Chester  and  Lancaster  Counties.  When  this  work 
was  completed,  he  continued  his  studies,  concentrating  on  drawing  and 
mathematics. 

In  March,  1828,  Mr.  Wilson  was  employed  as  Rodman  with  a  corps  of 
engineers  engaged  in  locating  the  Philadelphia  and  Columbia  Railroad.  In 
1829,  he  became  Assistant  Engineer  in  charge  of  the  construction  of  twenty 
miles  of  road  in  the  Eastern  Section,  and  held  that  position  until  April,  1831, 
when  he  was  promoted  to  that  of  Principal  Assistant  Engineer  in  charge  of 
construction  of  the  entire  Eastern  Section,  consisting  of  forty  miles.  The 
road  was  completed  in  October,  1834,  and  for  a  few  years  following,  he  was 
engaged  in  engineering  work  of  a  varied  character. 

In  August,  1838,  Mr.  Wilson  was  appointed  by  the  State  of  Pennsylvania 
as  Chief  Engineer  of  the  Gettysburg  Extension  which  was  designed  to  con- 
nect the  Philadelphia  and  Colimibia  Railroad  with  the  Baltimore  and  Ohio 
Railroad.  On  the  discontinuance  of  this  work,  in  1839,  he  returned  to  Phila- 
delphia, and  in  February  of  that  year  he  attended  a  meeting  at  Baltimore, 
Md.,  composed  of  engineers  interested  in  organizing  an  engineering  society. 
Plans  were  discussed,  but  it  was  finally  decided  that  conditions  were  not 
then  favorable  for  the  success  of  the  project,  and  the  matter  was  dropped. 

In  1839,  Mr.  Wilson  was  employed  in  making  surveys  for  a  proposed  line 
from  Downingtown  to  Reading,  Pa.,  and  also  as  Principal  Assistant  Engineer 
for  the  Philadelphia  and  Reading  Railroad  Com-pany  in  the  final  location 
and  construction  of  the  Second  Division  of  its  road  from  near  Pottstown  to 
Bridgeport,  Pa.  The  construction  of  the  Black  Rock  Tunnel  at  Phoenixville, 
Pa.,  the  entire  length  of  which  was  excavated  through  solid  rock,  is  a  note- 
worthy part  of  this  work.  By  the  light  of  lanterns  and  candles,  Mr.  Wilson 
gave  the  instrumental  work  on  this  tunnel  his  personal  attention.  The  excava- 
tion was  made  from  both  ends  of  the  tunnel  and  through  five  shafts  located  at 

*  Memoir  compiled  from  information  furnished  by  Henry  W.  Wilson,  M.  Am.  Soc.  C.  E., 
and  on  file  at  the  Headquarters  of  the  Society. 
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its  edge,  and  when  it  was  finished,  the  variation  in  alignment  and  grade  did 
not  exceed  more  than  0.01  ft.  The  fact  that  this  work  was  undertaken  sixty 
years  ago,  at  a  time  when  there  was  a  dearth  of  geological  data  and  construction 
tools,  makes  its  successful  completion  very  remarkable  and  worthy  of  note. 

Owing  to  depressed  business  conditions,  Mr.  Wilson  became  engaged  in 
farming  and  pursued  this  work  with  much  zeal  and  interest  from  1841  to 
1852.  Returning  to  the  practice  of  his  profession,  he  made  surveys,  during 
the  summers  of  1852  and  1853,  for  the  Pennsylvania  Railroad  Company,  and 
located  a  line  from  Philadelphia,  via  Phcenixville  and  the  French  Creek  and 
Conestoga  Valleys,  to  a  point  on  the  Harrisburg  and  Lancaster  Railroad, 
about  eight  miles  west  of  Lancaster,  Pa. 

-  In  1854  and  1855,  Mr.  Wilson  served  as  Chief  Engineer  of  the  West  Chester 
and  Philadelphia  Railroad  Company.  In  January,  1856,  he  entered  the  service 
of  the  Pennsylvania  Railroad  Company,  and  made  a  survey  for  a  railroad 
between  the  Delaware  and  Schuylkill  Rivers  through  the  southern  part  of 
Philadelphia.  He  also  investigated  railroad  matters  in  Ohio,  Indiana,  and 
Illinois,  in  the  interest  of  the  Company. 

In  August,  1857,  he  was  appointed  as  Resident  Engineer  of  the  Phila- 
delphia and  Columbia  Railroad,  which  had  been  purchased  by  the  Pennsyl- 
vania Railroad  Company.  He  reconstructed  a  large  part  of  this  road,  making- 
many  changes,  among  which  was  the  relaying  of  6  350  ft.  of  south  track  west 
of  Dillerville,  Pa.,  with  entirely  new  rail,  the  last  of  the  edge-rail  track  laid 
in  1834. 

Mr.  Wilson's  jurisdiction  as  Resident  Engineer  was  gradually  extended, 
first  to  Mifilin,  Pa.,  and  by  January,  1859,  it  included  the  entire  line  and 
branches  between  Philadelphia  and  Pittsburgh,  Pa.,  with  headquarters  at 
Altoona,  Pa.  In  1862,  his  title  was  changed  to  that  of  Chief  Engineer,  and 
he  was  assisted  by  an  Engineer  of  Bridges  and  Buildings  and  a  Resident 
Engineer,  on  each  of  the  Philadelphia,  Middle,  and  Pittsburgh  Divisions. 

During  the  Civil  War,  Mr.  Wilson  was  engaged  in  frequent  consultation 
with  the  State  and  Federal  civil  and  military  authorities,  to  whom  he  gave  able 
assistance  on  railroad  matters  of  vital  importance.  The  road  being  of  strategic 
value,  his  was  a  position  of  great  responsibility  at  this  time. 

In  January,  1868,  following  a  re-organization  of  his  Department,  which 
was  necessitated  by  increased  pressure  of  work,  Mr.  Wilson  was  made  Chief 
Engineer  of  Construction,  with  headquarters  at  Philadelphia,  where  he  was 
occupied  in  improving  the  various  facilities  of  the  Company,  to  provide  for 
its  growing  business. 

In  November,  1873,  he  was  elected  President  of  the  Philadelphia  and 
Erie  Railroad  Company,  at  the  same  time  continuing  to  act  as  Consulting 
Engineer  of  the  Pennsylvania  Railroad  Company.  In  1874,  having  been 
placed  in  charge  of  the  Real  Estate  Department  of  the  Pennsylvania  Rail- 
road Company,  Mr.  Wilson  resigned  his  position  as  President  of  the  Phila- 
delphia and  Erie  Railroad  Company.  He  was  engaged  in  arranging  and 
systematizing  the  work  of  that  Department  until  his  resignation  in  March, 
1884,  when  he  was  again  elected  President  of  the  Philadelphia  and  Erie,  the 


MEMOIR  OF  WILLIAM  HASELL  WILSON"  1G25 

Belvidere-Delaware,  the  Philadelphia  and  Trenton,  and  other  railroad  com- 
panies controlled  by  the  Pennsylvania  Company. 

In  1894,  Mr.  Wilson  resigned  all  these  positions  except  that  of  the  Presi- 
dency of  the  Belvidere-Delaware  Railroad  and  its  subsidiary  companies, 
which  position  he  held  until  his  death  on  August  17,  1902. 

He  was  married  on  April  2G,  1836,  to  Jane  Miller,  of  Delaware  County, 
Pennsylvania,  who  died  on  May  11,  1898.     He  is  survived  by  five  children. 

It  has  been  said  of  him  that  "always  kind,  charitable,  and  loving — a  splendid 
type  of  the  Christian  man  of  science — his  death,  like  his  life,  was  beautiful, 
*  *  *.  His  work  from  the  Delaware  to  the  Ohio  has  left  a  lasting  impres- 
sion on  the  Commonwealth,  and  will  remain  as  a  monument  to  his  abilities". 

Mr.  Wilson  was  elected  an  Honoraiy  Member  of  the  American  Society  of 
Civil  Engineers  on  August  2,  1892.  He  was  also  an  Honorary  Member  of 
the  Engineers'  Club  of  Philadelphia. 
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DECATUR  AXTELL,  M.  Am.  Soc.  C.  E.* 


Died  November  27,  1922. 


Decatur  Axtell,  the'  son  of  Almon  and  Sophronia  (Boynton)  Axtell,  was 
born  at  Elyria,  Ohio,  on  February  8,  1848.  He  was  descended  from  a  near 
relative  of  Daniel  Axtell  who  was  styled  one  of  the  twelve  "Regicides",  who 
condemned  Charles  I  to  death,  ten  of  whom,  including  Daniel  Axtell,  were 
hung  at  Tyburn.  Daniel  Axtell  was  a  Colonel  in  the  Army  of  Oliver  Crom- 
well and  an  intimate  friend  of  Cromwell  and  his  family.  The  Axtells,  from 
whom  Decatur  Axtell  was  descended,  were  loyal  to  the  Crown,  and  pronounced 
Daniel  Axtell  a  fanatic;  but  the  ignominy  of  Tyburn,  and  the  disfavor  of  the 
name  thereafter,  drove  one  of  the  Royalist  Axtells  to  join  the  "Pilgrim 
Fathers",  which  accounts  for  the  Massachusetts  ancestry  of  Decatur  Axtell. 
His  mother,  through  the  Delanos,  on  her  mother's  side,  traced  her  lineage  to 
Philip  de  la  Noix  of  France. 

Mr.  Axtell  received  his  earlj'  education  in  Ohio,  and  during  1866  and  1867, 
was  a  student  at  Hlinois  College. 

He  began  his  railroad  career  on  March  16,  1864,  when  he  was  engaged  as 
Rodman  on  the  Pacific  Railroad  of  Missouri.  In  1865,  he  was  promoted  to  be 
Assistant  Engineer  of  Construction  on  a  division  of  the  line  south  of  Leaven- 
worth, Kans. 

After  a  year  at  Illinois  College,  Mr.  Axtell  became  Engineer  of  Construc- 
tion, Tunnel  Division,  of  the  St.  Louis  and  Iron  Mountain  Railway,  and  held 
this  position  from  October,  1867,  to  August,  1869.  From  the  latter  date 
until  January,  1872,  he  served  as  Assistant  Engineer  of  the  same  road  and 
also  of  the  Cairo  and  Fulton  Railroad. 

In  January,  1872,  he  became  Assistant  Engineer  of  the  St.  Louis,  Iron 
Mountain  and  Southern  Railway  and  Chief  Engineer  of  the  Cairo,  Arkansas 
and  Texas  Railroad,  and  held  these  positions  until  January,  1875.  For  a  period 
of  five  years,  until  July,  1880,  he  served  as  Assistant  Engineer  and  Division 
Superintendent  of  the  St.  Louis,  Iron  Mountain  and  Southern  Railway. 

In  July,  1880,  Mr.  Axtell  was  appointed  General  Manager  of  the  Richmond 
and  Allegheny  Railroad,  which  was  then  being  constructed,  and  remained  in 
that  position  until  April,  1882,  when  he  was  appointed  Yice-President  and 
General  Manager.  He  served  in  this  capacity  until  June,  1883,  when  the 
Company  was  declared  insolvent  and  he  was  appointed  Receiver  and  Man- 
ager. At  the  end  of  his  Receivership,  in  1889,  he  was  elected  Second  Vice- 
President  of  the  Chesapeake  and  Ohio  Railway,  which  Company  had  acquired 
the  Richmond  and  Allegheny  Railroad. 

Mr.  Axtell  then  began  the  task  of  rehabilitating  the  property  of  the  Chesa- 
peake and  Ohio  Railway  Company.  In  February,  1900,  he  was  appointed 
Vice-President,  holding  this  position  until  February,  1918,  when  he  retired. 
He  was  so  closely  connected  with  the  work  of  the  Chesapeake  and  Ohio  Rail- 
•  Memoir  prepared  by  James  Poyntz  Nelson,  M.  Am.  Soc.  C.  E. 
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way  Company  that  almost  every  part  of  the  System  bespeaks  his  prescience, 
ability,  and  professional  masterliness. 

He  was  also  prominently  connected  with  other  railroads.  From  1899  to 
1903  he  was  President  of  the  Toledo  and  Ohio  Central  Railway  and  Vice- 
President  of  the  Kanawha  and  Michigan  Eailway.  From  1903  to  April,  1909, 
he  was  Chairman  of  the  Board  of  Directors  of  the  Toledo  and  Ohio  Central 
Railway,  and  from  1908  to  1910  served  in  the  same  capacity  with  the  Kanawha 
and  Michigan  Railway.  In  April,  1910,  he  became  Vice-President  of  the 
Hocking  Valley  Railway,  his  services  as  such  terminating  when  he  retired  as 
Vice-President  of  the  Chesapeake  and  Ohio  Railway. 

Mr.  Axtell  died  suddenly  on  November  27,  1922,  at  his  home  in  Rich- 
mond, Va.  He  was  married  to  Miss  Ellen  May  Cantrell,  a  daughter  of  Dr. 
William  A.  Cantrell,  of  Little  Rock,  Ark.,  who  survives  him. 

Mr.  Axtell  was  known  as  a  reticent  man.  He  was  called  ''the  silent  mem- 
ber of  the  Board  of  Directors."  In  business  affairs,  he  moved  with  caution, 
realizing  his  responsibility,  for  on  his  judgment  frequently  rested  the  success 
of  vast  undertakings  and  the  expenditure  of  large  sums  of  money.  There- 
fore, his  advice  had  great  weight  with  those  who  trusted  him  with  the  man- 
agement of  their  affairs.  He  reasoned  with  meticulous  exactness  and  was 
always  ready  to  defend  his  conclusions,  as  well  as  to  listen  politely  to  the 
opinions  of  his  opponents. 

He  was  an  engineer  who  thought  in  the  finest  categories  of  that  profes- 
sion and  his  methods  bespoke  his  engineering  training.  He  was  also  an  able 
executive,  with  capacity  for  directing  large  enterprises ;  but,  more  than  this,  he 
was  a  gentleman  who  never  failed  in  perfect  courtesy,  even  under  the  most 
trying  circumstances,  a  man  who  with  utter  directness  ever  gave  the  best 
that  was  in  him  and  who,  by  a  gentleness  and  courtesy  all  too  rare,  and  with 
fine  intelligence,  made  the  obeyance  of  his  orders  a  pleasure  to  those  under  him. 

He  was  President  of  the  Virginia  Hot  Springs  Company  from  1891  to 
1911,  and  of  the  White  Sulphur  Springs  Company  from  1911  to  1918.  He 
was  also  a  member  of  the  Virginia  Historical  Society,  the  South  Carolina  His- 
torical Society,  the  Society  of  Mayflower  Descendants,  and  the  Society  of 
Colonial  Wars. 

Mr.  Axtell  was  elected  a  Member  of  the  American  Society  of  Civil  Engi- 
neers on  March  3,  1886. 
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ARCHIBALD  STUART  BALDWIN,  M.  Am.  Soc.  C.  E.* 


Died  June  26,  1922. 


Archibald  Stuart  Baldwin  was  born  at  Winchester,  Ya.,  on  September  28, 
1861,  a  son  of  Dr.  Robert  F.  and  Caroline  (Barton)  Baldwin.  His  family 
originated  in  Bucks  County,  England.  The  first  Baldwin  settlers  in  the 
United  States  came  to  New  England  in  1632  and  were  all  kindred.  His 
American  progenitor  was  John  Baldwin,  who  came  to  Milford,  Conn.,  with  the 
"New  Haven  Company".  Among  this  family,  Henry  Baldwin  was  Judge  of 
the  Supreme  Court  of  the  United  States,  Mathias  Baldwin  established  the 
famous  locomotive  works  that  bear  his  name,  and  others  have  been  governors 
of  States,  members  of  Congress,  generals  of  armies,  divines,  and  authors. 

Dr.  Robert  F.  Baldwin,  Mr.  Baldwin's  father,  was  a  prominent  practicing 
physician  in  Winchester  until  1861,  when  he  became  Colonel  of  the  31st 
Virginia  Regiment  attached  to  "Stonewall"  Jackson's  Brigade.  He  was 
captured  at  the  Battle  of  Rommey  in  1862  and  was  confined  as  a  prisoner  of 
war  in  Fort  Chase.  After  his  exchange,  he  served  as  a  surgeon  in  the  Con- 
federate Army  until  the  close  of  the  Civil  War,  when  he  was  elected  Super- 
intendent of  the  Hospital  for  the  Insane  at  Staunton,  Va.,  occupying  this 
position  until  his  death  in  1879.  He  was  married  to  Caroline  M.  Barton, 
daughter  of  the  Hon.  Richard  W.  Barton,  U.  S.  Congressman,  and  six  children 
were  bom  to  them. 

Archibald  Stuart  Baldwin  was  educated  at  the  Shenandoah  Valley  Academy 
at  Winchester  and  at  the  Staunton  Military  Academy.  His  desire  was  to  enter 
the  Medical  Profession,  in  which  his  ancestors  had  been  prominent  for  so  many 
generations,  but  his  father  died  when  he  was  only  seventeen  years  old,  and 
he  found  himself  in  young  manhood  cut  off  from  paternal  advice  and 
sympathies,  facing  the  general  prostration  of  after-war  conditions,  and  de- 
pendent on  his  own  efforts. 

After  teaching  school  for  a  year,  he  began  his  railway  career  as  a  Rodman 
on  the  Richmond  and  Allegheny  Railroad  (now  a  part  of  the  Chesapeake  and 
Ohio  Railway)  ;  but  in  1880  he  entered  the  employ  of  the  Iron  and  Steel 
Works  Association  of  Virginia,  with  which  Coinpany  he  was  engaged  for  three 
years  on  railroad  and  blast-furnace  construction  and  the  development  of  ore 
mines.  The  opinion  has  been  expressed,  by  one  who  knew  him  well,  that  his 
varied  experiences  in  connection  with  this  Company  contributed  largely  toward 
his  subsequent  success. 

In  1883,  Mr.  Baldwin  found  employment  on  the  extension  of  the  Baltimore 
and  Ohio  Railroad  into  Philadelphia,  Pa.,  as  a  Draftsman  and  Assistant 
Engineer,  in  which  capacity  he  had  charge  of  the  construction  of  bulkheads 
and  docks  on  the  Schuylkill  River.  In  1885,  he  went  West  to  accept  a 
position  with  the  Chicago,  Milwaukee  aod  St.  Paul  Railway  Company 
as  Principal  Assistant  Engineer  on  the  construction  of  the  Missouri  River 
Bridge  at  Kansas  City.     The  usual  migrations  of  the  younger  members  of  the 

*  Memoir  prepared  by  a  Committee  eonsistin?  of  Charles  F.  Loweth,  President.  Am.  Soc. 
C.  E.,  D.  J.  Brumley,  E.  T.  Howson,  and  John  W.  Alvord,  Chairman,  Members,  Am.  Soc.  C.  E. 
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Profession,  however,  found  him  after  about  a  year  a  Resident  Engineer  on  the 
construction  of  the  St.  Louis  and  Texas  Railroad,  now  a  part  of  the  Louisville, 
Henderson  and  St.  Louis  Railroad,  where  he  remained  for  a  short  time.  On 
September  1,  1887,  he  was  appointed  an  Assistant  Engineer  with  the  Louis- 
ville and  Nashville  Railroad  and  assigned  to  its  development  in  the  mineral 
district  around  Birmingham,  Ala.  Later,  he  was  advanced  to  Principal 
Assistant  Engineer  in  the  office  of  the  Chief  Engineer  at  Louisville,  Ky.  He 
remained  in  this  position  until  May  31,  1891,  when,  feeling  that  his  health 
required  outdoor  work,  he  was  transferred  to  that  of  Roadmaster  on  the  main 
line,  with  headquarters  at  Elizabethtown,  Ky.,  where  he  remained  for  nearly 
ten  years,  gradually  building  up  his  strength  and  maturing  in  experience  and 
character. 

On  September  1,  1901,  Mr.  Baldwin  left  the  service  of  the  Louisville  and 
Nashville  Railroad  Company  to  become  Principal  Assistant  Engineer  of  the 
Illinois  Central  and  the  Yazoo  and  Mississippi  Yalley  Railroads  at  Chicago, 
111.  He  was  advanced  to  the  position  of  Engineer  of  Construction  on  May  1, 
1903,  and  promoted  to  be  Chief  Engineer  on  March  20,  1905.  During  his 
service  as  Chief  Engineer  of  these  railroads,  the  properties  went  through  a 
period  of  great  development  in  both  construction  and  maintenance  work; 
numerous  branches  and  auxiliary  lines  were  built,  and,  on  many  parts  of  the 
line,  grades  were  reduced,  alignment  was  improved,  and  second  track  was 
built,  a  number  of  large  yards  were  constructed,  terminal  facilities  at  New 
Orleans,  La.,  St.  Louis,  Mo.,  and  other  places,  were  enlarged,  and  the  general 
condition  of  the  roads  was  greatly  improved. 

Mr.  Baldwin  held  the  office  of  Chief  Engineer  of  the  Illinois  Central  Rail- 
road until  August  1,  1918,  when  he  was  elected  Vice-President  of  the  Cor- 
poration, which  position  he  held  while  the  railroad  was  under  Federal  Control. 
At  the  conclusion  of  Federal  Control,  on  March  1,  1920,  he  was  re-elected 
Vice-President  and  was  placed  in  charge  of  the  Chicago  Terminal  Improve- 
ment of  the  Company. 

This  improvement  was  involved  with  the  Chicago  Plan,  calling  for  a  lake 
front  park  skirting  the  South  Side,  with  viaducts  above  and  subways  below 
the  railroad  tracks,  giving  access  to  it,  and  for  the  creation  of  a  harbor  district 
and  dock  facilities  from  16th  to  31st  Streets,  with  railroad  connections  thereto. 
The  Railroad  Company's  projected  improvements  include  the  reconstruction  of 
its  terminal  north  of  51st  Street;  the  building  of  a  passenger  station  fronting 
on  Roosevelt  Road,  adjacent  to,  and  in  architectural  harmony  with,  the  Eield 
Museum  of  Natural  History;  the  building  of  a  new  suburban  terminal  at 
Randolph  Street;  the  rebuilding  of  the  South  Water  Street  Freight  Ter- 
minal; and  the  electrification  of  the  entire  terminal  to  Matteson,  28  miles 
south  of  the  Chicago  River ;  and  the  South  Chicago  and  Blue  Island  Branches. 

These  vast  projects,  requiring  years  to  build,  had  to  be  thought  out  and 
carefully  negotiated  among  many  conflicting  interests.  Here  was  a  public 
service  of  the  first  order,  although  apparently  done  in  the  line  of  duty.  It 
took  more  breadth  of  view  and  regard  to  the  public  welfare  than  any  narrow 
conception  of  corporate  interest  to  conclude  this  great  public  benefit  to  the 
satisfaction  of  every  one.  The  negotiations  were  begun  in  1912  between  thy 
City  of  Chicago,  the  South  Park  Commissioners,  and  the  Illinois  Central 
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Railroad,  and,  ably  supported  by  President  Markham,  Mr.  Baldwin  handled 
the  entii'e  matter  for  the  Illinois  Central  to  its  successful  conclusion  in  the 
Contract  Ordinance  of  July  20,  1919. 

Before  arriving  at  a  decision  on  many  important  questions  arising  in 
connection  with  the  improvement  problem,  investigation  of  European  electrifi- 
cations and  passenger  terminals  was  deemed  to  be  desirable.  Opportunity 
for  such  an  inspection  trip  was  afforded  at  the  conclusion  of  the  sessions  of 
the  Ninth  Congress  of  the  International  Railway  Association,  held  in  Rome, 
Italy,  in  April,  1922,  which  Mr.  Baldwin  attended  as  Official  Reporter  on 
the  subject  "Terminal  Stations  for  Passengers".  It  was  while  returning  from 
this  trip  that  he  died  suddenly  of  heart  trouble  on  a  train  near  Detroit, 
Mich.  The  funeral  was  held  at  the  Hyde  Park  Presbyterian  Church,  Chicago, 
on  June  29,  1922,  and  interment  was  at  Staunton,  Va.,  on  June  30,  1922. 

Mr.  Baldwin  was  a  staunch  supporter  of  technical  societies,  and  an  active 
worker  in  them.  Immediately  on  coming  to  Chicago  in  1901,  he  became  a 
member  of  the  then  newly  formed  American  Railway  Engineering  and  Mainte- 
nance of  Way  Association  (now  the  American  Railway  Engineering  Associa- 
tion), and  the  heartiness  with  which  he  threw  himself  into  the  activities  of 
this  Association  is  shown  by  his  prominence  on  its  important  committees, 
such  as  the  Committee  on  Signs,  Eences,  and  Crossings;  the  Committee  on 
Rail;  and  the  Committee  on  Stresses  in  Track.  He  was  also  a  Director  of 
the  Association  in  1911,  Vice-President  in  1914  and  1915,  and  was  honored 
with  the  Presidency  in  1916,  subsequently  serving  the  usual  five  years  as 
Past-President  on  the  Board  of  Direction. 

Mr.  Baldwin  became  a  member  of  the  Western  Society  of  Engineers  in 
1902.  In  1918,  he  was  elected  Third-Vice-President,  and  made  Chairman  of 
the  Finance  Committee  and  a  Member  of  the  Amendments  Committee.  He 
was  elected  President  of  the  Society  in  1919,  and  on  assuming  this  office 
brought  a  broad  program  of  increased  activities  to  the  attention  of  the  Board 
and  the  Society.  In  this  regard,  Edgar  S.  Nethercut,  M.  Am.  Soc.  C.  E., 
Secretary  of  the  Society,  can  best  be  quoted: 

"A  development  committee  was  appointed  by  Mr.  Baldwin  to  consider  the 
problem.  On  this  committee  were  men  experienced  in  society  work  and^  on 
whose  judgment  the  Board  could  rely.  The  recommendation  that  the  society 
undertake  a  membership  drive  was  considered  at  a  special  meeting  of  the 
members  of  the  board,  chairmen  of  committees  and  active  workers.  As  chair- 
man of  this  meeting  Mr.  Baldwin  encouraged  the  widest  discussion,  after 
which  he  summed  up  the  various  arguments  and  proposals  which  had  been 
offered,  concluding  with  the  recommendation  that  we  undertake  such  a  drive. 
Through  his  influence  the  different  points  of  view  were  united  and  the  vote 
finally  taken  was  unanimous.  The  subsequent  enthusiastic  support  of  the 
campaign  by  the  members  was  largely  due  to  his  leadership  and  to  his  marked 
ability  and  uniform  courtesy.  At  the  conclusion  of  the  drive  the  Society  was 
confronted  with  the  problem  of  assimilating  a  200  per  cent,  increase  in  mem- 
bership and  to  this  work,  as  president  and  continuing  as  a  member  of  the 
Board  of  Direction  and  past-president,  his  thought  was  most  constructive." 

Mr.  Baldwin  was  also  active  in  important  committee  work  of  the  Ameri- 
can Railway  Association,  sei-ving  on  the  Committee  on  Direction,  the  General 
Committee,  and  the  Committee  on  Third  Rail  and  Overhead  Working  Con- 
ductors of  its  Engineering  Division. 
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During  the  World  War,  he  was  necessarily  tied  more  closely  than  ever 
to  the  work  of  his  Railway  Company.  Nevertheless,  he  found  time  to 
serve  as  a  member  of  the  War  Board  of  the  Engineering  Societies  of 
Chicago,  giving  freely  of  his  time  to  that  important  work.  At  the  suggestion 
of  Engineering  Council,  he  was  appointed  a  member  of  the  Advisory  Com- 
mittee of  the  Federal  Board  of  Surveys  and  Maps  in  1920. 

In  addition  to  the  societies  mentioned  previously,  Mr.  Baldwin  was  affili- 
ated with  a  number  of  other  societies  and  clubs,  including  the  following: 
Society  of  Cincinnati  of  the  State  of  Virginia,  American  Eailway  Guild, 
Franklin  Institute,  Chicago  Engineers'  Club  and  the  Flossmoor  Country 
Club.    He  was  also  an  Honorary  Member  of  Tau  Beta  Pi. 

Mr.  Baldwin  was  raised  in  the  Protestant  Episcopal  Church,  but,  later, 
became  a  member  of  the  Presbyterian  Church,  of  which  his  wife  was  a  mem- 
ber, and  of  which  he  was  a  faithful  and  devoted  attendant  and  adherent.  At 
the  time  of  his  death,  he  was  a  member  and  Elder  (since  April,  1908)  of  the 
Hyde  Park  Presbyterian  Church  of  Chicago,  materially  aiding  the  church 
by  his  wise  judgment  and  constructive  ability.  He  was  also  for  many  years 
a  member  of  the  Board  organized  to  promote  and  build  the  Presbyterian 
Home  for  the  Aged  and  Helpless.  He  entered  on  his  duties  as  Chairman  of 
the  Building  and  Grounds  Committee  at  a  time  when  the  plans  of  the  main 
building  in  Evanston  were  being  drawn. 

Mr.  Baldwin's  professional  labors,  spent  entirely  in  building  the  nation's 
transportation  system,  cover  a  period  of  more  than  forty  years.  It  was  a 
life  devoted  to  the  common  good,  with  little  regard  for  personal  reward.  He 
was  intensely  interested  in  upholding  the  high  ideals  of  the  profession  with 
which  he  had  allied  himself,  as  was  illustrated  in  a  manner  so  characteristic 
of  him  in  an  address,  "The  Engineers'  Trust",  which  he  delivered  at  the 
Annual  Dinner  of  the  Western  Society  of  Engineers*  on  the  occasion  of  his 
retirement  as  President  of  that  Society.  His  sympathy  was  particularly  with 
the  younger  man.  This  is  revealed  in  a  striking  manner  in  an  address  which 
he  delivered  on  "The  Young  Engineer",  before  the  students  of  the  University 
of  Illinois  in  April,  1918.  With  his  own  early  experience  undoubtedly  in 
mind,  he  spoke  feelingly  of  the  problem  of  selecting  a  vocation  when  age  and 
experience  seem  inadequate  for  so  important  a  decision.  This  address  is 
summed  up  in  the  following  quotation: 

"What  is  judgment?  It  is  that  faculty  of  mind  formed  by  a  combination 
of  education,  experience,  and  character,  that  guides  into  understanding  of 
principles  involved  and  leads  to  correct  decision.  Education  is  the  culti- 
vation of  inherent  powers  by  discipline  and  instruction.  Experience  is  another 
form  of  education  which  comes  from  actually  doing  and  seeing,  and  is  often 
so  persistently  repeated  as  to  cause  automatic  action  of  mind  without  process 
of  thought,  and  is  valuable  because  of  its  sureness,  but  when  repeated  beyond 
a  certain  point  has  no  further  educational  advantages. 

"Character  is  the  resultant  of  the  forces  of  the  mind,  the  spirit,  and  the 
body.  The  spirit  is  the  God-like  portion  of  a  man,  and  the  condition  of  the 
body  is  of  no  small  importance,  for  weakness  or  ill  health,  in  addition  to  in- 
capacitating, may  often  times  cause  a  lack  of  boldness  in  seizing  a  psycho- 
logical moment. 

*  Journal,  Western  Soc.   of  Engrs.,  March  5,   1920. 
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''Thus  judgment  becomes  the  most  valuable  possession  of  the  individual, 
and  the  net  result  of  attainment  will  be  largely  governed  by  the  measure  of 
its  growth." 

Of  all  Mr.  Baldwin's  personal  qualities  perhaps  the  one  which  was  most 
outstanding  was  his  modesty.  One  is  often  compelled  to  admire  ability  in 
men  who  fully  appreciate  it  themselves.  Often,  again,  modesty  is  worn  as 
if  it  was  an  ill-fitting  garment,  obligatory  through  custom,  but  compelling 
unnecessary  obscurity.  Mr.  Baldwin's  modesty  was  innate  and  uncon- 
scious. It  expressed  itself  in  the  atmosphere  he  created  without  his  knowing 
anything  about  it.  It  came  out  of  the  heart  from  the  culture  of  generations. 
There  is  nothing  about  a  man  so  lovable  to  men  as  this  unconscious  modesty. 

Among  his  papers  found  after  his  death  was  a  pocket  notebook  in  which, 
among  engineering  data,  he  had  copied  the  following  quotations: 

"To  set  an  example  of  abstinence  from  petty  personal  controversies,  and 
of  toleration  for  everything  except  lying." 

******** 

*'To  be  indifferent  as  to  whether  the  work  is  recognized  as  mine  or  not  as 
long  as  it  is  done." 

******** 

"Never  let  a  man  imagine  that  he  can  pursue  a  good  end  by  evil  means 
without  aiming  against  his  own  soul;  any  other  issue  is  doubtful;  the  evil 
effect  on  himself  is  certain." — Southey. 

******** 

"If  thou  art  worn  and  hard  beset 
With  sorrows  that  thou  wouldst  forget ; 
If  thou  wouldst  read  a  lesson  that  will  keep 
Thy  heart  from  fainting  and  thy  soul  from  sleep. 
Go  to  the  woods  and  hills :  No  tears 
Dim  the  sweet  look  that  Nature  wears." 
******** 

"E'en   as  he  trod  that  day  to  God,   so 

Walked  he  from  his  birth, 
In  simpleness  and  gentleness  and 
Honour  and  clean  mirth." — Kipling. 

On  December  19,  1883,  Mr.  Baldwin  was  married  to  Miss  Martha  Frazier, 
of  Staunton,  Ya.,  who,  with  one  daughter,  Katherine  M.,  and  three  sons,  Robert 
F.,  Howard  F.,  and  W.  Frazier,  survives  him.  He  is  also  survived  by  two 
sisters,  Mrs.  Hugh  C.  Preston  and  Mrs.  Barton  Myers,  and  three  brothers, 
Robert  Frederick,  William  Barton,  and  John  M.,  all  of  Norfolk,  Va. 

Mr.  Baldwin  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  December  6,  1905.  He  served  on  the  Committee  which  worked 
out  the  new  Constitution  that  was  adopted  by  the  Society  in  1921,  on  the 
Nominating  Committee,  on  the  Washington  Award  Commission,  and  as  a 
representative  of  the  four  Founder  Societies  at  the  Educational  Conference 
at  Montreal,  Que.,  Canada.  As  a  member  of  the  Special  Committee  of  the 
Society,  to  Report  on  Stresses  in  Railroad  Track,  he  had  much  to  do  with  the 
unusually  original  and  important  work  of  that  Committee  on  this  (to  the  rail- 
roads) vital  subject.  At  the  time  of  his  death,  he  was  a  candidate  without 
opposition  for  Director  from  District  No.  8. 
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CHANNING  MOORE  BOLTON,  M.  Am.  Soc.  C.  E.* 


Died  December  11,  1922. 


Channing  Moore  Bolton,  the  fourth  son  of  Dr.  James  and  Anna  Maria 
(Harrison)  Bolton,  was  born  at  Richmond,  Va.,  on  January  24,  1843.  His 
father,  Dr.  Bolton,  was  born  in  Savannah,  Ga.,  in  1812,  and  was  a  graduate  of 
Columbia  College  and  the  College  of  Physicians  and  Surgeons  of  New  York 
City.  He  afterward  studied  theology  and  was  ordained  as  a  clergyman  of  the 
Protestant  Episcopal  Church,  but  returned  to  the  practice  of  medicine  in 
Richmond  after  a  brief  period  spent  in  the  ministry.  The  Bolton  family  is  of 
English  origin.  Its  pedigree  has  been  traced  to  a  period  following  the  Norman 
Conquest  when  the  family  possessed  large  estates  in  Yorkshire  and  Lancashire. 

Channing  Moore  Bolton  received  his  early  education  at  several  private 
primary  schools  and  at  the  preparatory  school  conducted  by  Mr.  William  D. 
Stuart  in  Richmond.  In  1860,  he  entered  the  University  of  Virginia  where  he 
studied  Latin,  French,  and  mathematics.  In  1861,  he  joined  one  of  two  student 
companies  from  the  University  that  entered  the  Confederate  Army,  and  was 
engaged  in  constructing  fortifications  around  Richmond  and  in  charge  of 
building  three  forts  near  Brooke  Turnpike. 

In  1862,  he  was  employed  on  the  construction  of  a  railroad  to  fill  a  gap 
between  Danville,  Va.,  and  Greensboro,  N.  C,  and  continued  in  the  railway 
engineering  service  holding  the  positions  of  Rodman,  Transitman,  and  Resident 
Engineer  in  the  Confederate  Army.  In  the  spring  of  1863,  he  was  commis- 
sioned a  Lieutenant  of  Engineers  in  the  First  Regiment  of  Engineer  Troops 
and  ordered  to  report  to  Major-General  Pender,  of  A.  P.  Hill's  Army  Corps, 
to  act  as  Engineer  Officer  on  his  Staff.  He  joined  General  Pender  at 
Winchester,  Va.,  and  accompanied  him  on  the  campaign  into  Pennsylvania 
where  he  took  part  in  the  Battle  of  Gettysburg. 

Lieutenant  Bolton  assisted  in  the  construction  of  the  pontoon  bridge  across 
the  Potomac  River  over  which  the  Confederate  Army  crossed  on  its  return 
to  Virginia.  He  was  in  charge  of  the  bridge  when  the  crossing  took  place  and 
also  caused  it  to  be  destroyed  when  the  Confederate  troops  were  safely  over, 
just  before  the  arrival  of  the  Federal  forces.  He  took  part  in  most  of  the 
battles  fought  by  the  Army  of  Northern  Virginia. 

Mr.  Bolton  continued  in  the  Army  until  the  end  of  the  war  in  1865,  and  at 
this  period  suffered  many  hardships  and  privations.  After  a  few  months  spent 
in  Southwestern  Virginia,  he  returned  to  Richmond.  In  1866,  he  surveyed, 
located,  and  constructed  the  Clover  Hill  Railroad  in  Virginia.  In  the  latter 
part  of  1866,  and  in  1867,  he  was  engaged  in  constructing  the  tunnel  at  Rich- 
mond for  the  Richmond,  Fredericksburg,  and  Potomac  Railroad,  and  from  1867 
to  1869  he  was  Resident  Engineer  of  the  Louisville,  Cincinnati,  and  Lexington 
Railroad. 

From  1869  to  1874,  he  was  Engineer  of  the  Chesapeake  and  Ohio  Railway 
in  charge  of  construction  of  a  part  of  the  road  between  Covington,  Va.,  and 

*  Memoir  compiled  from   information  on   file  at  the  Headquarters  of  the   Society. 
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White  Sulphur  Springs,  W.  Va.  This  was  one  of  the  heaviest  pieces  of  rail- 
road work  constructed  to  that  time.  Mr,  Bolton  then  organized  and  was  in 
charge  of  a  party  of  engineers,  which  located  the  road  down  New  River  in  West 
Virginia,  a  very  difficult  enterprise.  After  locating  the  line  from  Richmond  to 
Newport  News,  Ya.,  he  located  and  constructed  a  double-track  tunnel,  |  mile 
long,  under  Church  Hill,  Richmond,  which  arduous  undertaking  was  success- 
fully accomplished. 

From  1876  to  1879,  Mr.  Bolton  was  United  States  Assistant  Engineer  in 
charge  of  the  canal  around  the  Cascades  of  the  Columbia  River  in  Oregon, 
and  designed  all  the  plans  for  this  work.  In  1879  and  1880,  he  was  Division 
Engineer  of  the  Richmond  and  Allegheny  Railroad  and  he  also  had  charge 
of  the  location  and  construction  of  that  road  from  Richmond  to  Lynchburg, 
Va.,  which  involved  the  changing  of  the  old  James  River  and  Kanawha  Canal 
into  a  railroad. 

From  1880  to  1881,  he  served  as  Engineer  and  Superintendent  of  the 
Greenville  (Miss.),  Columbus  and  Birmingham  Railroad,  and  from  1882  to 
1895,  he  was  Chief  Engineer  of  the  Richmond  and  Danville  Railroad  and  of 
the  Southern  Railway. 

During  1879  and  1880,  Mr.  Bolton  was  President  and  Manager  of  the 
Richmond  City  Street  Railway  which  included  all  the  street  railways  in 
Richmond  at  that  time  and  of  which  he  finally  became  sole  owner.  He  operated 
these  lines  with  great  efficiency  and  eventually  sold  them  at  five  times  the 
original  cost. 

Mr.  Bolton  resigned  as  Chief  Engineer  of  the  Southern  Railway  in  1895, 
and  moved  from  Washington,  D.  C,  to  his  farm  in  Albermarle  County,  Vir- 
ginia, engaging  in  private  practice  as  a  Consulting  Engineer.  In  May,  1907, 
under  contract,  he  built  two  tunnels  near  Garrison,  Mont.,  one  a  double-track 
tunnel  for  the  Northern  Pacific  Railroad  Company,  and  the  other  for  the 
Chicago,  Milwaukee,  and  St.  Paul  Railroad  Company. 

Among  his  numerous  activities  may  be  mentioned  that  of  President  of 
the  Charlottesville  Street  Railway  Company  and  Charter  Member  and  Director 
of  the  Charlottesville  Ice  Company.  He  was  also  President  of  the  Meadow 
Creek  Country  Club,  Trustee  of  the  Miller  School  Board,  member  of  the 
Miller  Board  of  the  University  of  Virginia  and  of  the  Executive  Committee 
of  the  University  of  Virginia  Alumni  Association,  and  a  Trustee  of  St. 
Paul's  Chapel,  University  of  Virginia.  He  drew  the  plans  and  supervised 
the  construction  of  the  beautiful  Church  of  Our  Saviour  at  Rio,  Va.,  of 
which  he  was  also  a  Trustee. 

In  1911,  Mr.  Bolton  became  Director  of  the  People's  Bank  of  Charlottes- 
ville, Va.,  and  in  1913,  he  was  elected  President  of  the  Miller  Board  of  the 
University  of  Virginia.  He  was  also  President  of  the  Board  of  Trustees 
of  St.  Anne's  School  at  Charlottesville  and  Chairman  of  the  Highways  Com- 
mittee of  the  Charlottesville  Chamber  of  Commerce.  During  the  World 
War,  he  served  as  Chairman  of  the  Local  Board.  In  every  capacity,  he  worked 
for  the  good  of  this  locality. 
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Mr.  Bolton  contributed  papers  and  reports  to  the  Reports  of  the  Chief 
of  Engineers  of  the  United  States  Army  for  the  years  1877,  1878,  and  1879. 

He  was  married  on  February  17,  1874,  to  Miss  Lizzie  Calhoun  Campbell, 
of  Eichmond,  who  died  on  October  6,  1889.  His  second  wife,  whom  he  mar- 
ried on  June  6,  1894,  was  Miss  Alma  Ann  Baldwin,  of  Montgomery,  Ala.  He 
is  survived  by  his  widow,  his  daughters,  Mrs.  J.  Thompson  Brown,  Jr.,  of 
Rock  Hill,  S.  C,  Mrs.  W.  Allan  Perkins,  of  University,  Va.,  and  Miss  Cecile 
Baldwin  Bolton,  his  son,  Channing  Moore  Bolton,  and  his  brother.  Dr.  Meade 
Bolton. 

His  constructive  ideals  and  deep  interest  in  the  welfare  of  the  community 
in  which  he  lived  will  stand  as  a  memorial  of  his  worth,  and  the  accomplish- 
ments of  his  vast  energy  are  an  index  of  his  desire  to  serve  his  fellow  men. 
Nothing  deterred  him  from  unswerving  fidelity  and  faithful  service  to  the 
cause  of  the  Protestant  Episcopal  Church,  and  devotion  to  his  family  and 
loyalty  to  his  friends  were  characteristics  of  his  true  personality. 

Mr.  Bolton  was  elected  a  Member  of  the  American  Society  of  Civil  Engi- 
neers on  January  4,  1888. 
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HENRY  PERCY  BORDEN,  M.  Am.  Soc.  C.  E.* 


Died  October  19,  1922. 


Henry  Percy  Borden  was  born  at  Port  La  Tour,  Nova  Scotia,  on  Decem- 
ber 8,  1872.  He  attended  Mount  Allison  University,  at  Sackville,  New 
Brunswick,  and,  later,  McGill  University,  at  Montreal,  Que.,  Canada,  baving 
been  graduated  in  Civil  Engineering  by  the  Faculty  of  Applied  Science  of 
that  institution  in  1902. 

Following  his  graduation,  Mr.  Borden  entered  the  Engineering  Department 
of  the  Canadian  Pacific  Railway,  where  he  was  engaged  on  the  design  of  steel 
bridges  and  masonry  and  the  inspection  of  the  fabrication  and  erection  of 
steel  bridges,  until  190^1.  He  then  accepted  a  position  with  the  Montreal 
Locomotive  and  Machine  Company  as  Assistant  Engineer,  in  the  Structural 
Department,  on  estimating  and  design,  and,  later,  as  Assistant  to  the  Chief 
Engineer,  in  charge  of  the  Estimating  and  Sales  Department. 

In  1906,  Mr.  Borden  returned  to  the  Canadian  Pacific  Railway  as  Architec- 
tural Engineer,  in  which  capacity  he  had  charge  of  the  steel  and  reinforced 
concrete  design  for  the  Company's  buildings,  under  the  Chief  Architect. 

In  1908,  he  was  appointed  Secretary  and  Assistant  Engineer  to  the  Board 
of  Engineers  of  the  Quebec  Bridge,  which  position  he  held  until  1915,  when  he 
was  made  Assistant  to  the  Chief  Engineer  of  the  same  Board,  and  had  charge 
of  the  designing  office,  mill,  shop,  and  field  inspection,  under  the  Chief 
Engineer.  After  the  death,  in  1916,  of  Charles  C.  Schneider,  Past-President, 
Am.  Soc.  C.  E.,  one  of  the  members  of  the  Board,  Mr.  Borden  was  appointed 
to  fill  the  vacancy  thus  created,  which  position  he  retained  until  the  successful 
completion  of  the  bridge  in  1918. 

Following  the  completion  of  the  Quebec  Bridge,  Mr.  Borden  moved  to 
Ottawa,  Ont.,  Canada,  entering  the  office  of  the  Consulting  Engineer  to  the 
Dominion  Government,  as  Bridge  Engineer.  He  retained  this  position  until 
1921,  when  he  opened  an  office  in  Ottawa  and  began  private  practice  as  Con- 
sulting Engineer,  specializing  in  bridges  and  structures  of  steel  and  reinforced 
concrete. 

Mr.  Borden  was  married  in  1906  to  Edith  Eva  Hall,  of  L'Orignal,  Ont.. 
Canada,  who,  with  two  daughters,  survives  him. 

He  was  a  member  of  the  Engineering  Institute  of  Canada,  the  Country 
Club  of  Ottawa,  the  Royal  Ottawa  Golf  Club,  and  the  Beaconsfield  Golf  Club, 
of  Montreal. 

Mr.  Borden  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  May  13,  1918. 

*  Memoir  prepared  by  C.   N.  Monsarrat,  M.  Am.   Soc.  C.  E. 
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BYRON  HAllKNESS  BRYANT,  M.  Am.  Soc.  ('.  E.* 


Died  July  8,  1922. 


Byron  Harkness  Bryant,  the  son  of  Emory  D.  and  Symanthy  P.  (Balou) 
Bryant,  was  born  at  Woonsocket  Falls,  E.  I.,  on  July  25,  1847. 

He  received  his  education  at  Kalamazoo,  Mich.,  and  began  his  engineering 
work  as  Eodman  with  a  locating  party  on  a  survey  for  a  railroad  from  Litch- 
field, Mich.,  to  Fort  Wayne,  Ind.,  during  May  and  June,  1867. 

During  July  and  August  and  until  September  9  of  that  year,  he  served 
as  Head  Chainman  on  the  location  of  the  Peninsula  Railway  from  Battle 
Creek,  Mich.,  to  Valparaiso,  Ind.  From  September  9,  1867,  to  April,  1871, 
he  filled  the  positions  of  Rodman,  Assistant  Division  Engineer,  and  Division 
Engineer  on  the  construction  of  the  Grand  Rapids  and  Indiana  Railway. 

From  April,  1871,  to  January,  1872,  Mr.  Bryant  was  engaged  as  Chief 
Engineer  of  the  Grand  Rapids  and  Holland  Railroad  and,  during  1872,  he  was 
Chief  Engineer  of  the  Middle  Division  of  the  Detroit  and  Bay  City  Railroad. 
From  March  to  August,  1873,  he  was  employed  as  Locating  Engineer  on  the 
Atlantic  and  Great  Western  Railway,  and  from  August,  1873,  to  October, 
1879,  he  served  as  Chief  Engineer  and  Superintendent  of  the  Chicago,  Saginaw 
and  Canada  Railroad. 

Mr.  Bryant  held  the  position  of  Locating  and  Resident  Engineer  on  the 
Denver  and  Rio  Grande  Railroad  from  October,  1879,  to  March,  1884.  During 
this  time,  he  located  long  sections  of  the  railroad,  made  numerous  explora- 
tions, including  one  through  the  Grand  Canyon  of  the  Gunnison  River,  out 
of  which  the  famous  irrigation  tunnel  has  been  constructed,  and  also  had 
charge  of  the  construction  of  400  miles  of  road. 

From  March,  1884,  until  December,  1885,  he  was  employed  as  Construction 
Engineer  by  the  Canadian  Pacific  Railway  Company,  in  charge  of  the  con- 
struction of  the  line  on  the  Lower  Kicking  Horse  River,  down  the  Columbia 
River,  a  section  several  miles  in  length  over  the  summit  of  the  Selkirks,  and 
another  section  through  the  Gold  Range  Mountains.  From  March,  1886, 
until  the  end  of  that  year,  he  held  the  position  of  Locating  Engineer  on  the 
Montana  Central  Railway. 

Mr.  Bryant  was  Chief  Engineer,  Superintendent,  and  General  Superin- 
tendent of  the  Colorado  Midland  Railroad,  and  Chief  Engineer  of  the  Busk 
Tunnel  Railway  from  January  1,  1887,  to  December,  1904.  While  in  this 
position,  he  built  the  Busk  Tunnel,  9  400  ft.  long,  then  the  second  longest  tunnel 
in  the  world.  From  December,  1904,  to  July,  1905,  he  was  Chief  Engineer  of 
the  Colorado  and  Eastern  Railroad. 

His  work  was  not  confined  to  the  United  States.  From  July,  1905,  to  March, 
1909,  he  was  Chief  Engineer  of  the  Sao  Paulo  and  Rio  Grande  Railway,  with 
headquarters  at  Parana,  Brazil.  While  in  this  position,  he  located  more  than 
1  000  miles  of  line.  From  Brazil,  Mr.  Bryant  went  to  Mexico,  where  he  was 
appointed  Chief  Engineer  of  the  Mexico-North  Western  Railway,  at  Chi- 
huahua, and  located  and  explored  several  hundreds  of  miles  of  line. 

*  Memoir  prepared  by  Charle;?  Hansel,  M.  Am.  Soc.   C.   E. 
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Mr.  Bryant  left  Mexico  for  Central  America  where,  as  Chief  Location  Engi- 
neer for  the  International  Railways  of  Central  America,  he  located  projected 
lines  in  Guatemala,  Salvador,  and  Honduras. 

His  great  ability  as  a  railroad  location  engineer  was  known  and  appre- 
ciated. He  was  a  man  of  splendid  character  and  ability,  tireless  in  energy, 
thoughtless  of  self,  always  a  gentleman,  having  kept  a  holy  faith  in  God  and 
his  fellow  man.  His  professional  achievements  were  varied  and  important. 
Work  was  his  happiness,  achievement  his  compensation;  he  loved  his  profes- 
sion and  he  was  loved  by  all  who  knew  him. 

Mr.  Bryant  was  elected  a  Member  of  the  American  Society  of  Civil  Engi- 
neers on  Septeniber  6,  1910.  He  was  also  a  member  of  the  Western  Society 
of  Engineers. 
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GEORGE  BARKER  BURBANK,  M.  Am.  Soc.  C.  E.* 


Died  February  29,  1920. 


George  Barker  Burbank  was  born  in  Taylorsville,  Ky.,  on  March  16, 
1844.  His  parents  were  of  New  England  stock;  his  father,  Moses  Burbank 
was  a  native  of  Salem,  Mass.,  and  a  graduate  of  Waterville  College  (now 
Colby  College),  Maine,  and  his  mother,  Nancy  Baker,  came  from  Lowell,  Mass. 

At  the  outbreak  of  the  Civil  War,  George  Barker  Burbank,  then  a  lad  of  six- 
teen, was  living  in  Ludlow,  Vt.  Misrepresenting  his  age,  he  enlisted  in  Com- 
pany I,  Second  Vermont  Infantry.  He  was  in  all  the  battles  of  the  Army  of 
the  Potomac  from  the  first  battle  of  Bull  Eun  to  that  of  the  Wilderness.  For 
exemplary  conduct  during  the  Battle  of  Fredericksburg,  he  was  mentioned  in 
orders  and  granted  a  furlough  home.  He  was  seriously  wounded  while  serving 
as  a  Sergeant,  at  the  Battle  of  the  Wilderness,  and  his  discharge  followed  his 
recovery.  Mr.  Burbank  retained  his  intense  patriotism  throughout  his  life, 
and  it  was  a  keen  satisfaction  to  him  that  his  son,  Clinton  Montrose  Burbank, 
Lieut.,  2d  Cavalry,  TJ.  S.  A.,  served,  with  honorable  mention  and  wounds, 
during  the  World  War,  half  a  century  after  his  own  military  service  was  past. 

From  1866  to  1884,  Mr.  Burbank  practised  his  profession,  chiefly  railroad 
building,  in  the  South  and  West.  In  1885,  he  accepted  an  appointment  as 
Assistant  Engineer  for  the  New  York  Aqueduct  Commission,  and,  there- 
after, with  a  few  brief  interludes,  he  resided  in  or  near  New  York  City,  making 
his  home  for  many  years  in  White  Plains,  N.  Y. 

The  following  is  a  brief  list  of  the  more  important  engineering  works 
with  which  Mr.  Burbank  was  actively  identified: 

From  1867  to  1869,  he  was  with  the  Louisville,  Cincinnati  and  Lexington 
Railroad  in  Kentucky,  filling  all  grades  from  Rodman  to  Engineer  of  Repairs, 
and  from  1869  to  1870,  he  served  as  Division  Engineer  and  Assistant  to  the 
Chief  Engineer  of  the  Cincinnati  Southern  Railway  in  Kentucky. 

From  1870  to  1873,  he  was  engaged  as  Division  Engineer  of  the  Wisconsin 
Central  Railway,  and  from  1873  to  1874,  as  Resident  Engineer  of  the  Chesa- 
peake and  Ohio  Railway. 

From  1874  to  1875,  he  served  as  Division  Engineer  of  the  Cincinnati 
Southern  Railway  in  Tennessee. 

From  1876  to  1880,  he  was  employed  as  Engineer,  with  the  Eouhardt  and 
Aurora  Mining  Company,  Limited,  in  Nevada,  and  from  1880  to  1884,  as 
Division  Engineer  and  Deputy  Chief  Engineer,  with  the  Rio  Grande  Western 
Construction  Company. 

Mr.  Burbank  was  connected  with  the  New  York  Aqueduct  Commission, 
from  1885  to  1890,  as  Assistant  Engineer  and  Engineer  of  Dam  Construction, 
and  from  1890  to  1894,  he  was  employed  by  the  Cataract  Construction  Com- 
pany, of  Niagara  Falls,  N.  Y.,  as  Resident  Consulting  and  Chief  Engineer. 
He  was  also  engaged  by  the  National  Contracting  Company,  of  New  York 
City,  from  1900  to  1903,  as  Consulting  Engineer,  and  served  the  York  Haven 
Power  and  Paper  Company  in  a  like  capacity  from  1903  to  1906.  -  From  1911 
•  Memoir  prepared  by  William  Mayo  Venable,  M.  Am.  Soc.  C.  E. 
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to  1913,  he  was  connected  with  the  United  Comstock  Pumping  Association  and 
Siskiyou  Mines  Company,  in  Nevada  and  California,  as  General  Manager. 

In  his  general  practice  as  Consulting  Engineer,  Mr.  Burbank  also  investi- 
gated and  reported  confidentially  on  many  other  projects,  with  the  execution 
of  which  he  was  not  identified.  This  work  took  him  to  Porto  Eico  and  Alaska, 
as  well  as  to  various  parts  of  the  United  States. 

Mr.  Burbank  continued  in  the  active  practice  of  his  profession  almost 
until  the  day  of  his  death.  The  spirit  of  adventure  which  influenced  the 
boy  of  sixteen  to  enlist,  and  a  certain  natural  hardiness  which  made  a  pleasure 
of  roughing  it,  characterized  him  throughout  his  active  career.  In  the  winter 
of  1906-07,  at  the  age  of  sixty-two,  he  made  a  trip  of  800  miles  through  the 
wilds  of  Alaska  by  dog  team. 

He  is  survived  by  his  wife,  a  son,  Clinton  Montrose  Burbank,  and  a 
daughter,   Marjorie   Church   Burbank. 

He  was  a  Mason,  and,  at  one  time.  Commander  of  Ludlow  (Vt.)  Post, 
G.  A.  K. 

Mr.  Burbank  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  July  4,  1888. 
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SHIRLEY  CARTER,  M.  Am.  Soc.  C.  E.* 


Died  January  5,  1923. 


Shirley  Carter  was  born  in  Richmond,  Va.,  on  January  4,  1869.  He  was 
a  lineal  descendant  of  the  original  Carters,  who  settled  in  Virginia  early  in  the 
Seventeenth  Century. 

He  first  entered  the  Government  service  on  August  16,  1888,  serving  in 
various  grades  in  the  Baltimore,  Md.,  District  of  the  Engineer  Department, 
United  States  Army,  until  October  19,  1892.  From  October  25,  1894,  to  Novem- 
ber 30,  1895,  he  was  employed  in  various  capacities  in  the  Wilmington,  Del., 
District.  From  September  23  to  December  7,  1896,  he  appears  on  the  rolls  of 
the  Montgomery,  Ala.,  office.  He  then  worked  in  a  private  capacity  until 
October,  1902,  on  which  date  he  re-entered  the  Federal  service  in  Norfolk,  Va.^ 
and  served  continuously  in  this  District  up  to  the  time  of  his  death.  On 
January  1,  1907,  he  was  promoted  to  the  final  and  highest  grade  in  the  service, 
that  of  Assistant  Engineer. 

At  the  time  of  his  death,  Mr.  Carter  had  immediate  charge  of  all  the 
river  and  harbor  improvements  in  Norfolk  Harbor  and  tributaries,  the  Inland 
Waterway  from  Norfolk  to  Beaufort,  N.  C,  the  improvement  of  Thimble 
Shoals  Channel,  and  of  the  Nansemond  and  Pagan  Rivers.  These  projects 
involved  the  expenditure  of  many  millions  of  dollars,  and  theit  success  has 
been  due  in  no  small  measure  to  Mr.  Carter's  energy,  foresight,  good  judg- 
ment, integrity,  and  unswerving  loyalty  to  duty.  He  also  supervised  the 
operation  and  repairs  of  all  floating  plant  in  the  Norfolk  District.  In  this 
work  he  was  especially  capable  and  well  qualified,  on  account  of  his  long 
experience  in  the  operation  and  repair  of  floating  plant  of  all  kind. 

To  quote  from  one  who  knew  him  well,  as  a  friend  and  as  a  co-worker: 

"Mr.  Carter  was  considered  by  all  tlie  employees  who  had  worked  with  and 
under  him  as  a  capable,  hard  working,  conscientious  engineer ;  was  a  man  who 
attended  strictly  to  his  own  business,  and  was  always  ready  and  willing  to 
lend  a  helping  hand  to  his  fellow  man." 

His  early  death  removes  from  the  public  service  a  loyal,  rugged,  and  true- 
hearted  employee,  and  leaves  with  those  who  were  privileged  to  enjoy  his 
friendship  a  keen  sense  of  the  loss  of  a  friend  who  never  failed  in  time 
of  need. 

Mr.  Carter  was  elected  a  Junior  of  the  American  Society  of  Civil  Engi- 
neers on  May  31,  1892 ;  an  Associate  Member  on  October  5,  1898 ;  and  a 
Member  on  December  4,  1906. 

*  Memoir  prepared  by  J.    P.   Jervey,   City   Mgr.,   Portsmouth,   Va. 
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WALTER  UNSLEY  COWLES,  M.  Am.  Soc.  C.  E.* 


Died  December  4,  1922. 


Walter  Linsley  Cowles,  one  of  three  sons  of  Robert  Henry  Cowles  and 
Harriet  M.  (Beadle)  Cowles,  was  born  in  Wallingford,  Conn.,  on  January  7, 
1859.  His  mother  was  also  a  native  of  Wallingford.  His  father  was  born  in 
Farmington,  Conn.,  but  spent  most  of  his  life  in  Wallingford,  where  he  was 
engaged  in  the  silverware  business.  He  retired  from  active  work  as  Treasurer 
of  the  Dime  Savings  Bank  of  that  place.  Robert  Henry  Cowles  was  seventh 
in  direct  line  from  an  ancestor,  John  Cowles,  who  came  to  this  country  in 
1635  and  settled  in  Massachusetts,  afterward  removing  to  Hartford,  Conn., 
and  then  to  Farmington,  Conn.,  in  1640. 

Walter  Linsley  Cowles  was  graduated  in  1878  from  the  Civil  Engineering 
Course  at  Sheffield  Scientific  School,  Yale  University,  for  entrance  to  which 
he  had  prepared  at  the  Wallingford  High  School.  After  his  graduation,  he 
became  Designing  Engineer  with  the  John  Clarke  Company,  Bridge  Con- 
tractors, at  Baltimore,  Md.  From  1881  to  1883,  he  was  a  member  of  the  firm 
of  the  Clarke  Bridge  Company,  also  at  Baltimore,  and  in  1883  and  1884,  he  was 
engaged  in  the  contracting  business  with  A.  J.  Twiggs  and  Company,  Augusta, 
Ga.  In  1884  and  1885,  he  served  as  Bridge  Engineer  of  the  Savannah, 
Florida  and  Western  Railway  (Plant  System),  Savannah,  Ga.,  and,  thereafter, 
until  the  end  of  1886,  he  was  employed  as  Designing  Engineer  for  the  Morse 
Bridge  Company,  at  Youngstown,  Ohio.  In  1887  and  1888,  he  was  Engineer 
with  the  Atlanta  Bridge  and  Axle  Works,  Atlanta,  Ga.,  and  in  1888  and  1889, 
he  was  engaged  as  Principal  Engineer  with  the  King  Bridge  Company,  at 
Cleveland,  Ohio. 

From  1890  to  1892,  inclusive,  Mr.  Cowles  served  as  Chief  Engineer  of  the 
Youngstown  Bridge  Company,  at  Youngstown,  Ohio.  In  1893  and  1894,  he 
was  Assistant  Manager  of  the  Illinois  Steel  Company,  North  Works,  Chicago, 
111.,  and  from  1894  to  1898,  he  was  Chief  Engineer  of  the  Pottsville  Iron  and 
Steel  Company,  at  Pottsville,  Pa.  From  1900  to  1902,  he  was  employed  as 
Structural  Engineer  with  the  Brown  Hoisting  Machine  Company,  at  Cleve- 
land, Ohio,  and  from  1903  to  1910,  he  was  Consulting  Engineer  and  Secretary 
of  the  D.  F.  Holman  Railway  Track-Layer  Company.  In  1910  and  1911,  Mr. 
Cowles  served  as  Division  Engineer,  Division  of  Design,  Chicago  Passenger 
Subways,  and,  in  1912,  he  was  appointed  Structural  Engineer  of  the  Strauss 
Bascule  Bridge  Company.  Since  1912,  he  had  served  as  Structural  Engineer  of 
the  Mead-Morrison  Manufacturing  Company,  at  Chicago. 

His  business  life  was  that  of  a  Civil  Engineer  of  wide  experience  in 
different  lines  of  work,  and  his  life  was  dedicated  primarily  to  his  chosen 
profession  and  the  happy  home  life  which  he  enjoyed.  In  1917  and  1918,  Mr. 
Cowles  took  an  active  part  in  the  Liberty  Loan  drives.  Red  Cross,  and 
Y.  M.  C.  A.  work,  as  Secretary  of  his  precinct.  He  was  a  member  of  the  Illi- 
nois Chapter  of  the  Society  of  the  Sons  of  the  American  Revolution,  and  also 
of  the  Western  Society  of  Civil  Engineers. 

•  Memoir  prepared  by  C.  S.  Churchill,  M.  Am.  Soc.  C.  E. 
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His  death,  which  was  due  to  cancer  of  the  stomach,  occurred  at  his  home  in 
Oak  Park,  IlL,  after  an  illness  of  nearly  four  months.  The  funeral  services 
were  conducted  at  the  First  Congregational  Church  of  Oak  Park  of  which 
Mr.  Cowles  was  a  member,  and  he  was  buried  in  Forest  Home  Cemetery. 

He  was  married  on  February  11,  1891,  in  Beaver  Falls,  Pa.,  to  Harriett  J. 
Alford,  who,  with  their  daughter  Marjorie  B.  Cowles,  survives  him.  He  is 
also  survived  by  two  brothers,  Arthur  C.  Cowles,  of  Worcester,  Mass.,  and 
Frederic  M.  Cowles,  of  Wallingford,  Conn. 

Mr.  Cowles  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  March  6,  1889. 
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IGNACIO  MAIIEA  de  VARONA,  M.  Am.  Soc.  C.  E.* 


Died  May  12,  1922. 


Ignacio  Mai'ea  de  Varona.  the  son  of  I^nacio  M.  and  Angela  M. 
(de  Aguero)  de  Varona,  was  born  at  Puerto  Principe,  Cuba,  on  February  4, 
1842.  Plis  ancestors  were  members  of  prominent  Spanish  families  in  Cuba. 
He  received  private  instruction  previous  to  entering  Mr.  Berger's  French 
School,  in  New  York  City,  where  he  was  prepared  for  the  Rensselaer  Poly- 
technic Institute,  Troy,  N.  Y.  He  entered  the  latter  institution  in  Septem- 
ber, 1860,  and  was  graduated  therefrom  in  18G3,  with  the  degree  of  Civil 
Engineer. 

Mr.  de  Varona  began  his  professional  work  immediately  after  his  gradua- 
tion, and  continued  the  practice  of  his  profession  throughout  his  long  life. 
The  earlier  part  of  his  career  was  spent  on  railroad  work,  in  Cuba,  South 
America,  Europe,  and  the  United  States.  From  1864  to  1869,  he  was  Resident, 
Assistant,  and  Chief  Engineer  of  the  Nuevitas  and  Puerto  Principe  Railroad. 
As  Chief  Engineer,  he  designed  and  built  the  extension  of  that  railroad  to, 
and  terminal  works  in,  the  Bay  of  ISTuevitas.  Later,  from  1878  to  1881,  he 
was  again  Chief  Engineer  of  this  railroad,  and  reconstructed  important  parts 
thereof. 

In  1882,  Mr.  de  Varona  joined  the  Engineering  Corps  of  the  City  Works 
Department  of  Brooklyn,  N.  Y.,  and  was  assigned  to  water  supply  work.  This 
was  the  beginning  of  his  connection  with  the  development  of  the  water  supply 
of  New  York  City,  on  which  he  was  engaged  until  his  retirement  in  1914,  after 
a  service  of  more  than  thirty-two  years.  During  the  Eighties,  he  was  assigned, 
first  as  Assistant  Engineer,  and,  later,  as  Division  Engineer,  in  connection  with 
the  extension  of  the  water  supply  system  of  Brooklyn,  east  of  Rockville  Centre, 
N.  Y.  On  the  completion  of  this  work,  he  was  appointed,  on  July  1,  1894,  by 
the  Commissioner  of  Public  Works,  Mr.  Alfred  T.  White,  as  Engineer  of 
Water  Supply,  having  charge  of  all  the  work  connected  with  the  extension  and 
improvement  of  the  water  supply  system,  exclusive  of  the  distribution  system. 

On  the  creation  of  Greater  New  York,  in  1898,  Mr.  de  Varona  was  con- 
tinued as  Engineer  of  Water  Supply  of  the  Brooklyn  System,  and,  in  1902,  he 
was  appointed  Chief  Engineer  of  the  Bureau  of  Water  Supply,  in  charge  of 
the  Boroughs  of  Brooklyn  and  Queens,  the  distribution  system  at  that  time 
being  also  placed  under  his  jurisdiction.  He  remained  in  charge  of  the 
Borough  of  Queens  for  only  a  short  time,  but  continued  as  Chief  Engineer  in 
charge  of  Brooklyn  until  1905,  when  he  was  appointed  Chief  Engineer  with 
jurisdiction  over  all  the  Boroughs  of  Greater  New  York.  In  1906,  a  separate 
Acting  Chief  Engineer  was  appointed  for  the  Borough  of  Brooklyn,  Mr.  de 
Varona  continuing  in  charge  of  the  other  Boroughs.  In  1910,  the  organization 
of  the  Department  was  remodeled,  and  Mr.  de  Varona  was  appointed  Chief 
Engineer  of  the  Bureau  of  Water  Supply,  having  charge  of  the  maintenance, 

*  Memoir  prepared  by  William  W.  Brush  and  Merritt  H.  Smith,  Members,  Am.  Soc. 
C.  E. 
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operation,  and  extension  of  tlie  water  supply  system  for  the  entire  city,  with 
the  exception  of  the  construction  of  the  new  Catskill  System,  which  was  under 
the  jurisdiction  of  the  Board  of  Water  Supply,  an  entirely  separate  city 
organization.  He  remained  in  charge  of  the  Bureau  of  Water  Supply  until 
July  1,  1914,  when  he  retired  on  a  pension.  After  his  retirement,  he  con- 
tinued the  practice  of  his  profession,  as  a  Consulting  Engineer,  but  was  not 
very  actively  engaged  on  engineering  work. 

The  important  professional  work  of  Mr.  de  Varona  was  the  management 
and  improvement  of,  first,  the  water  supply  system  of  Brooklyn,  and,  later, 
that  of  Greater  New  York.  He  was  a  man  of  unusual  mental  development  and 
physical  and  nervous  energy.  As  an  engineering  executive,  he  would  quickly 
sense  the  strong  and  the  weak  points  of  any  plan  presented  to  him,  or  of  any 
proposed  line  of  action,  and  he  energetically  fought  for  what  he  thought 
represented  the  proper  course.  This  was  well  exemplified  in  the  proposed  filtra- 
tion of  the  Croton  supply.  In  1911-12,  plans  were  prepared,  under  Mr.  de 
Varona's  direction,  for  a  slow  sand  filtration  plant,  to  be  located  on  the 
site  of  the  Jerome  Park  East  Basin  Eeservoir,  the  total  estimated  cost  of  this 
work  being  about  $8  000  000.  After  the  bids  for  the  main  contract  had  been 
received,  opposition  to  the  work  developed,  the  necessity  for  the  purifica- 
tion of  the  Croton  supply  by  filtration  being  questioned.  No  criticism  was 
made  as  to  the  adequacy  of  the  plans  to  accomiDlish  the  purpose  sought,  and 
Mr.  de  Varona  strenuously  fought  for  the  filtration  project,  but  the  Board  of 
Estimate  ultimately  decided  not  to  proceed  with  this  work. 

The  most  important  developments  of  the  water  supply  system  of  New 
York  City  conducted  under  his  direct  charge,  were :  The  utilization  of  the 
underground  water  supply  of  Long  Island  by  wells  and  gallery  systems;  the 
desig-n  and  construction  of  the  high-pressure  fire  service  systems  in  Brooklyn 
and  in  Manhattan ;  and  the  remodeling  of  the  distribution  system  in  Brooklyn. 
Mr.  de  Varona  devoted  virtually  his  entire  time  to  the  water  supply  system  of 
New  York  City,  occasionally,  however,  he  aided  other  communities  as  Con- 
sulting Engineer,  with  advice  regarding  water  supply  and  sewerage  problems. 

Although  interested  in  the  work  of  the  Engineering  Societies,  Mr.  de 
Varona  did  not  frequently  attend  their  sessions.  Outside  his  official  duties,  his 
interest  was  especially  in  his  home,  where  he  died  on  May  12,  1922.  He  is 
survived  by  several  sons  and  daughters. 

Mr.  de  Varona  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  April  7,  1886. 
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SOLOMON  LE  FEYRE  DEYO,  M.  Ain.  Soc.  C.  E.* 


Died  Aucjust  19,  1922. 


Solomon  Le  Fevre  Deyo,  the  son  of  Jonathan  Nathaniel  and  Maria  Le  Fevre 
Deyo,  was  born  in  Gardner,  N.  Y.,  on  December  17,  1850.  He  entered  Union 
College  at  Schenectady,  N.  Y.,  and  was  graduated  in  the  Class  of  1870. 

In  1870-71,  Mr.  Deyo  was  Instrumentman  on  the  survey  of  the  Town  of 
Morrisania,  N.  Y.,  under  the  supervision  of  Gen.  George  S.  Greene.  In  1871, 
he  entered  the  employ  of  the  New  York,  New  Haven  and  Hartford  Railroad 
Company  on  the  location  of  the  Harlem  River  Branch,  from  Harlem  River  to 
New  Rochelle,  N.  Y.,  and,  later,  wa6  Resident  Engineer  on  the  construction  of 
that  road.  In  1873,  he  entered  the  employ  of  the  New  York  and  Harlem  Rail- 
road Company,  as  Resident  Engineer  on  the  Fourth  Avenue  Improvement  in 
New  York  City.  In  this  position,  he  had  charge  of  the  section  from  Forty- 
seventh  Street  to  Seventy-ninth  Street,  which  work  included  the  elimination 
of  grade  crossings  and  the  construction  of  four  tracks.  He  continued  on  this 
work  until  its  completion  in  1876. 

From  1876  to  1881,  Mr.  Deyo  was  Superintendent  of  the  American  Metaline 
Company,  New  York  City;  from  1881  to  1883,  Division  Engineer  on  surveys 
with  the  South  Pennsylvania  Railroad  Company;  and  from  1883  to  1885,  Con- 
struction Engineer  with  the  same  Company.  During  1886,  he  served  as  Prin- 
cipal Assistant  Engineer  on  the  Buffalo  and  Geneva  Railroad,  and,  later,  as 
Assistant  Engineer  with  the  Lehigh  Valley  Railroad  Company. 

In  1887,  he  was  engaged  in  railroad  reconnaissance  in  Northern  Alabama 
for  the  Pioneer  Mining  and  Manufacturing  Company,  and,  later,  in  the  same 
year,  he  was  employed  by  the  New  York,  New  Haven  and  Hartford  Railroad 
Company,  as  Assistant  Engineer  in  charge  of  general  work.  He  continued  in 
this  capacity  until  1890,  when  he  was  appointed  Assistant  Engineer  in  charge 
of  the  Western  District  of  the  same  road,  resigning  in  March,  1900. 

During  the  latter  part  of  his  service  with  the  New  York,  New  Haven,  and 
Hartford  Railroad  Company,  Mr.  Deyo  had  supervision  more  particularly  over 
the  construction  of  additional  tracks  on  the  Harlem  River  Branch  and  the 
construction  of  the  terminal  yard  at  Oak  Point,  East  River,  including  bulk- 
head, bridges,  and  approaches  for  the  purpose  of  transfering  cars  to  and  from 
the  boats. 

In  March,  1900,  Mr.  Deyo  was  appointed  Chief  Engineer  of  the  Rapid 
Transit  Subway  Construction  Company,  New  York  City,  which  was  organized 
by  Messrs.  August  Belmont  and  John  B.  McDonald  (after  the  latter  had  been 
awarded  the  contract)  for  the  construction  of  the  first  underground  rapid 
transit  railroad  in  New  York  City.  As  is  well  known,  the  problems  and  dif- 
ficultiee  which  attended  this  pioneer  line  were  majiy,  and  Mr.  Deyo,  who 
personally  supervised  the  writing  of  the  nuraerous  specifications  and  agree- 
ments for  the  sub-contracts  for  the  several  sections  of  the  work,  by  his  tact, 
ability,  and  foresight,  kept  the  work  up  to  schedule  and  frequently  acted  as 

*  Memoir  prepared  by  F.  S.  Curtis,  Past-President,  Am.  Soc.  C.  E.,  and  ■William  J. 
Boucher,  M.  Am.   Soc.  C.  E. 
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harmonizer  between  the  Kapid  Transit  Commission,  with  its  demands  for 
progress,  and  the  sub-contractors  who  were  doing  the  work.  So  well  did  the 
organization  function  under  his  direction  that  the  great  work  was  opened  to 
public  use  on  October  27,  1904,  just  four  years  and  seven  months  after  the 
first  official  spadeful  was  turned.  On  January  10,  1905,  a  banquet  was 
tendered  Mr.  Deyo  by  his  employees  and  co-workers,  at  which  approximately 
seventy,  including  guests,  were  present,  and  a  large  silver  punch  bowl  was 
presented  to  him. 

Mr.  Deyo  also  held  the  position  of  Chief  Engineer  of  the  Subway  Division 
of  the  Interborough  Rapid  Transit  Company  (the  operating  company)  until 
July  1st,  1905.  On  the  organization  of  the  Interborough-Metropolitan  Com- 
pany in  1905,  Mr.  Deyo  was  appointed  as  Chief  Engineer  and  held  this 
position  until  1918,  when  he  retired  from  active  work. 

He  was  married  on  June  24,  1882,  to  Harriet  Goodrich  Brandon,  who, 
with  a  daughter,  Mrs.  Eoyce  E,.  Spring,  survives  him. 

Mr.  Deyo  was  of  a  quiet,  reserved  disposition,  always  approachable,  having 
the  confidence  of  all  with  whom  he  came  in  contact,  not  only  those  who  worked 
for  him,  but  also  those  for  whom  he  worked.  His  fair  treatment  of  all  with 
whom  he  became  acquainted  was  reflected  in  the  number  of  his  friends.  His 
progress  in  life,  in  connection  with  his  professional  ability,  was  because  of  his 
kind  and  genial  manner  to  everybody  with  whom  he  dealt. 

He  was  a  member  of  the  Engineers'  Club  of  New  York  City,  which  he  had 
joined  in  1893,  continuing  his  membership  during  the  remainder  of  his  life. 
He  had  also  been  a  member  of  the  Holland  Society  of  New  York  City  since 
December  29,   1892. 

Mr.  Deyo  was  elected  a  Member  of  the  American  Society  of  Civil  Engineers 
on  June  6,  1888,  and  served  as  a  Director  of  the  Society  from  1898  to  1900, 
and  as  Vice-President  in  1904  and  1905. 
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WILLIAM  CUSHING  EDES,  M.  Am.  Soc.  C.  E.* 


Died  May  25,  1922. 


William  Gushing  Edes,  the  son  of  Dr.  Richard  Edes,  a  noted  Unitarian 
minister,  and  Mary  Gushing  Edes,  was  born  in  Bolton,  Mass.,  on  January  14, 
1856.  He  was  educated  at  the  Massachusetts  Institute  of  Technology,  and  was 
graduated  therefrom  in  1875  with  the  degree  of  Bachelor  of  Science  in  Givil 
Engineering. 

Immediately  after  his  graduation,  Mr.  Edes  was  engaged  in  statistical  work 
for  the  United  States  Census  Bureau.  In  1877,  he  moved  to  San  Francisco, 
Galif.,  and  entered  the  service  of  the  Spring  Valley  Water  Company. 

In  1878,  he  became  connected  with  the  Engineering  Department  of  the 
Southern  Pacific  Company,  and  was  employed  as  Assistant  Engineer,  until 
1882,  on  the  location  of  that  Company's  line  through  Arizona,  New  Mexico, 
and  Texas.  The  experience  gained  during  these  years  on  a  pioneer  under- 
taking of  such  magnitude,  and  a  natural  aptitude  for  this  class  of  engineering 
work,  determined  the  course  of  his  professional  career,  and  practically  the 
whole  of  his  life  after  the  completion  of  the  survey  was  devoted  to  railroad 
location  and  construction. 

In  1883,  Mr.  Edes  returned  to  Boston,  Mass.,  and  was  engaged  in  private 
practice  until  1886,  in  which  year  he  again  went  to  California  and  re-entered 
the  service  of  the  Southern  Pacific  Company  as  Assistant  Engineer,  continuing 
with  that  Company  until  1896.  During  this  time,  he  was  in  charge  of 
location  and  construction  work  for  the  Company,  the  most  important  of  which 
was  the  location  of  the  Coast  Route  in  California,  from  San  Luis  Obispo  to 
Ellwood,  a  distance  of  107  miles. 

In  1896,  Mr.  Edes  was  appointed  Principal  Assistant  Engineer  of  the 
San  Francisco  and  San  Joaquin  Valley  Railway  Company,  which  was  building 
a  line  from  San  Francisco  to  Bakersfield,  Calif.,  a  distance  of  381  miles.  He 
was  in  immediate  charge  of  both  the  location  and  construction  of  this  line 
and  personally  made  the  location  of  that  part  of  the  road  between  Stockton 
and  Richmond,  Calif.,  69  miles,  the  most  difficult  section.  This  road  was  later 
acquired  by  the  Atchison,  Topeka,  and  Santa  Fe  Railway  Company  and  is  now 
a  part  of  its  Coast  Lines.  In  his  capacity  of  Principal  Assistant  Engineer, 
Mr.  Edes  was  thrown  into  contact  with  the  people  and  the  public  officials  of 
the  districts  traverse4  by  the  railroad,  and  his  kindly  personality,  tact,  and 
honesty  contributed  largely  to  overcoming  the  many  difficulties  encountered 
on  projects  of  this  kind  and  to  facilitating  the  progress  of  the  work. 

In  1900,  he  returned  to  the  Southern  Pacific  Company  and  was  engaged, 
until  1905,  on  difficult  location  for  the  reconstruction  of  various  parts  of 
that  Company's  lines  in  California,  Nevada,  and  Utah,  chief  among  which 
was  the  section  between  Rocklin,  at  the  western  base  of  the  Sierra  Nevada 
Mountains,  and  Truckee,  on  the  eastern  slope.  In  1905,  he  was  appointed  Dis- 
trict Engineer  of  Maintenance  of  Way  for  the  lines  of  the  Southern  Pacific 

*  Memoir  prepared  by  the  following  Committee  of  the  San   Francisco   Section  :   Bernard 
Benfield,  Jerome  Newman,  and  Frank  Thompson  Oakley,  Members,  Am.  Soc.  C.  E. 
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Company  in  the  northern  part  of  California,  filling  that  position  for  two 
years. 

The  Southern  Pacific  Company  and  the  Atchison,  Topeka,  and  Santa  Fe 
Eailway  Company,  in  1907,  acquired  jointly  the  Northwestern  Pacific  Eail- 
road  Company,  which  owned  a  line  extending  northerly  from  San  Francisco 
Bay  to  Willits,  Calif.,  133  miles,  and  southerly  from  Humboldt  Bay  to  Shively, 
Calif.,  38  miles.  It  was  decided  to  complete  the  gap  between  Willits  and 
Shively,  106  miles,  and  Mr.  Edes  was  selected  as  Chief  Engineer  to  carry  out 
the  task  of  making  the  location  and  directing  the  construction  of  this  link 
connecting  the  separated  sections  of  the  road.  The  line  ran  through  the 
canyon  of  the  Eel  River,  along  precipitous  banks  of  unstable  material,  and 
Mr.  Edes'  location  through  this  country,  one  of  the  most  difficult  pieces  of 
railway  work  on  the  Pacific  Coast,  is  an  enduring  monument  to  his  skill. 

On  the  completion  of  this  work,  Mr.  Edes  was  appointed  by  President 
Wilson  as  Chief  Engineer  and  Chairman  of  the  Alaskan  Engineering  Com- 
mission, which  had  been  created  to  take  charge  of  the  location  and  construc- 
tion of  the  Government  railroads  in  Alaska.  Immediately  after  his  appoint- 
ment, in  May,  1914,  Mr.  Edes  left  for  Alaska  and,  in  April,  1915,  sufficient 
progress  had  been  made  to  recommend  the  adoption  of  the  route  by  way  of  the 
Alaska  Northern  Railroad  from  Seward  to  Kern  Creek,  71  miles,  and  thence 
by  the  construction  of  400  miles  of  new  road  to  Fairbanks.  With  the  exception 
of  timber  suitable  only  for  piling,  ties,  and  small  dimension  lumber,  there 
was  nothing  in  the  country  with  vv'hich  to  begin  work;  all  construction  material 
and  equipment  had  to  be  brought  in  on  steamers  and  facilities  established  for 
handling,  storage,  and  repairs.  The  site  of  Anchorage,  which  was  selected 
as  the  headquarters  of  the  Commission,  was  practically  uninhabited,  and  it  was 
necessary  to  build  a  city  at  this  place  for  the  construction  forces  and  towns  at 
several  other  points  for  the  development  of  the  country  and  the  administra- 
tion of  the  innumerable  activities  connected  with  the  railroad  work.  The 
country  through  which  the  road  was  to  pass  was  an  unbroken  wilderness, 
entirely  devoid  of  transportation  facilities,  and  little  was  known  about  it. 
Notwithstanding  these  almost  insuperable  obstacles,  at  the  end  of  1915,  there 
had  been  completed  35  miles  of  grading  and  13  miles  of  track,  as  well  as  a 
considerable  mileage  of  wagon  roads. 

In  addition  to  the  difficulties  offered  by  the  country,  there  was  the  added 
one  of  obtaining  funds  with  which  to  prosecute  the  work  vigorously.  The 
United  States  was  engaged  in  the  World  War,  and  Congress  was  not  in  a  mood 
to  furnish  money  for  other  than  war  purposes;  it  was  necessary,  therefore, 
for  Mr.  Edes  to  spend  a  large  part  of  his  time  in  Washington,  D.  C,  in  order 
to  secure  appropriations  for  continuing  the  work  in  Alaska.  One  of  the 
Commissioners  had  been  appointed  Governor  of  the  Territory,  the  other  had 
re-entered  the  Army,  and  Mr.  Edes  was  left  as  the  only  remaining  member, 
in  full  charge  and  responsible  for  all  the  activities  of  the  project.  The  duties 
were  most  arduous,  and  it  is  a  high  tribute  to  his  honesty  and  ability  that  he 
succeeded  in  convincing  Congress  that  funds  for  continuing  the  work  should  be 
provided,  although  the  Nation  was  carrying  on  a  war  which  taxed  its  power 
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and  resources.  The  strain  and  worry  under  which  he  labored,  however,  had 
seriously  affected  his  health,  which  was  never  robust,  and  as  the  general 
problems  had  been  solved  and  the  work  carried  well  along  toward  completion, 
he  resigned  from  the  Commission  in  1920,  in  order  to  take  up  work  which  would 
be  less  exacting.  He  was  engaged  after  that  time  in  consulting  practice,  advis- 
ing especially  on  matters  pertaining  to  railroad  projects.  It  was  while  re- 
turning by  train  to  San  Francisco  from  an  inspection  of  a  project  on  which 
he  had  been  consulted,  that  he  was  stricken  with  heart  failure,  resulting  in 
his  death. 

Mr.  Edes  was  a  man  who  won  the  respect  and  affection  of  all  those 
associated  with  him.    In  the  words  of  one  of  his  old  friends : 

"He  was  honest — with  him  honesty  was  an  instinct.  He  thought  along 
honest  lines,  and  by  honesty  I  refer  not  so  much  to  money  matters  as  to  all 
the  varied  elements  which  occur  in  the  life  of  an  engineer.  He  was  honest 
to  those  above  him  in  giving  them  the  benefit  of  his  thought  even  though  it 
might  be  at  variance  with  the  popular  conclusions;  he  was  honest  with  those 
working  for  him,  and  he  was  honest  with  himself  in  that  he  was  careful  to  do 
what  he  thought  was  right. 

"Mr.  Edes  was  a  modest  man — if  one  might  suggest  it,  too  modest  for  his 
own  good  in  this  rushing,  driving  world.  One  would  never  learn  from  him  of 
his  achievements,  and  many  were  disposed  to  under-rate  him  because  he  was  so 
self-effacing;  but  those  who  knew  him  well  recognized  the  quality  of  the  man 
and  loved  him  for  his  gentleness  and  genuineness. 

"The  work  he  has  done  will  live  after  him  as  a  mark  of  his  ability,  and  while, 
as  time  goes  on,  his  name  in  connection  therewith  may  be  lost,  yet  the  work 
itself  will  stand  and  be  recognized  as  well  designed  and  well  done." 

Mr.  Edes  was  married  on  January  31,  1901,  to  Miss  Mary  Burnham,  of 
Oakland,  Calif.,  who,  with  three  brothers,  Robert,  Francis  and  John  Edes,  and 
a  sister,  Mrs.  Cyrus  A.  Roys,  survives  him. 

He  took  an  active  part  in  public  and  charitable  affairs,  and  was  particularly 
interested  in  Red  Cross  work. 

Mr.  Edes  was  elected  a  Junior  of  the  American  Society  of  Civil  Engineers 
on  September  1,  1886,  and  a  Member  on  November  4,  1896. 
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GEOKGE  RUSSELL  FIELD,  M.  Am.  Soc.  C.  E.* 


Died  May  1,  1922. 


George  Kusseil  Field,  the  son  of  Elisha  and  Martha  Woodbury  Field  was 
boru  at  Groton,  N.  Y.,  ou  October  1,  1871,  and  received  his  early  education 
in  the  public  schools  of  that  place.  He  attended  Cornell  University',  but  was 
not  graduated  on  account  of  severe  illness. 

In  1889,  Mr.  Field  entered  the  Engineering  Department  of  the  Groton 
Bridge  and  Manufacturing  Company,  and  remained  with  that  firm  for  nearly 
five  years.  He  served  in  the  Drafting  Room  for  a  year  and  a  half,  making  shop 
details  and  checking  drawings.  He  was  then  placed  in  charge  of  design  and 
contracting  for  bridge  and  structural  work,  and  he  also  had  charge  of  erection 
in  the  field.  For  about  a  year,  he  acted  as  Contracting  Agent  for  the  Bridge 
Company  in  New  York,  Pennsylvania,  and  New  Jersey.  In  May,  1893,  he  was 
transferred  to  San  Francisco,  Calif.,  where  he  represented  the  Company  as 
Contracting  Agent  until  January,  1894. 

On  the  latter  date,  Mr.  Field  became  Contracting  Engineer  for  the  Kisdon 
Iron  and  Locomotive  Works  in  San  Francisco  and  continued  with  that  firm 
in  that  capacity  until  1910.  His  position  with  the  Risdon  Company  covered 
various  works,  among  which  may  be  mentioned  the  structural  steel  for  the 
Ferry  Depot,  San  Francisco,  and  for  the  Spreckels  Sugar  Refinery,  at  Salinas, 
Calif.  His  principal  work,  however,  was  in  connection  with  the  construction 
and  installation  of  pressure  pipe  lines  and  gates  for  hydro-electric  power 
plants,  among  which  may  be  named  the  three  plants  of  the  Edison  Electric 
Company  of  Los  Angeles,  Calif.,  the  Northern  California  Power  Company,  the 
Puget  Sound  Power  Company,  and  the  Stanislaus  Power  Company  of  Cali- 
fornia. 

In  1910,  Mr.  Field  became  Assistant  General  Manager  of  the  Great  Western 
Power  Company,  and  served  in  that  capacity  until  1912.  His  duties  with  the 
Power  Company  were  largely  concerned  with  operation. 

In  1912,  he  became  interested  in  the  Klamath  River  Packers'  Association, 
and  the  following  year  he  was  made  Vice-President  and  General  Manager  of 
the  Company,  a  position  which  he  held  for  nine  years,  until  his  death.  In  his 
capacity  as  General  Manager,  Mr.  Field  made  a  complete  study  of  fish  pack- 
ing and  re-organized  the  conduct  of  that  industry  for  his  Company. 

His  death  on  May  1,  1922,  in  Los  Angeles,  where  he  had  gone  for  a  visit, 
was  due  to  an  attack  of  influenza  in  1919,  from  which  he  had  never  completely 
recovered.     He  was  buried  in  Groton  Rural  Cemetery,  at  Groton,  N.  Y. 

Mr.  Field  was  married  on  January  26,  1905,  in  San  Francisco,  to  Miss 
Gertrude  White  McCauley,  who,  with  his  father,  Mr.  Elisha  Field,  and  a  sister, 
Mrs,  Carrie  Field  Rishford,  both  of  Elmira,  N.  Y„  survives  him. 


*  Memoir  prepared  by  J.  D.  Galloway,  M.  Am.   Soc.  C.  E. 
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Mr.  Field  was  a  kindly,  courteous  gentleman,  and  to  those  who  knew  him 
well,  the  announcement  of  his  sudden  death  brought  a  deep  sense  of  sorrow 
and  loss. 

He  was  a  member  of  the  Bohemian  Club  of  San  Francisco  and  the  Clare- 
mont  Country  Club  of  Oakland,  Calif. 

Mr.  Field  was  elected  a  Member  of  the  American  Society  of  Civil  Engineers 
on  November  6,  1907. 
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CLEMENT  ALEXANDER  FINLEY  FLAGLER,  M.  Am.  Soc.  C.  ¥..* 


Died  May  T,  1922. 


Clement  Alexander  Finley  Flagler  was  born  at  Augusta,  Ga.,  on  August 
17,  1867.  He  was  the  son  of  the  late  Brig.-Gen.  D.  W.  Flagler,  Chief  of 
Ordnance,  U.  S.  Army,  and  his  mother  was  the  daughter  of  Gen.  Clement  A. 
Finley,  Medical  Corps,  U.  S.  Army. 

The  traditions  of  his  family  and  his  inherited  soldierly  qualities  led  natur- 
ally to  his  choice  of  the  Army  as  a  profession,  and  after  his  graduation  from 
Griswold  College,  Iowa,  Mr.  Flagler  entered  the  United  States  Military 
Academy  on  June  14,  1885.  He  responded  fully  to  the  rigorous  train- 
ing of  that  institution  and,  from  the  first,  became  a  prominent  and  popu- 
lar figure  in  his  class  by  reason  of  his  exceptional  mental  ability,  com- 
bined with  the  rare  charm  of  his  personality.  Possessed  of  a  remark- 
ably fine  physique,  he  was  a  leader  not  only  in  his  studies,  but  in 
the  military  drills  and  athletic  exercises,  prescribed  and  voluntary,  that 
formed  an  essential  part  of  the  West  Point  training.  The  horizon  of  the  West 
Point  cadet  has  broadened  since  his  day.  Then,  except  for  the  ten  weeks' 
furlough  at  the  end  of  the  second  year,  one  never  saw  beyond  the  rugged  sky- 
line of  the  surrounding  hills  from  the  day  of  his  admission  to  the  Academy  to 
the  day  of  his  graduation,  four  years  later.  Whatever  time  was  left  for  amuse- 
ment and  recreation  from  the  crowded  hours  of  study  and  duty  was  utilized, 
if  at  all,  in  such  diversions  as  the  limited  facilities  of  the  cadets  could  com- 
mand. Cadet  Flagler's  energy,  keen  sense  of  humor,  and  originality  of  resource 
made  him  the  leading  spirit  in  these  enterprises,  and  contributed  to  the  great 
popularity  he  enjoyed  among  his  fellows.  The  warm  and  intimate  friendships 
which  he  formed  at  West  Point  continued  throughout  his  life.  He  was  grad- 
uated with  high  honors  on  June  12,  1889,  and,  on  the  same  date,  was  assigned 
to  the  Corps  of  Engineers,  U.  S.  Army. 

His  subsequent  career  was  exceptionally  varied  and  distinguished.  After 
the  completion  of  the  three  years'  course  of  technical  study  at  the  Engineer 
School  of  Application  at  Willets  Point,  N.  Y.,  to  which  the  Engineer  officers 
of  the  Army  were  assigned  immediately  after  their  graduation  from  West 
Point,  Lieut.  Flagler  was  stationed  at  San  Francisco,  Calif.,  as  Assistant  to 
the  late  Col.  George  H.  Mendell,  U.  S.  A.,  M.  Am.  Soc.  C.  E.  for  two  years 
(1892-94),  after  which  he  was  returned  to  the  Military  Academy  as  Instructor 
in  Civil  and  Military  Engineering.  Thence,  he  was  sent  to  Fort  Monroe,  Va., 
for  a  year's  duty,  and  in  1896  to  Portland,  Ore.,  as  Assistant  in  the  Engineer 
District,  with  headquarters  at  that  place.  On  the  outbreak  of  the  Spanish 
War,  Capt.  Flagler  was  promoted  to  the  rank  of  Major  and  Chief  Engineer  of 
Volunteers,  and  served  on  the  staff  of  Maj.-Gen.  J.  H.  Wilson.  He  was  in 
Porto  Rico  as  Picket  Officer  and  Assistant  Engin^r  Officer,  1st  Division, 
1st  Corps. 

•  Memoir  prepared  by  Chester  Harding,  Brig.-Gen.,  U.  S.  A.   (Retired),  M.  Am.  Soc.  C.  E. 
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After  the  Spanish  War,  he  was  placed  in  charge  of  the  Montgomery,  Ala., 
Engineer  District,  for  two  years,  and  then  was  designated  as  Engineer  Officer 
of  the  Department  of  Porto  Kico  and  the  Department  of  the  East.  He  was  in 
charge  of  the  Wilmington,  Del.,  Engineer  District  from  1904  to  1908,  and  of 
the  Nashville  and  Chattanooga,  Tenn.,  and  Mobile,  Ala.,  Districts  for  various 
periods  from  July,  1910,  to  July,  1913.  While  in  the  Wilmington  District,  he 
was  a  member  of  the  Chesapeake  and  Delaware  Canal  Commission. 

For  the  year  ending  May  7,  1914,  Col.  Flagler  was  a  Student  Officer  at 
the  Army  War  College,  Washington,  D.  C.  During  the  disturbances  in  Mexico, 
later  in  1914,  he  served  as  Chief  Engineer  on  the  staff  of  the  late  Gen.  Funston 
at  Vera  Cruz,  and  on  his  return  from  Mexico,  he  was  detailed  as  Instructor  at 
the  Army  War  College  until  June  30,  1915. 

At  the  time  of  the  entrance  of  the  United  States  into  the  World  War,  Col. 
Flagler  was  in  charge  of  the  Washington,  D.  C,  Engineer  District,  including 
the  water  supply  of  the  City  of  Washington,  the  Key  Bridge  across  the 
Potomac,  and  the  development  of  the  Anacostia  Flats.  In  August,  1917,  how- 
ever, he  was  sent  to  Fort  Leavenworth,  Kans.,  in  command  of  the  7th  Regi- 
ment of  Engineers  and  the  Engineer  Officers'  Training  Camp.  On  December 
17,  1917,  he  was  commissioned  Brigadier  General,  National  Army,  and  was 
placed  in  command  of  the  5th  Field  Artillery  Brigade,  which  he  trained  at 
Leon  Springs  and  Waco,  Tex.,  and  which  he  took  to  France  in  May,  1918. 
Gen,  Flagler  commanded  the  Brigade  at  the  front,  in  the  St.  Die,  St.  Mihiel, 
and  Woevre  Sectors.  On  October  17,  1918,  he  was  promoted  to  the  rank 
of  Major  General  and  served  as  Chief  of  Artillery,  3d  Army  Corps,  in  the 
Argonne-Meuse  drive,  from  October  15  to  November  20,  1918.  After  the 
Armistice,  he  commanded  the  42d  (Rainbow)  Division  in  the  march  to  the 
Rhine,  from  November  21  to  December  14,  1918,  when  it  became  part  of 
the  Army  of  Occupation,  with  Gen.  Flagler  as  Military  Governor  of  Kreiss 
of  Ahrweiler,  which  command  he  held  until  his  return  to  the  United  States  in 
March,  1919.  On  April  6,  1919,  he  was  relieved  of  the  command  of  the 
42d  Division,  at  Camp  Bowie,  Texas,  and  until  April  6,  1920,  was  in  com- 
mand of  the  Camp  and  Engineer  School,  at  Camp  Humphreys,  Ya.  His  next 
duty  was  in  Honolulu,  Hawaii,  as  Department  Engineer,  Hawaiian  Depart- 
ment, Commanding  Officer  of  the  3d  Engineers,  and  in  charge  of  the  Hawaiian 
Engineer  District.  From  May  1,  1921,  until  his  death  on  May  7,  1922, 
Gen.  Flagler  was  at  Baltimore,  Md.,  as  Division  Engineer  of  the  Eastern 
Division  of  Fortification  and  River  and  Harbor  work  under  the  Chief  of 
Engineers,  U.  S.  Army. 

This  record,  derived  from  official  sources,  of  active  participation  in  the  serv- 
ice of  the  Government,  during  periods  of  peace  and  war,  for  the  thirty-three 
years  between  his  graduation  from  the  Military  Academy  and  his  death, 
emphasizes  the  confidence  placed  in  Gen.  Flagler  by  the  authorities  of  the 
War  Department.  He  was  assigned  to  positions  of  high  responsibility  and 
authority  for  which  his  Tried  abilities  had  shown  him  to  be  qualified.  He  was 
by  selection  one  of  those  to  whom  especial  training  was  given  for  high  com- 
mand in  time  of  war,  and  during  the  two  wars  that  occurred  within  the  scope 


MEMOIR    OF    CLEMENT   ALEXANDER   FINLEY   FLAGLER  1655 

of  his  career,  he  held  positions  of  great  responsibility  with  the  forces  at  the 
front.  His  energy,  courage,  and  devotion  to  duty  were  inspiring  to  all  those 
within  his  influence.  Not  only  in  the  stress  of  battle,  or  in  the  performance  of 
public  duty  in  time  of  peace,  but  also  in  his  intercourse  with  his  fellow  men. 
Gen.  Flagler  lived  up  to  the  highest  ideals  of  honor  and  duty.  The  sense  of 
devotion  to  duty,  regardless  of  personal  convenience  or  consequence,  was  never 
more  highly  developed  than  in  him,  and  it  constituted  one  of  his  most  pro- 
nounced characteristics.  He  was  a  noble  example  of  the  high  type  of  man 
who  succeeds  because  he  holds  himself  true  to  his  honor,  his  duty,  and  his 
country. 

Gen.  Flagler  was  elected  a  Member  of  the  American  Society  of  Civil  Engi- 
neers on  March  13,  1917. 
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CYRUS  OILDERSLEEVE  FORCE,  JR.,  M.  Am.  Soc.  C.  E.* 


Died  February  7,  1922. 


The  death  of  Cyrus  Gildersleeve  Force,  Jr.,  has  removed  another  of  those 
civil  engineers  whose  activities  left  their  impress  on  the  Science  of  Engineer- 
ing during  a  period  when  the  development  of  municipal  engineering  work 
was  in  its  infancy.  The  ranks  of  these  pioneers,  made  up  of  a  sturdy  group 
of  men,  many  of  whom  were  without  special  educational  training  and  all  of 
whom,  working  with  little  precedent  to  guide  them,  really  accomplished  won- 
ders, have  been  thinned  by  retirement  or  death  until,  to-day,  only  a  few  are 
to  be  found  in  active  practice.  It  is  impossible  to  estimate  the  importance 
of  the  work  done  by  these  men  and  its  value  to  later  engineers,  but  that  it 
was  of  great  importance  is  always  realized,  when,  as  death  takes  one  of 
their  number,  one  stops  to  consider  and  dwell  on  his  accomplishments. 

Cyrus  Gildersleeve  Force,  Jr.,  who  was  a  worthy  member  of  this  group 
of  pioneer  engineers,  was  born  at  Ledgewood,  N.  J.,  on  August  27,  1841. 
He  began  his  engineering  career  at  about  the  end  of  the  Civil  War,  having 
previously  obtained  his  general  education  at  the  Chestnut  Hill  Academy  at 
Succasunna,  N.  J.,  and  at  the  State  ISTormal  School  at  Trenton,  N.  J.,  from 
each  of  which  institutions  he  was  graduated. 

During  several  years,  he  taught  school  in  New  Jersey  and  Indiana,  mean- 
while preparing  himself  for  the  work  which,  later,  became  his  profession. 
He  early  directed  his  studies  into  the  field  of  bridge  design  and  constiniction, 
and  obtained  employment  with  Zenas  King,  of  Cleveland,  Ohio,  a  pioneer 
in  iron  bridge  construction  and  the  founder  of  the  King  Bridge  Company. 

Mr.  Force  served  as  Chief  Engineer  for  two  years  with  this  Company, 
during  which  time,  many  bridges  in  various  parts  of  the  United  States  were 
designed  and  completed  under  his  .supervision. 

Prior  to  1870,  he  entered  the  Engineering  Department  of  the  City  of 
Cleveland,  where  he  remained,  in  various  capacities,  for  many  years.  The 
records  show  that  he  .was  City  Engineer  from  1884  to  1887,  and,  again,  from 
1890  to  1893,  and,  later,  he  returned  to  the  Department  as  Assistant  Chief 
Engineer  from  1895  to  1899.  Since  1899,  he  had  devoted  his  time  to  con- 
sulting engineering  practice  in  New  Jersey,  making  his  home  at  Ledgewood, 
where  he  died  on  February  7,  1922. 

In  August,  1892,  Mr.  Force  was  married  to  Miss  Cora  May  Williams,  of 
Cleveland,  who,  with  a  sister,  survives  him. 

Mr.  Force  was  greatly  interested  in  bridge  construction,  and,  during  a  part 
of  his  employment  with  the  City  of  Cleveland,  he  specialized  as  a  Bridge 
Engineer,  and,  later,  as  City  Engineer,  he  retained  a  keen  interest  in  bridge 
work.  He  served  as  a  member  of  the  Committee  appointed  to  inspect  the 
piers  of  the  Brooklyn  Suspension  Bridge  while  it  was  being  constructed. 

During  Mr.  Force's  time,  the  office  of  City  Engineer  was  subject  to  change 
in  personnel,  depending  on  the  political  complexion  of  the  Common  Council. 

*  Memoir  prepared  by   Robert  Hoffmann,   M.  Am.    Soc.  C.   E. 
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This  explains  the  lapses  in  the  continuity  of  his  connections  with  the  City 
Engineer's  Office,  and  this  condition  of  ^interrupted  service  makes  it  difficult 
to  state  definitely  the  exact  work  which  may  have  been  started  by  him  or 
that  which  he  continued  or  carried  through  to  completion.  Many  projects 
started  under  his  supervision  were  finished  later  under  other  supervision,  and, 
likewise,  work  begun  by  others  was  carried  on  or  completed  by  him.  Under 
his  direction,  many  miles  of  sewers  and  pavements  were  built  in  Cleveland. 
Mr.  Force  was  an  ardent  advocate  of  the  building  of  large  sewers  and 
substantial  pavements.  The  large  Walworth  Sewer  was  one  to  which  he 
gave  much  attention,  both  as  to  its  design  and  construction.  Several  large 
bridges,  one  of  which  was  the  Central  Viaduct,  were  under  construction 
during  his  incumbencies  of  the  City  Engineer's  Office,  and  received  the 
benefit  of  his  direction.  Many  other  adaptions  of  engineering  work  which 
come  under  the  direction  of  a  city  engineer,  were  efficiently  considered  and 
conducted  by  him,  with  the  energy  and  the  natural  engineering  ability  for 
which  he  was  noted. 

The  years  which  have  elapsed  since  Mr.  Force's  engineering  career  in 
the  City  of  Cleveland  ceased,  have  proved  his  great  worth  and  have  shown 
him  as  a  man  whose  life  efforts  must  be  conceded  to  have  been  of  benefit  to 
mankind. 

Mr.  Force  was  elected  a  Member  of  the  American  Society  of  Civil  Engi- 
neers on  February  6,  1878,  and  always  took  a  keen  interest  in  the  welfare 
and  work  of  the  Society. 
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WILBUR  FISK  FOSTER,  M.  Am.  Soc.  C.  E.* 


Died  March  26,  1922. 


Wilbur  Fisk  Foster  was  born  at  Springfield,  Mass.,  on  April  13,  1834, 
being  the  third  of  six  children.  His  father.  Dexter  Foster,  of  Ashfield,  Mass., 
was  a  lineal  descendant  in  the  fifth  generation  of  Peregrine  White,  who  was 
born  on  the  Mayflower,  in  November,  1620.  His  mother  was  Euphrasia  Maria 
Allin,  of  Enfield,  Conn. 

After  some  years  of  preparatory  studies.  Dexter  Foster  began  work  in 
1838  as  Civil  Engineer  on  the  surveys,  location,  and  construction  of  the  West- 
ern Railroad  of  Massachusetts,  from  Springfield,  Mass.,  westwardly  to  the 
New  York  State  line,  and  of  the  Albany  and  West  Stockbridge  Railroad  from 
the  State  line  to  Albany,  N.  Y.  On  the  departure  of  Maj.  George  W.  Whistler, 
the  first  Chief  Engineer  of  the  Western  Railroad  of  Massachusetts,  for  Russia 
as  Chief  Engineer  of  the  St.  Petersburg  and  Moscow  Railroad,  Capt.  John 
Childe  became  Chief  Engineer,  with  Dexter  Foster  as  his  First  Assistant,  and 
he  served  as  such  until  the  completion  of  the  road  to  Albany,  N.  Y.,  on  April 
22,  1843.  Among  the  incidents  of  this  service  was  the  location  and  construc- 
tion of  the  first  railroad  tunnel  on  a  cun^e  alignment.  While  engaged  under 
Capt.  Childe,  on  the  survey  of  the  Connecticut  River  Railroad,  north  from 
Springfield,  Mass.,  Dexter  Foster  died  on  August  11,  1844, 

The  life  of  Wilbur  Fisk  Foster  during  the  next  seven  years  was  a  lively 
skirmish  for  his  own  support  and  such  meager  help  as  he  could  give  his  mother. 
His  education  was  received  in  the  public  schools  of  Northampton  and  Spring- 
field, Mass.,  and  he  was  graduated  from  the  High  School  at  Springfield  in  1851, 
with  preparation  for  entry  as  a  Sophomore  at  Yale  University,  but  this  was 
given  up  for  lack  of  funds. 

Capt.  Childe  who  was  then  Chief  Engineer  of  the  Mobile  and  Ohio  Rail- 
road, gave  him  employment  on  that  road.  Mr.  Foster  left  Springfield,  on 
December  29,  1851,  traveling  by  railroad  to  Cumberland,  Md.,  thence  by 
stage  to  Wheeling,  Ya.,  by  steamboat  to  Paducah,  Ky.,  and  thence  by  steamboat 
to  Hamburg,  Tenn.,  near  which  place  he  joined  the  late  Adna  Anderson, 
M.  Am.  Soc.  C.  E.,  and  a  locating  party,  as  Rodman.  He  was  engaged  on  the 
location  of  the  line  to  the  mouth  of  the  Ohio  River  and  on  preliminary  branch 
lines  to  Columbus,  Paducah,  and  Hickman,  Ky.,  and  Mt.  Pleasant,  Tenn.  On 
the  completion  of  the  maps  and  profiles,  the  party  was  dispersed  at  Columbus, 
Ky.  Mr.  Foster  went,  as  ordered  by  Capt.  Childe,  in  company  with  Mr.  Ander- 
son, to  Mobile,  Ala.,  where  he  reported  to  Maj.  John  W.  Goodwin,  Resident 
Engineer.  He  was  assigned  as  Instrumentman  on  the  construction  of  the 
division  from  Boice  to  Quitman,  Miss.,  in  charge  of  the  late  Horace  Harding, 
M.  Am.  Soc.  C.  E.,  Division  Engineer. 

On  April  12,  1853,  on  order  of  Capt.  Childe,  Mr.  Foster  was  relieved 
from  duty  on  the  Mobile  and  Ohio  Railroad,  with  instructions  to  report  to 
*  Memoir  prepared  by  John  Simpson  Walker,  M.  Am.   Soc.  C.   E. 
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Mr.  Anderson  at  Columbia,  Tenn.,  for  service  on  the  Tennessee  and  Alabama 
Railroad,  of  which  Capt,  Childe  was  Chief  Engineer  and  Mr.  Anderson,  Resi- 
dent Engineer.  From  this  time  until  April  25,  18G1,  Mr.  Foster  was  con- 
tinuously engaged  under  Mr.  Anderson  who  was  Chief  Engineer  of  the  Central 
Southern  Railroad,  from  Columbia,  Tenn.,  south  to  the  Alabama  line,  the 
Edgefield  and  Kentucky  Railroad,  and  the  Hendersonville  and  Nashville  Rail- 
road, which,  together  with  the  Tennessee  and  Alabama  Railroad,  when  built, 
and  after  several  consolidations,  were  finally  absorbed  into  the  Louisville  and 
Nashville  Railroad,  constituting  its  line  from  the  Alabama  State  line,  at 
Veto,  to  Henderson,  Ky. 

Mr.  Foster  began  work  as  Transitman  on  April  21,  1853.  on  the  prelim- 
inary survey  from  Columbia,  Tenn.,  toward  Florence,  Ala.,  and  Hamburg, 
Tenn.  On  the  completion  of  these  surveys,  he  was  assigned  to  duty  as  Instru- 
mentman  on  the  construction  of  the  Second  Division  of  the  Tennessee  and 
Alabama  Railroad,  from  Spencer's  Creek,  north  of  Franklin,  Tenn.,  to  Spring 
Hill,  under  Mr.  J.  H.  Devereux,  Division  Engineer,  who  afterward  became  a 
prominent  and  well  known  railroad  executive.  From  July  24  to  November 
6,  1854,  Mr.  Foster  had  charge  of  track -laying  from  Nashville  south,  and, 
again,  from  June  to  November,  1855,  he  had  charge  of  track-laying  from 
Franklin  south. 

From  November  5,  1854,  to  January  15,  1855,  he  was  employed  as 
Transitman  on  surveys  of  the  Edgefield  and  Kentucky  Railroad,  from  Nash- 
ville to  the  Kentucky  line,  in  the  direction  of  Trenton,  Ky.,  and  from  January 
15  to  April,  1855,  he  served  in  the  same  capacity  on  the  surveys  of  the  Cen- 
tral Southern  Railroad  from  Columbia,  via  Pulaski,  to  the  Alabama  State 
line,  in  the  direction  of  Athens,  Ala.  The  next  few  months  were  spent  by 
Mr.  Foster  on  a  visit  to  his  home  in  New  England. 

On  the  completion  of  his  work  on  track-laying  south  of  Franklin,  Ky.,  he 
was  engaged,  on  November  20,  1855,  as  Transitman  on  the  surveys  and  final 
location  of  the  Edgefield  and  Kentucky  Railroad,  from  Edgefield  Junction, 
Tenn.,  to  Guthrie,  Ky.  During  much  of  the  time,  he  acted  as  Chief  of  Party. 
On  the  completion  of  the  location  and  the  usual  plans  and  estimates,  he  was 
assigned  to  duty  at  the  office  in  Nashville  for  the  several  railroad  companies 
of  which  Mr.  Anderson  was  Chief  Engineer. 

The  first  railroad  bridge  across  the  Cumberland  River  was  that  con- 
structed at  Nashville  for  the  joint  use  of  the  Louisville  and  Nashville  and 
the  Edgefield  and  Kentucky  Railroads.  It  was  built,  under  the  charter  of  the 
latter  road,  under  the  direction  of  Mr.  Anderson,  Chief  Engineer.  In  Sep- 
tember, 1856,  Mr.  Foster  was  assigned  as  Engineer  in  charge  of  this  work,  and 
made  all  the  surveys,  soundings,  location  of  piers,  and  abutments,  prepared 
all  the  plans,  and  supervised  every  detail  until  the  completion  of  the  masonry 
ready  to  receive  the  superstructure,  which,  combined  with  special  duties  from 
time  to  time  on  the  different  lines  of  the  Company,  was  his  work  for  two  years. 
The  masonry  of  the  Cumberland  River  Bridge  having  been  practically  com- 
pleted on  August  1,  1858,  he  was  given  charge  of  the  construction  of  the 
Third  Division  of  the  Central  Southern  Railroad  from  Pulaski  to  the  Ala- 
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bama  State  line,  at  the  present  station,  Veto,  of  the  Louisville  and  Nashville 
Railroad.  This  construction  included  bridges  over  Richland  Creek  and  Elk 
River,  and  a  tunnel  1  230  ft.  long,  through  Madry  Hill,  also  much  heavy 
rock  grading  and  trestle  work.  On  the  completion  of  the  tracklaying,  he  fin- 
ished the  work  to  a  connection  with  the  South  and  North  Railroad  at  the 
Alabama  State  line  on  November  24,  1860. 

From  December  15,  1860,  to  April  25,  1861,  Mr.  Foster  was  employed  on 
the  surveys  and  location  of  the  Hendersonville  and  Nashville  Railroad,  from 
Hopkinsville  to  Sebree,  Ky.,  and  in  retracing  the  line  and  levels  of  the  part 
already  graded,  from  Guthrie  to  Hopkinsville  and  from  Sebree  to  Henderson, 
practically  completing  the  field  work,  maps,  profiles,  and  estimates. 

From  the  foregoing  record,  it  is  evident  that  Mr.  Foster's  work  from  the 
time  of  his  arrival  at  Hamburg,  Tenn.,  in  1852,  was  education  in  the  highest 
degree,  and  his  training  therein  had  made  him  a  competent  civil  engineer  of 
experience. 

He  enlisted  as  a  private  in  Company  C  (Rock  City  Guards),  on  April  25, 
1861,  and  was  mustered  into  service  as  a  private  in  the  First  Tennessee  Regi- 
ment, thus  becoming  a  Confederate  soldier.  He  was  detailed  on  engineer  duty 
in  making  surveys  of  the  Tennessee  and  Cumberland  Rivers  near  the  Kentucky 
line,  and  had  charge  of  construction  at  Fort  Donelson,  where  he  designed  the 
water  battery.  Afterward,  reporting  to  Col.  Bushrod  Johnson,  Chief  Engineer 
Officer,  he  was  placed  in  charge  of  the  construction  of  Fort  Henry,  although 
he  remonstrated  against  its  location.  Mr.  Foster  was  conunissioned  a  First 
Lieutenant  of  Engineers  on  September  14,  1861,  and  ordered  to  Cumberland 
Gap,  where  he  built  earthworks,  batteries,  and  block  houses,  and  made  a  topo- 
graphical map  of  the  vicinity.  When  Gen.  Kirby  Smith  advanced  into  Ken- 
tucky, Lieut.  Foster  was  promoted  to  be  Captain  of  Engineers,  and  was,  suc- 
cessively, on  the  staffs  of  Generals  Bragg  and  Joseph  E.  Johnston,  in  charge 
of  topographical  work.  He  was  promoted  to  be  Major  of  Engineers  on  March 
17,  1864,  and  on  August  7,  1864,  he  was  assigned  to  the  staff  of  Gen.  A.  P. 
Stewart,  serving  in  that  position  until  Johnson's  surrender  at  Greensboro, 
N.  C.  In  the  performance  of  his  duties,  Maj.  Foster  was  under  fire  in  many 
battles,  the  most  important  of  which  were  Chickamauga,  Dalton,  Resaca,  New 
Hope  Church,  Kennesaw  Mountain,  Atlanta,  Jonesboro,  Franklin,  and  Nash- 
ville. 

It  has  been  stated  that,  "he  was  trusted  implicitly  by  General  Albert  Sidney 
Johnston  and  General  Joseph  E.  Johnston,  and  he  was  active  in  the  Atlanta 
campaign  under  the  latter,  receiving  high  commendation  for  his  work  in  map 
making  and  for  the  intelligence  displayed  in  laying  out  the  Confederate  works, 
rifle-pits,  breast-works,  etc." 

After  the  surrender,  Maj.  Foster  returned  with  his  detachment  to  Macon, 
Ga.,  wheie  they  separated,  and  he  made  his  way  to  Nashville,  walking  part  of 
the  way.  He  reached  Nashville  on  May  15,  1865,  after  four  years'  service  in 
the  Army  of  the  Confederacy,  which  he  stated  was  "an  experience  I  shall  never 
forget  or  regret."  After  a  few  days,  he  went  to  visit  his  mother  in  New  England. 
He  returned   to  Nashville  on   July   17,   1865,   and  shortly  afterward  opened 
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an  office  for  the  general  practice  of  engineering,  which  he  maintained  until 
1884,  when  it  was  merged  with  a  contracting  business,  which  soon  became 
the  principal  feature.  On  July  15,  1865,  the  Broad  Street  Bridge  Company 
appointed  him  as  Engineer  to  supervise  the  reconstruction  of  the  Suspension 
Bridge  across  the  Cumberland  River,  at  Nashville,  which  had  been  destroyed 
during  the  war.  This  work  was  completed,  and  the  bridge  was  opened  for 
traffic  in  August,  1866.  On  July  26,  1865,  he  was  also  appointed  Engineer 
on  the  construction  of  the  first  street  railway  built  in  Nashville,  and  remained 
in  charge  of  this  work  until  its  completion  in  1866. 

On  January  1,  1866,  Maj.  Foster  was  made  Resident  Engineer  of  the 
Edgefield  and  Kentucky  Railroad  (now  part  of  the  Louisville  and  Nashville 
Railroad),  and  continued  in  that  duty  until  November  15,  1869,  during  which 
period  most  of  the  bridges  and  trestles  were  rebuilt  and  the  roadbed  and  track 
placed  in  good  condition.  Erom  early  in  1866  until  July  1,  1872,  when  the 
Nashville  and  Decatur  Railroad  was  leased  to  the. Louisville  and  Nashville 
Railroad  Company,  he  was  constantly  in  the  employ  of  J.  W.  Sloss,  President 
of  the  Nashville  and  Decatur  Railroad  Company,  as  Engineer  of  the  Com- 
pany, and  made  frequent  trips  of  inspection.  Plans  for  stone  arch  culverts 
were  prepared  by  him  and  were  built  under  his  direction.  For  many  years, 
beginning  in  1867,  he  was  frequently  employed  at  times  by  the  Nashville  and 
Cincinnati  Railroad  Company  in  the  location  of  its  real  estate  in  Nashville 
and  along  the  line ;  he  also  made  an  inspection  and  report  on  the  condition  of 
the  bridges  and  trestles  between  Nashville  and  Hickman,  Ky.,  in  October, 
1869. 

From  1871  to  1876,  Maj.  Foster  was  entrusted  with  much  engineering  serv- 
ice for  the  Louisville  and  Nashville  Railroad  Company,  about  the  most  im- 
portant being  the  location,  acquisition  of  land,  and  plans  for  constructing  a 
connecting  line  between  that  road  and  the  Nashville  and  Decatur  Railroad,  in 
Nashville. 

By  the  appointment  of  Mr.  Sloss,  President  of  the  Nashville  and  Decatur 
Railroad  Company,  he  made  a  preliminary  survey  in  December,  1867,  and 
furnished  map  profiles  and  estimates  of  cost  of  a  proposed  branch  railroad 
from  Culleoka  to  Lewisburg.  In  1868,  he  made  the  necessary  sui'veys  and 
prepared  a  map  of  Davidson  County,  Tennessee,  for  the  County  Commission- 
ers, at  a  cost  of  $3  106. 

In  1869,  le  made  a  survey  map,  profiles,  and  estimates  of  quantities  for  a 
proposed  railroad  from  Murfreesboro  to  Lebanon,  Tenn.,  as  well  as  preliminary 
surveys,  map  profiles,  and  estimates  of  quantities  for  a  proposed  railroad  from 
Lebanon,  via  Hartsville,  Tenn.,  to  the  State  line  in  the  direction  of  Scotts- 
ville,  Ky.  He  also  made  a  study  of  the  State  Fair  grounds,  cross-sectioned  it, 
and  designed  and  built  a  1-mile  trotting  track,  a  grand  stand,  and  a  spur- 
track  to  the  Nashville,  Cincinnati,  and  St.  Louis  Railway.  This  is  the  same 
ground  on  which  the  Tennessee  Centennial  was  held  in  1897,  and  is  embraced 
in  the  present  Centennial  Park.  Laying  out,  grading,  and  macadamizing 
West  End  Avenue,  from  15th  Avenue  to  Cockrills  Springs,  and  the  construc- 
tion of  the  Nashville  and  Fair  Grounds  Street  Railroad  from  the  city  limits 
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to  the  Fair  Grounds,  was  done  by  contract  of  the  property  owners,  with  Maj. 
Foster  as  Engineer  and  Contractor,  the  work  being  completed  early  in  Octo- 
ber, 1871. 

The  improvement  of  the  Capitol  grounds  was  undertaken  by  the  Commis- 
sioners of  the  Penitentiary,  in  accordance  with  plans  furnished  by  the  late 
John  Bogart,  M.  Am.  Soc.  C.  E.  Maj.  Foster  made  a  topographical  map  of 
the  site  and  furnished  a  copy  to  Mr.  Bogart  who  submitted  designs.  Maj. 
Foster'  took  charge  of  the  construction,  developed  the  general  and  special 
designs,  furaished  all  the  detailed  drawings  of  the  cut-stone  work,  and  had 
general  supervision  of  the  work  in  every  detail.  This  work  was  done  by  con- 
victs between  July  12,  1871,  and  May  31,  1876,  and  no  more  pleasing  re- 
taining wall  can  be  found  anywhere. 

On  October  12,  1865,  Maj.  Foster  was  elected  City  Engineer  of  Nash- 
ville, and  with  the  exception  of  the  period  from  October  12,  1867,  to  July 
1,  1869,  he  held  the  ofEce  by  re-election  or  appointment  until  March  8, 
1884,  when  he  "peremptorily  resigned".  There  were  no  records  for  guidance 
as  to  sewers,  water  pipe,  street  grades,  no  profiles,  no  field  books,  no  record 
whatever  of  street  alignment,  or  other  details.  There  had  been  no  control 
over  improvements  made  by  property  owners,  every  one  doing  as  it  pleased 
him  in  the  matter  of  grades,  sidewalks,  etc.  When  he  resigned  the  office  of 
City  Engineer  on  March  8,  1884,  Maj.  Foster  left  the  Department  completely 
organized,  and  turned  over  to  his  successor  complete  records  of  more  than 
three  hundred  streets,  alleys,  and  sewers,  as  well  as  a  thoroughly  tested  system 
of  bench-marks  and  references  covering  the  entire  city  at  that  date.  The  total 
cost  to  the  city  of  the  Engineering  Department  for  the  I63  years  of  Maj. 
Foster's  service,  including  every  item  of  expense  for  salary,  assistants,  office 
rent,  office  expenses,  etc.,  was  less  than  $40  000.  The  work  done  during  this 
period  reflects  the  highest  credit  on  Maj.  Foster  as  a  skilled  engineer,  pos- 
sessed of  high  ideals  and  character,  and  a  devoted  public  spirit.  The  City  of 
Nashville  was  truly  fortunate  in  having  him  for  City  Engineer  during  the 
time  he  served  as  such. 

The  North  Nashville  Bridge  across  the  Cumberland  Eiver,  near  Hyde's 
Ferry,  was  built  by  the  County  of  Davidson,  represented  by  a  Board  of  Com- 
missioners, and  under  plans  and  specifications  prepared  by  the  late  E.  F.  Fal- 
connet,  M.  Am.  Soc.  C.  E.  The  contracts  for  the  various  details  were  made 
by  the  Commissioners  under  the  advice  of  Maj.  Falconnet,  and  the  work  was 
begun  and  rapidly  pushed  under  his  direction.  After  his  death  on  October 
17,  1887,  Mr.  H.  C.  Gardner  and  O.  H.  Landreth,  M.  Am.  Soc.  C.  E.,  were, 
successively,  in  charge.  On  February  28,  1888,  Maj.  Foster  was  appointed 
Engineer  on  the  part  of  the  Commissioners,  and  he  directed  the  completion  of 
the  substructure  and  the  inspection  and  erection  of  the  superstructure  until 
its  completion  and  acceptfrnce  on  April  1,  1889. 

In  April  and  May,  1891,  Maj,  Foster  made  surveys  and  prepared  plans, 
profiles,  and  estimates  for  a  boulevard,  80  ft.  wide,  from  the  Belmont  School 
grounds  southwardly  2J  miles,  to  an  intersection  with  the  Granny  "White  Pike. 
Later,  in  1893  and  1905,  he  made  a  subdivision  of  the  Belmont  Land  Company, 
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north  and  east  of  this  Boulevard.  Of  this  work,  Maj.  Foster  said:  "This  was 
my  last  specific  engineering  engagement,  such  other  engineering  service  as 
rendered  by  me  after  1884  being  of  little  importance  or  incidental  to  my  busi- 
ness as  contractor." 

The  firm  of  Foster  and  Creighton  was  a  partnership  formed  in  1885  by  Maj. 
Foster  and  Mr.  Robert  C.  Creighton,  which  was  engaged  in  the  contracting 
business.  In  1907,  Maj.  Foster  sold  his  interest  in  the  firm  and  retired  from 
business,  and  the  Foster  and  Creighton  Company  was  incorporated.  Maj. 
Foster  served  as  a  Director  in  the  Company  for  about  five  years,  until  1912. 
The  Company  did  a  large  amount  of  work,  all  of  which  was  executed  in  a 
thorough,  workmanlike  manner,  and  was  satisfactory  to  its  patrons. 

After  Maj.  Foster  retired  from  business,  he  spent  his  time  mostly  in  read- 
ing and  writing.  Most  of  his  writing  pertained  to  Masonry,  but  he  prepared 
his  engineering  record,  which  furnished  the  data  given  herein.  His  war 
record  was  taken  from  the  "Confederate  Veteran"  and  "Confederate  War 
History". 

Maj.  Foster  was  one  of  the  charter  members  of  the  Engineering  Associa- 
tion of  the  South,  which  was  organized  in  1889,  and  served  as  its  President 
in  1899.  The  successor  of  this  Association,  the  Nashville  Engineering  Asso- 
ciation, made  him  an  Honorary  Member.  He  was  also  a  Charter  Member  of 
the  Hermitage  Club  and  of  the  University  Club,  both  of  Nashville.  At  one 
time,  he  was  a  Director  of  the  Phillips  and  Buttorff  Manufacturing  Company, 
and,  at  the  time  of  his  death,  he  was  a  Director  of  the  Nashville  Trust  Com- 
pany, which,  on  March  30,  1922,  passed  the  following  resolution: 

"It  is  with  profound  son*ow  we  record  the  death  of  our  dear  friend  and 
associate.  Major  "W.  F.  Foster,  who  at  11 :50  in  the  evening  of  March  26, 
'passed  from  the  land  of  shadow  into  the  land  of  light'. 

"Major  Foster  had  served  this  Company  on  the  Board  of  Directors,  faith- 
fully and  efiiciently,  for  twenty-five  years. 

"He  was  a  man  unusually  endowed,  of  marked  individuality,  lofty  ideals, 
broad  sjrmpathies,  and  unswerving  integrity;  an  accomplished  gentleman,  a 
skilled  civil  engineer,  a  successful  business  man,  an  ardent  Christian  and 
churchman,  and  a  distinguished  Mason.  His  long  life  of  eighty-eight  years 
was  a  gospel  of  good  will  and  good  works,  spent  in  unselfish  devotion  to  God, 
his  family  and  his  fellow  man.  His  influence  was  gentle,  kindly  and  far-reach- 
ing. His  presence  always  gave'  an  added  charm  and  a  sweet  old-fashioned 
dignity  to  any  circle  in  which  he  moved. 

"The  memory  of  this  good  man  is  enshrined  in  our  hearts,  and  we  extend 
to  his  dear  wife  and  loved  ones,  our  deepest  sympathy  and  commend  them  to 
Him  'who  is  able  to  ransom  from  the  power  of  the  grave  and  who  turneth  the 
shadow  of  death  into  the  light  of  the  morning'. 

"  'When  death  draws  down  the  curtain  of  the  night,  and  those  we  love  in 
his  deep  darkness  hides,  we  can  but  wait  the  coming  of  the  light,  and  bless  the 
memory  that  still  abides.' 

"Therefore,  Be  It  Resolved,  That  this  expression  of  our  respect  and  re- 
membrance be  inscribed  on  a  memorial  page  of  the  Minute  Book  of  this  Board, 
and  a  copy  be  sent  the  family." 

Maj.  Foster  joined  the  First  Presbyterian  Church  of  Nashville  on  Septem- 
ber 8,  1868.    He  was  elected  a  Deacon  in  1873  and  an  Elder  in  1896.    He  was 
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constant  in  attendance  and  a  devoted  member,  performing  all  his  duties  with 
credit  to  himself  and  his  church  for  more  than  fifty  years.  On  his  death,  the 
pastor  and  officers  of  the  First  Presbyterian  Church  adopted  the  following  reso- 
lution : 

''On  March  26,  1922,  after  a  life  of  nearly  four  score  and  ten  years, 
Major  Wilbur  Fisk  Foster,  having  finished  his  course  and  kept  the  faith,  was 
called  from  the  church  militant  to  the  church  triumphant,  'and  entered  into 
the  rest  prepared  for  the  people  of  God.' 

"Major  Foster  was  a  man  of  the  strictest  integrity  and  his  character  was 
unimpeached  and  unimpeachable.  No  one  who  knew  him  intimately  could  fail 
to  admire  his  gentle  and  affable  nature  and  to  recognize  in  him  a  true  man. 

"'In  the  death  of  Major  Foster  the  city  has  lost  a  most  valuable  citizen,  and 
one  who  has  left  his  impress  on  it  by  his  work  as  an  official  in  past  years,  and 
his  godly  walk  before  the  people. 

"For  nearly  forty  years  he  was  an  officer  in  this  church  and,  until  his 
physical  affliction,  in  the  loss  of  his  hearing,  prevented  him  from  attending  the 
meetings  of  the  session,  he  was  usually  present,  and  his  opinion  and  sugges- 
tions in  regard  to  matters  pertaining  to  the  good  of  our  church  were  always 
regarded  as  safe  and  sound. 

"While  we  bow  with  submission  to  the  will  of  our  Heavenly  Father,  yet  we 
cannot  but  mourn  the  great  loss  our  church  and  official  board  have  sustained 
in  the  death  of  Major  Foster.  We  shall  enshrine  his  memory  in  our  hearts, 
and  count  ourselves  happy  to  have  had  such  a  friend. 

"Resolved,  That  a  copy  of  these  resolutions  be  sent  to  the  family  to  whom 
we,  as  his  Pastor  and  fellow  officers,  extend  our  sincere  sympathy  in  their 
irreparable  loss." 

From  the  time  he  arrived  at  manhood,  Maj.  Foster  gave  so  much  of  his 
time  and  attention  to  the  Masonic  order  and  its  various  branches,  that  his 
Masonic  activities  may  be  said  to  have  formed  a  large  and  important  part  of 
his  career.  It  is  deemed  appropriate,  therefore,  to  set  out  briefly  herein  a  rec- 
ord of  his  Masonic  career,  as  authenticated  by  Mr.  Garnett  !N".  Morgan, 
Sovereign  Grand  Inspector  General  in  the  State  of  Tennessee,  of  the  Supreme 
Council,  Ancient  and  Accepted  Scottish  Rite,  who  states: 

"It  is  very  difficult  to  give  in  a  very  few  words  an  adequate  idea  of  the 
splendid  Masonic  career  of  Major  Wilbur  Fisk  Foster  33°. 

"His  services  to  Freemasonry  in  Tennessee  were  brilliant  in  character  and 
the  honors  of  the  Fraternity  were  showered  upon  him.  He  served  not  only  as 
the  Worshipful  Master  of  the  two  Blue  Lodges  of  which  he  was  a  member 
during  his  long  and  useful  life,  but  became  the  presiding  officer  of  each  of  the 
other  Masonic  Bodies  in  which  he  held  his  membership — Royal  Arch  Chapter, 
Council  of  Royal  and  Select  Masters,  and  Commandery  of  Knights  Templar. 
He  was  elected  the  presiding  officer  of  the  Grand  Bodies  of  the  State — Grand 
Lodge,  Grand  Chapter,  Grand  Council,  and  Grand  Commandery — and  served 
with  distinction  in  each  of  these  exalted  stations.  He  also  rendered  eminent 
services  to  the  General  Grand  Chapter  of  the  United  States. 

"In  the  Ancient  and  Accepted  Scottish  Rite  of  Freemasonry,  he  assisted 
in  organizing  the  Scottish  Rite  Bodies  of  the  Valley  of  JSTashville  and  for  a 
number  of  years  was  Master  of  Kadosh  of  Trinity  Consistory.  In  recognition 
of  his  services  to  the  Rite,  he  was  honored  by  the  Supreme  Council  with  the 
Thirty-third  Degree. 

"Major  Foster  was  one  of  the  most  influential  of  Tennessee  Masons,  a 
Masonic  scholar  and  author  of  note,  and  one  of  the  ablest  Masonic  ritualists 
the  State  has  produced." 
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Maj.  Foster  was  married  on  June  19,  186G,  to  Miss  Elizabeth  Nichol. 
daughter  of  John  Nichol,  of  Nashville,  a  member  of  one  of  the  old  and 
respected  families  of  Tennessee.  His  widow,  a  daughter,  Mrs.  C.  C.  Foster, 
and  two  granddaughters,  survive  him. 

Maj.  Foster  was  endowed  with  unusual  common  sense,  discretion,  and  a 
conscience.  He  was  a  modest,  reticent,  honest  man,  devoted  to  his  family,  his 
church  and  his  Masonic  connections,  a  gentleman  of  the  old  school,  loyal  to 
all  interests  confided  to  him,  a  thoroughly  trained  civil  engineer,  a  brave, 
efficient  Engineer  Officer  of  the  Confederate  Army,  methodical,  prompt,  and 
accurate.  He  enjoyed  good  health,  and  maintained  all  his  faculties  to  the  last, 
except  that  he  was  afflicted  with  deafness  for  several  years  before  his  death. 
He  walked  from  his  home  to  his  business,  and  return,  almost  daily,  until  a 
few  days  before  his  death. 

Major  Foster  was  elected  a  Member  of  the  American  Society  of  Civil  Engi- 
neers on  May  7,  1873,  and  only  a  few  living  members  of  the  Society  have 
had  a  longer  connection  with  it.  Major  Foster  began  his  engineering  work,  the 
same  year  the  Society  was  instituted. 
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SYLVAN  EARL  GaNSER,  M.  Am.  Soc.  C.  E.* 


Died  April  14,  1922. 


Sylvan  Earl  Ganser,  the  son  of  Daniel  Z.  and  Martha  A.  Ganser,  was 
born  at  Harlan,  Iowa,  on  December  21,  1ST9.  lie  was  graduated  from  the 
High  School  at  Harlan  in  1898,  and  attended  Cornell  College,  at  Mt.  Vernon, 
Iowa,  receiving  his  Bachelor  of  Science  degree  in  1904  and  his  Civil  Engineer 
degree  in  1906. 

During  the  summer  vacations  of  his  college  course,  Mr.  Ganser  was  em- 
ployed as  Surveying  Assistant  on  the  Illinois  Central  Railway  and  the  Chicago 
and  Northwestern  Railway. 

In  1905,  he  entered  the  service  of  the  Union  Pacific  Railway  Company  as  an 
Assistant  Engineer  on  Maintenance  of  Way  and  was  assigned  to  the  Colorado 
Division,  where  he  had  supervision  of  minor  improvements  and  maintenance 
work. 

In  February,  190Y,  he  was  employed  by  the  Atlanta,  Knoxville,  and 
Northern  Railway  Company,  a  subsidiary  of  the  Knoxville  and  Nashville,  and, 
later,  was  transferred  to  second-track  construction  on  the  Louisville  and  Nash- 
ville Railroad  as  Resident  Engineer.  This  work  included  heavy  rock  excava- 
tion, driving  and  lining  of  tunnels,  and  the  enlargement  of  the  Atlanta  Ter- 
minals. Mr.  Ganser  was  a  member  of  a  large  organization  engaged  on  the 
construction  of  new  railroad  lines,  which,  at  that  time,  was  in  immediate 
charge  of  J.  E.  Willoughby,  M.  Am.  Soc.  C.  E.,  Chief  Engineer  of  Con- 
struction. 

For  one  year  he  was  employed  by  the  Michigan  Central  Railway  Company 
as  Inspector  on  the  placing  of  forms,  concrete,  and  steel  tubes  for  the  Detroit 
River  Tunnel,  which  connects  Detroit,  Mich.,  with  Windsor,  Ont.,  Canada. 

In  August,  1909,  Mr.  Ganser  again  entered  the  service  of  the  Union  Pacific 
Railway  Company,  as  Assistant  Engineer  of  Construction,  in  charge  of  the 
Pleasant  Valley  Line,  on  the  North  Port  Extension,  Denver  Terminals,  and 
the  Fort  Collins  Line,  and  250  miles  of  estimates  and  surveys,  from  North 
Platte,  Nebr.,  to  Ogden,  Utah. 

In  1911,  he  decided  to  specialize  in  structural  steel  design.  He  entered 
the  Massachusetts  Institute  of  Technology  for  additional  technical  training 
in  September  of  that  year  and  remained  there  for  two  years. 

In  June,  1913,  he  entered  the  service  of  the  Duluth  and  Iron  Range  Rail- 
way Company,  and  made  extensive  studies  for  a  gravity  yard  and  a  number  of 
buildings  and  facilities  for  the  Ore  Terminal  at  Two  Harbors,  Minn. 

From  March,  1914,  to  September,  1915,  Mr.  Ganser  was  employed  by  the 
firm  of  Toltz,  King  and  Day,  as  a  Structural  Engineer.  In  this  capacity,  he 
was  responsible  for,  and  contributed  quite  largely  to,  the  success  of  the  struc- 
tural work  on  the  Northern  Pacific-Great  Northern  Office  Building  at  St. 
Paul,  Minn. 

♦  Memoir  prepared  by  H.   E.   Stevens,  M.  Am.   Soc.  C.  E. 
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From  September,  1915,  to  August,  191G,  he  was  employed  by  the  Ameri- 
can Hoist  and  Derrick  Company  of  St.  Paul,  and  was  responsible  for  the 
design  of  a  large  Government  derrick  for  the  Panama  Canal  and  other 
machines  of  considerable  importance. 

In  1916,  Mr.  Ganser  entered  the  service  of  the  Northern  Pacific  Railway 
Company,  with  which  he  continued  until  his  death  on  April  14,  1922.  Dur- 
ing this  time,  he  contributed  to  the  design  of  many  structures,  the  most  impor- 
tant of  which  was  a  reinforced  concrete  ore  dock  at  Superior,  Wis. 

His  death  resulted  from  an  operation,  and  was  unexpected.  His  general 
health,  while  not  of  the  best,  had  not  interfered  with  his  duties,  and  he  was 
employed  up  to  the  time  he  entered  the  hospital. 

Mr.  Ganser  was  married  in  1906  to  Miss  Bessie  Stewart  who,  with  his 
parents,  survives  him. 

In  character,  his  strongest  traits  were  his  uprightness,  hatred  of  deceit, 
devotion  to  duty,  love  of  home,  hospitality,  and  charity.  Mr.  Ganser  was  a 
most  kindly  man,  very  humorous,  and  was  deeply  appreciated  and  greatly 
loved  by  his  many  friends.     In  all  things,  he  was  a  man  and  a  gentleman. 

He  was  a  member  of  the  Official  Board  of  Trinity  Methodist  Episcopal 
Church  and  a  member  of  the  Sunday  School  Board.  He  was  also  Vice- 
President  of  the  Twin  City  Chapter  of  the  American  Association  of  Engineers. 

Mr.  Ganser  was  elected  an  Associate  Member  of  the  American  Society 
of  Civil  Engineers  on  January  2,  1912,  and  a  Member  on  January  18,  1921. 
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ROBERT  CAMPBELL  GEMMELL,  M.  Am.  Soc.  C.  E.* 


Died  October  25,  1922. 


Robert  Campbell  Geumiell,  the  son  of  Robert  Brown  Gemmell  and  Anna 
Eliza  Campbell  Gemmell,  was  born  at  Port  Mathilda,  Pa.,  on  July  5,  1863. 
In  the  early  Seventies,  his  parents  moved  to  Topcka,  Kans.,  where  Mr. 
Gemmell  secured  a  common  school  and  high  school  education.  Choosing 
Engineering  as  his  profession,  he  entered  on  its  study  at  the  University  of 
Michigan,  from  which  institution  he  received  his  degree  of  Bachelor  of  Science, 
in  1884.  In  1895,  his  Alma  Mater  conferred  on  him  the  degree  of  Civil  Engi- 
neer, and,  in  June,  1913,  in  recognition  of  his  valuable  services  as  an  Engineer, 
honored  him  with  the  degree  of  Master  of  Engineers. 

Eollowing  his  graduation,  Mr.  Gemmell  entered  the  Engineering  Depart- 
ment of  the  Atchison,  Topeka  and  Santa  Fe  Railway  Company,  and  became  a 
Division  Engineer  thereof,  in  charge  of  construction  work.  In  1891,  he  located 
at  Pendleton,  Ore.,  and  engaged  in  private  practice,  which  extended  over 
Oregon,  Washington,  and  Idaho.  In  1893,  he  moved  to  Salt  Lake  City,  Utah, 
where,  continuing  his  private  practice,  he  was  also  employed  in  the  Engineer- 
ing Department  of  that  city. 

In  the  course  of  his  practice  in  Salt  Lake  City,  Mr.  Gemmell  was  made 
Engineer  for  the  mines  of  Capt.  Joseph  R.  DeLamar,  including  the  Golden 
Gate  and  the  Consolidated  Mercur  properties  at  Mercur,  Utah.  He  was  the 
first  State  Engineer  of  Utah,  holding  that  position  from  1898  to  1901,  when 
he  went  to  Mexico  as  Manager  of  the  Mexican  Syndicate  Mining  Company, 
to  become  later  Superintendent  of  the  Mexican  properties  of  the  Guggenheim 
Exploration  Company.  Journeying  to  Spain  in  1905,  to  examine  some  gold 
mining  properties  for  a  group  of  New  York  capitalists,  he  returned  to  Salt 
Lake  City  in  January,  1906,  and  immediately  became  associated,  in  the 
capacity  of  Superintendent  of  Mine  and  Mills,  with  the  Utah  Copper  Com- 
pany, the  banner  copper  mine  of  the  world. 

In  1909,  Mr.  Gemmell  was  appointed  Assistant  General  Manager  of  the 
Utah  Copper  Company,  and,  on  May  1,  1913,  was  made  General  Manager 
thereof.  He  was  also  Consulting  Engineer  for  the  Ray  Consolidated  Copper 
Company,  the  Chino  Copper  Company,  and  the  Nevada  Consolidated  Copper 
Company,  as  well  as  General  Manager  of  the  Bingham  and  Garfield  Railway 
ComiDany.  In  June,  1919,  he  was  advanced  to  the  position  of  Assistant  Manag- 
ing Director  of  the  Utah,  Ray,  Chino,  and  Nevada  properties  of  the  Utah 
Copper  Company. 

A  lover  of  Nature,  Mr.  Gemmell  was  fond  of  outdoor  sports,  particularly 
of  hunting,  fishing,  and  golf.  He  freely  gave  of  his  life  and  means  to  all  that 
promised  betterment  of  American  boyhood.  Although  his  chosen  profession 
was  his  life  work,  he  devoted  much  of  his  time  and  talents  to  public  affairs, 
and  to  numerous  business  enterprises  wherein  his  conservative  judgment  and 
business  sagacity  were  invited  and  appreciated.  Gracious  in  manner,  gentle  in 
•  Memoir  prepared  by  L.  S.  Cates.  Gen.  Mgr.,  Utah  Copper  Co.,  Salt  Lake  City,  Utah. 
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spirit,  manly  in  everything,  his  personality,  not  only  commanded  the  admira- 
tion, but  easily  and  quickly  won  the  affection,  of  his  associates,  and  gave  him 
an  acknowledged  power  among  men.  He  was  a  true  man  whom  it  was  a  rare 
privilege  to  know  and  an  honor  to  call  friend. 

As  an  engineer,  Mr.  Gemmell  rose  to  eminence  both  in  ideals  and  achieve- 
ment. He  built  to  the  level  of  his  best  opportunities,  because  he  built  down  to 
the  solid  foundation  of  a  sense  of  obligation.  Capable,  thorough,  skilled,  and 
accomplished,  he  was  patient  and  chivalrously  considerate  of  those  under  his 
industrial  authority  to  a  surpassing  degree,  yet  never  satisfied  with  anything 
short  of  economic  perfection.  In  his  death,  the  Society  has  lost  one  of  its 
most  valued  members,  and  the  Profession  one  of  its  most  able  exponents. 

He  is  survived  by  his  widow.  Belle  Evans  Anderson  Gemmell,  to  whom  he 
was  married,  at  Salt  Lake  City,  Utah,  on  October  17,  1888. 

Mr.  Gemmell  was  a  Member  of  the  American  Institute  of  Mining  and 
Metallurgical  Engineers,  the  Mining  and  Metallurgical  Society  of  America,  and 
the  Utah  Chapter  of  the  American  Mining  Congress  (of  which  Local  Chapter 
he  was  the  prime  organizer  and  first  Governor).  He  was  also  a  Member  of  the 
Sons  of  the  American  Revolution,  and  Honorary  President  and  National 
Eepresentative  of  the  Salt  Lake  Council  of  the  Boy  Scouts  of  America.  He 
was  appointed  by  the  Governor  of  Utah  on  the  Committee  which,  in  1916, 
formulated  the  Workmen's  Compensation  Act  of  that  State.  He  was  a  mem- 
ber of  the  Alta,  University,  Country,  Commercial,  and  Rotary  Clubs  of  Salt 
Lake  City,  of  the  Rudy  Duck  and  the  Bear  River  Duck  Clubs,  of  Utah,  the 
Flat  Rock  Club,  of  Idaho,  and  the  Sequoyah  Country  Club,  of  Oakland,  Calif. 

Mr.  Gemmell  was  elected  an  Associate  Member  of  the  American  Society  of 
Civil  Engineers  on  October  5,  1892,  and  a  Member  on  December  4,  1895. 
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RICHARD  HEN  WOOD  (ilLLESPlE,  M.  Am.  Soc.  C.  E.* 


Died  July  15,  1921. 


Richard  Henwood  Gillespie  was  born  in  New  York  City  on  March  17, 
18C7,  his  parents  having  been  William  B.  Gillespie  and  Elizabeth  Henwood 
Gillespie.  After  completing  his  common  school  course,  he  entered  Union 
College,  Schenectady,  N.  Y.,  and  was  graduated  with  the  degree  of  Civil 
Engineer. 

From  1889  to  1891  Mr.  Gillespie  was  engaged  on  railway  reconnaissance, 
location,  and  construction  in  Tennessee,  Virginia,  and  North  Carolina,  as 
Instrumentman,  Topographer,  and  Kesident  Engineer.  From  1891  to  1893 
he  was  Engineer  for  the  contractors  on  the  Little  Falls  and  Dolgeville  Rail- 
road, Little  Falls,  N.  Y.  In  1893  and  1894  he  was  Division  Engineer  on 
the  location  and  construction  of  the  Eastern  Division  of  the  Castagena-Mag- 
dalena  Railroad,  Colombia,  South  America.  In  1894  and  1895  he  was  again 
Engineer  for  contractors,  this  time  on  Sections  10  and  D  of  the  Chicago 
Drainage  Canal. 

From  1896  to  1907  Mr.  Gillespie  was  continuously  in  the  service  of  the 
City  of  New  York,  as  Transitman  and  Assistant  Engineer  in  charge  of  con- 
struction in  the  Borough  of  the  Bronx.  From  1907  to  1910  he  was  Engineer 
for  a  contracting  firm  on  the  construction  of  a  large  sewer  outlet  in  the 
Borough  of  the  Bronx,  and  a  section  of  the  Catskill  Aqueduct.  During  this 
engagement  he  designed  a  concrete  form  for  sewers  and  aqueducts  which  was 
patented  and  adopted  by  a  well-known  firm  of  concrete  form  manufacturers. 

From  1910  to  1918  Mr.  Gillespie  was  Chief  Engineer  of  Sewers  and  High- 
ways, Borough  of  the  Bronx,  New  York  City,  during  which  time  from 
$2  000  000  to  $3  000  000  was  expended  on  highway  and  sewer  work  each  year. 
In  1918  he  took  charge  of  the  construction  of  sanitation  work  at  Nitro,  W. 
Va.,  for  the  smokeless  powder  plant  there,  and  on  January  1,  1919,  he  became 
Chief  Engineer  and  General  Manager  of  the  Traylor-Dewey  Construction 
Company,  doing  cement  gun  work  principally.  In  the  spring  of  1921,  he 
contracted  a  serious  illness  which  resulted  in  his  death  on  July  15,  1921. 

Mr.  Gillespie  was  married  in  1896  and  left  a  widow,  Mrs.  Hortense  J. 
Gillespie,  three  sons,  Harold,  Richard,  and  Robert,  and  a  daughter,  Elizabeth. 

His  friends  and  associates  sustained  a  great  loss  in  his  death,  having  appre- 
ciated his  sterling  character,  engineering  ability,  and  painstaking  application 
to  his  professional  work. 

Mr.  Gillespie  was  elected  an  Associate  Member  of  the  American  Society 
of  Civil  Engineers  on  October  3,  1900,  and  a  Member  on  June  5,  1906. 

*  Memoir  prepared  by  R.  A.  MacGregor,  M.  Am.  Soc.  C.  E. 
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CHARLES  SEWALL  GOWEN,  M.  Am.  Soc.  C.  E.* 


Died  October  19,  1909. 


Charles  Sewall  Gowen,  the  only  child  of  James  and  Emeline  (Cummings) 
Gowen,  was  born  at  Barnstable,  N.  H.,  on  February  14,  1851.  His  father, 
who  died  in  1854,  was  descended  from  a  Scotch-Irish  ancestor  who,  with  a  large 
number  of  compatriots,  came  to  America  in  the  middle  of  the  18th  Century. 
His  mother  was  a  descendant  of  Isaac  Cummings,  who  came  from  Scotland  in 
1644  and  settled  in  Ipswich,  Mass. 

Mr.  Gowen  received  his  early  education  in  the  public  schools  of  Clinton, 
Mass.,  and  was  a  student  at  the  Massachusetts  Institute  of  Technology  from 
1867  to  1869. 

In  October,  1869,  he  entered  the  service,  as  an  Assistant  Engineer,  of  the 
late  James  B.  Francis,  Past-President,  Am.  Soc.  C.  E.,  Agent  and  Engineer 
of  the  Locks  and  Canal  Company,  of  Lowell,  Mass.,  remaining  there  until  May, 
1876.  Mr.  Gowen's  experience  while  with  Mr.  Francis  was  of  great  value  to 
him  in  his  later  work. 

In  May,  1876,  Mr,  Gowen  joined  the  forces  engaged  on  the  additional  supply 
of  the  Boston  Water-Works,  serving  until  May,  1880,  as  Rodman,  Leveler, 
and  Assistant  Engineer.  Afterward,  and  until  August,  1881,  he  was  an  Assist- 
ant Engineer  in  charge  of  the  Western  Division  of  the  Boston  Improved 
Sewerage,  and,  subsequently,  he  was  made  Eesident  Engineer  and  Superin- 
tendent of  Construction  of  the  Boston  Water- Works,  having  charge  of  Dam  and 
Basin  "IV"  of  the  Sudbury  Supply  near  Ashland,  Mass.,  until  June,  1883.  He 
then  accepted  an  appointment  as  Assistant  Engineer  in  charge  of  hydrography, 
with  the  Philadelphia  Water  Department,  in  investigations  for  a  new  source  of 
supply  from  the  Schuylkill  River,  and  remained  in  this  position  until  March, 
1884,  when  he  was  appointed  Assistant  Engineer  by  the  Aqueduct  Commis- 
sioners of  New  York  City,  a  body  created  by  a  law  passed  in  the  preceding 
year  to  obtain  an  additional  water  supply  for  the  city. 

During  the  summer  and  autumn  of  1884,  Mr.  Gowen  was  engaged  on  sur- 
veys for  reservoir  sites  and  on  the  location  of  the  "New"  Aqueduct  line  from 
Croton  Lake  to  the  Harlem  River,  as  well  as  on  other  studies  in  preparation 
for  the  building  of  this  great  Aqueduct,  which,  with  the  exception  of  a  few 
short  stretches  of  cut-and-cover  and  some  short  lengths  of  soft-ground  tunnels, 
was  in  rock  tunnel  from  the  head-works  at  the  Old  Croton  Dam  to  the  gate- 
house at  135th  Street  and  Convent  Avenue,  Manhattan,  a  total  distance  of 
30|  miles.  The  Aqueduct  drops  below  the  hydraulic  gradient  near  the  city 
line  and  continues  under  pressure  a  distance  of  7  miles  to  the  135th  Street 
Gate-house,  reaching  a  maximum  depth  of  300  ft.  below  tide-water  at  the  Har- 
lem River  Crossing,  approximately  430  ft.  below  the  gradient.  There  is  also 
a  short  inverted  siphon  under  "Gould's  Swamp"  near  Tarrytowu,  N.  Y.  The 
remaining  Aqueduct  at  grade  has  a  horseshoe  cross-section,  13.53  ft.  high  and 
13.60  ft.   wide   at  the   springing   line,   and  was   designed   for  a   capacity  of 

*  Memoir  prepared  by  Jules  Breuchaud  and  Robert  Ridgway,  Members,  Am.   Soc.  C.   E., 
and   Fred  B.   Rogers,  Esq.,    New   York   City. 
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300  000  000  gal.  per  day,  whereas  the  circular  pressure  tunnel  below  the  city 
line  was  designed  to  carry  250  000  000  gal.  daily.  The  conduit  was  brick-lined 
throughout.  One  of  the  details  of  the  preliminary  work  was  the  accurate 
measuring  of  the  line,  which  was  done  by  methods  developed  by  Mr.  Gowen 
and  Alfred  Craven,  M.  Am.  Soc.  C.  E.  The  measurements  were  made  on 
the  slope  and  were  reduced  to  the  horizontal  after  corrections  were  made 
for  sag,  temperature,  and  error  in  graduations.  Bronze  bolts  were  set  on  line 
in  ledge  rock  or  in  granite  monuments  embedded  in  concrete  at  intervals  of 
1 000  ft.  or  more  and  were  numbered  and  stationed.  This  work  was  done 
quickly  and  economically  and  reflected  credit  on  Mr.  Gowen  and  others  who 
were  responsible  for  the  methods  and  the  results.  It  proved  its  value  during 
the  construction  period  which  followed.  Mr.  Gowen  was  an  excellent  surveyor 
and,  when  the  tunnel  driving  was  begun,  established  methods  of  carrying  the 
lines  and  grades  into  the  headings,  which  not  only  eliminated  errors  and 
insured  accuracy,  but  also  caused  a  minimum  of  interference  with  the  con- 
tractor's operations. 

When  the  Aqueduct  work  was  placed  under  contract  about  the  end  of  1884, 
Mr.  Gowen  was  made  a  Division  Engineer  and  placed  in  charge  of  Division 
No.  1,  which  included  the  complicated  gate-house  and  other  head-works  at  the 
Old  Croton  Dam  and  Shafts  0  to  4,  inclusive,  of  the  Aqueduct.  Shaft  0  was 
an  inclined  shaft,  about  300  ft.  long,  and  Shafts  1  to  4,  inclusive,  were  vertical 
shafts,  250  to  350  ft.  in  depth.  Later,  a  re-organization  added  Shafts  5  and  6 
to  Mr.  Gowen's  Division.  Under  his  direction,  the  shafts  were  sunk  and  the 
tunnels  from  them  were  driven.  A  second  re-organization  in  1888  placed  him 
in  charge  of  the  completion  of  the  13  miles  of  Aqueduct  from  Shafts  0  to  11, 
inclusive. 

Soon  after  the  masonry  lining  work  was  begun,  much  trouble  was  en- 
countered, due  to  the  lack  of  co-operation  on  the  part  of  the  contracting  firm 
and  the  dishonest  practices  of  some  of  its  employees.  The  work  was  slighted 
in  many  ways,  mortar  was  omitted,  cavities  were  left  behind  the  brick  lining, 
and  the  work  was  greatly  demoralized.  Politics  played  its  part,  affecting  seri- 
ously the  morale  of  the  inspection  force.  Mr,  Gowen  stood  firm  against  these 
practices  and,  in  spite  of  many  attacks  made  on  him  by  his  opiwnents,  insisted 
on  having  the  defective  work  corrected.  His  resolute  stand,  in  which  he  was 
supported  by  his  subordinates  as  well  as  by  the  engineers  of  other  divisions, 
led  to  an  investigation  of  the  work  by  the  Legislature  in  1888.  This  was 
followed  by  a  re-organization  of  the  Commission  in  the  same  year  and  the 
repair  and  reconstruction  of  the  defective  work  at  the  expense  of  those  respon- 
sible for  it.  The  late  Alphonse  Fteley,  Past-President,  Am.  Soc.  C.  E.,  who 
had  been  made  Chief  Engineer  in  1889,  stated  in  his  report  to  the  Aqueduct 
Commissioners  covering  the  years  1887-95 : 

"Mention  should  be  made,  however,  of  the  able  services  i)erformed  by 
*  *  *  Division  Engineer  Charles  S.  Gowen  *  *  *.  Messrs.  Kice, 
Gowen,  and  Craven  especially  have  rendered  to  the  City  valuable  service  by 
successfully  enforcing  and  superintending,  under  serious  difficulties  and  hard- 
ships, the  repairs  of  the  defective  parts  of  the  Aqueduct." 
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Some  of  the  difficulties  encountered  by  the  engineers  in  carrying  out  the 
work  are  shown  in  detail  in  the  same  report. 

On  the  practical  completion  of  the  Aqueduct,  Mr.  Gowen,  in  1890,  was 
placed  in  charge  of  the  construction  of  Reservoir  "M"  on  the  Titicus  River, 
near  Purdy  Station,  N.  Y.,  one  of  the  several  reservoirs  constructed  at,  and 
subsequent  to,  that  time  in  the  development  of  the  Croton  water-shed.  The 
dam  was  a  rubble  masonry  structure,  faced  with  cut  native  stone,  of  a  maxi- 
mum height  of  about  135  ft.,  with  earth  wings,  the  latter  containing  rubble 
masonry  cores.  Its  total  length  was  1  519  ft.  The  rolled  earth  embankment 
of  the  north  wing  was  more  than  100  ft.  high  and  the  whole  structure  was 
considered  a  work  of  considerable  magnitude  at  that  time.  The  dam  im- 
pounded more  than  7  000  000  000  gal.,  and  the  construction  cost,  with  the  roads 
and  other  appurtenances,  was  more  than  $1  000  000.  Mr.  Gowen  gave  his 
earnest  attention  to  the  organization  of  the  job  and  established  standards  for 
quality  of  work  which,  with  the  rigid  inspection  of  his  subordinates  and  the 
co-operation  of  the  contractor,  resulted  in  an  excellent  structure. 

The  Titicus  Dam  was  completed  in  1895,  but,  in  October,  1892,  Mr.  Gowen 
had  relinquished  the  control  of  the  work  to  take  charge  of  the  construction  of 
the  New  Croton  Dam,  the  contract  for  which  was  let  in  the  same  year.  The 
Croton  Dam  is  still  one  of  the  great  dams  of  the  world  and,  at  the  time  it  was 
designed,  attracted  the  attention  of  hydraulic  engineers  everywhere.  Its 
greatest  height  was  about  300  ft.,  and  the  maximum  depth  of  its  foundations, 
below  the  river  bed,  was  about  150  ft.  One  of  its  features  is  the  curved  spill- 
way, 1  000  ft.  long  on  the  north  side,  the  greater  part  of  the  length  of  which 
is  parallel  with  the  contours  of  the  hill  against  which  the  dam  abuts.  The 
capacity  of  the  reservoir  is  about  30  000  000  000  gal.  The  disintegrated  lime- 
stone underlying  the  foundation  at  the  deepest  point  gave  much  trouble,  and 
the  manner  in  which  this  feature  of  the  work  was  treated  is  well  described 
in  a  paper*  by  Mr.  Gowen  entitled  "Foundations  of  the  New  Croton  Dam". 
Before  the  dam  was  entirely  finished,  certain  radical  changes  were  made  in 
the  design  of  the  south  wing,  calling  for  the  destruction  of  the  earth  bank 
and  core-wall  which  had  been  built  there  and  the  substitution  of  a  masonry 
section.  The  changes  were  not  approved  by  Mr.  Gowen,  and  are  the  subject 
of  his  paper,t  "The  Changes  at  the  New  Croton  Dam".  This  imposing  engi- 
neering structure,  with  which  Mr.  Gowen's  name  is  so  closely  identified,  was 
finally  completed  by  the  end  of  1906,  together  with  the  32  miles  of  new  high- 
way about  the  reservoir.  It  constitutes  a  wonderful  monument  to  him  and 
to  the  contractors  who  built  it. 

Mr.  Gowen  did  not  wait  for  the  completion  of  the  Croton  Dam,  but  on 
August  31,  1905,  resigned  from  the  service  of  the  Aqueduct  Commissioners 
and  thereafter  became  engaged  in  consulting  work.  Until  he  was  taken  ill  in 
1909,  he  had  hardly  known  a  day's  illness.  In  fact,  his  good  health  was  a  matter 
of  comment  among  his  associates.  His  illness  continued  for  months  imtil  his 
death  on  October  19,  1909,  at  his  home  in  Ossining,  N.  Y. 

•  Transactions,  Am.  Soc.  C.  E.,  Vol.  XLIII   (1900),  p.  469. 
\  Transactions,  Am.   Soc.   C.   E.,   Vol.   LVI    (1906),   p.   32. 
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Mr.  Gowen  had  the  spirit  of  a  Spartan.  Duty  came  first  with  him,  and 
he  could  never  understand  why  personal  interests  or  convenience  should  stand 
in  the  way  of  a  man's  work.  His  reserve  was  sometimes  misunderstood  by 
those  who  knew  him  casually,  and  it  was  only  on  a  closer  acquaintance  that 
one  realized  the  more  kindly  aspects  of  his  nature.  There  was  little  compro- 
mise in  his  make-up,  and  he  had  no  patience  with  those  who  would  slight 
their  work  for  profit  or  for  any  other  reason.  The  following  is  quoted  from  a 
memoir  prepared  by  two  of  his  friends  and  published  in  an  Ossining  paper  soon 
after  his  death: 

"A  casual  glance  would  give  one  the  idea  that  Mr.  Gowen  was  deeply 
reserved  and  self-absorbed,  but  an  intimate  acquaintance  with  him  revealed 
the  most  charming  qualities.  He  was  schooled  in  strict  integrity  and  was  that 
most  perfect  creature  of  God's  handiwork,  'an  honest  man'.  His  most  pro- 
nounced characteristics  were  justice  and  fairness  in  his  relations  with  those 
with  whom  he  was  associated.  Political  influence  did  not  sway  his  action  and 
in  all  things  he  was  the  soul  of  honesty  and  honor." 

The  same  memoir  contains  this  reference  to  his  work  at  the  Croton  Dam : 

''His  administration  of  the  work  was  characterized  by  the  same  rigid  atten- 
tion to  detail  which  had  marked  his  supervision  of  whatever  he  had  previously 
undertaken.  He  zealously  guarded  the  City's  interests  and  was  quick  to  detect 
and  forestall  any  proposition  that  might  lead  to  unnecessary  exijenditure. 
'Now  let  us  be  severely  logical'  was  a  favorite  expression  in  dealing  with 
a  perplexing  problem.  Eminently  a  man  of  the  courage  of  his  convictions,  just 
and  upright  to  an  extreme,  and  the  uncompromising  foe  of  whatever  looked 
like  'graft'  and  extravagance.  A  strict  disciplinarian  but,  withal,  a  most  loyal 
and  steadfast  friend  to  every  man  whose  conduct  justified  his  confidence. 
Indomitable  energy  was  another  strong  characteristic.  No  degree  of  heat  or 
cold,  snow  or  blizzard,  was  suflacient  to  block  the  way,  were  it  in  the  power  of 
man  to  overcome  the  difficulties." 

Mr.  Gowen  made  many  friends  in  and  about  Ossining,  where  he  lived  from 
1885  until  his  deatli.  He  was  interested  in  the  community  life  and  at  the 
time  of  his  death  was  President  of  the  Briarcliff  Golf  Club,  which  office  he  had 
held  since  the  organization  of  the  club.  He  was  also  a  member  of  the  Shatte- 
muc  Yacht  and  Canoe  Club  of  Ossining. 

He  contributed  a  number  of  papers  and  discussions  to  the  Transactions 
of  the  Society,  and,  in  addition  to  the  two  papers  previously  mentioned,  he 
was  the  author  of  "The  Effect  of  Temperature  Changes  on  Masonry".* 

He  was  married  on  June  1,  1882,  to  Miss  Alice  J.  Fellows,  the  daughter 
of  Mr.  James  K.  Fellows,  of  Lowell,  Mass.  Mrs.  Gowen,  with  two  sons  and 
two  daughters,  survived  him. 

Mr.  Gowen  was  elected  a  Member  of  the  American  Society  of  Civil  Engi- 
neers on  March  7,  1888.  He  served  as  a  Director  from  1904  to  1906,  and  dur- 
ing that  time  was  a  member  of  the  Finance  Committee  of  the  Board  of 
Direction. 

*  Transacticms,  Am.   Soc.   C.   E.,   Vol.   LXI    (190S),  p.   399. 
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HERBERT  THOMAS  GRANTHAM,  M.  Am.  Soc.  C.  E.* 


Died  November  4,  1922. 


Herbert  Thomas  Grantham,  son  of  Thomas  and  Anna  (Bootes)  Grantham, 
of  England,  was  born  at  Athens,  Pa.,  on  September  15,  18G8,  and  received 
his  early  education  in  the  elementary  and  High  Schools  of  his  native  town. 

After  his  graduation  from  the  High  School,  he  immediately  entered  the 
employ  of  the  Union  Bridge  Company,  of  Athens,  Pa.,  one  of  the  first  com- 
panies in  the  United  States  to  construct  all-steel  bridges.  He  remained  in  the 
service  of  that  company  several  years,  and  then  accepted  more  responsible 
duties  with  the  Edge  Moor  Bridge  Works,  near  Wilmington,  Del. 

Latel',  he  was  stationed  in  Philadelphia,  Pa.,  where  he  was  associated 
with  some  of  the  most  prominent  bridge  and  structural  steel  companies  of 
the  East,  and  in  1S98  became  Chief  Engineer  of  the  Belmont  Iron  Works. 
His  energy,  courage,  and  devotion  to  duty  were  inspiring  to  all  with  whom 
he  came  in  contact,  and  his  wise  counsel  added  much  to  the  prestige  and 
growth  of  the  company.    In  1918  he  was  made  its  Vice-President. 

He  was  known  to  his  business  associates  as  a  man  of  sterling  character, 
loyal  to  his  friends,  of  pleasing  personality,  and  excellent  business  judgment. 

In  the  spring  of  1893  he  was  married  to  Miss  Alice  Burton  South,  who, 
with  a  son,  Leslie  Burton  Grantham,  and  a  grandson,  survives  him. 

Mr.  Grantham  was  elected  an  Associate  Member  of  the  American  Society 
of  Civil  Engineers  on  February  5,  1896,  and  a  Member  on  May  7,  1902,  and  at 
his  death  held  membership  in  the  Union  League  of  Philadelphia,  Philadelphia 
Country  Club,  and  the  Aronimink  Golf  Club. 

*  Memoir  prepared  by  George  S.  Webster,  Past-President,  Am.  Soc.  C.  E. 
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HOMER  HAMLIN,  M.  Am.  Soc.  C.  E.* 


Died  May  14,  1920. 


Homer  Hamlin  was  born  on  August  27,  18G4,  at  Pine  Island,  Minn. 
He  was  educated  in  the  public  schools  of  Minnesota,  and,  later,  was  a  teacher 
in  the  State. 

In  1886,  Mr.  Hamlin  went  to  San  Diego,  Calif.,  where  he  was  employed 
for  several  years  by  the  City  Engineer.  After  leaving  the  City  Engineer's 
office,  he  was  engaged  in  private  practice  until  1894,  when  he  left  San  Diego  to 
make  his  home  in  Los  Angeles. 

From  1894  to  1901,  he  served  in  the  offices  of  the  County  Surveyor  of  Los 
Angeles  County  and  the  City  Engineer  of  Los  Angeles.  In  January,  1899, 
he  was  appointed  Chief  Deputy  of  the  Field  Force  in  the  latter  office,  a  posi- 
tion which  he  filled  for  nearly  three  years.  He  left  this  position  in  1901,  to 
become  an  Engineer  in  the  United  States  Reclamation  Service,  and  while 
thus  employed,  he  served  as  Project  Engineer  for  the  Yuma  Project,  which 
included  the  construction  of  the  well  known  Laguna  Dam  across  the  Colorado 
River.  He  also  made  a  study  of  the  geological  features  of  the  Salinas  Yalley, 
in  connection  with  a  report  which  he  prepared  on  the  water  resources  of  that 
section  of  California. 

In  August,  1906,  Mr.  Hamlin  was  appointed  City  Engineer  of  Los  Angeles, 
and  filled  this  position  until  July,  1917.  He  was  also  a  member  of  the 
Advisory  Board  for  the  construction  of  the  Los  Angeles  Aqueduct.  During 
this  period,  a  number  of  engineering  works  of  notable  character  were  con- 
structed under  his  supervision.  Particular  mention  should  be  made  of  the 
completion — under  methods  proposed  by  him  and  executed  by  City  forces — 
of  the  Los  Angeles  Outfall  Sewer.  This  work,  which  comprised  a  series  of 
tunnels  in  water-bearing  formation,  was  abandoned  by  the  contractors,  who 
declared  that  its  completion  was  impossible.  Other  work  done  under  his 
supervision  included  that  at  Los  Angeles  Harbor,  the  construction  of  the 
Hill  Street  Tunnel,  the  adoption,  on  his  advice,  of  the  T'ilby  rail,  etc. 

After  leaving  the  employ  of  the  City  of  Los  Angeles,  Mr.  Hamlin  engaged 
in  private  practice,  devoting  a  large  part  of  his  time  to  work,  as  Consulting 
Engineer,  for  the  Reclamation  Service  in  Arizona,  California,  and  Wyoming. 

In  connection  with  the  Salt  River  Irrigation  Project,  and  as  a  delegate 
representing  the  Association  of  Water  Users  of  the  Salt  River  Valley,  he  was 
attending  a  hearing  before  the  Secretary  of  the  Interior  at  Washington,  D.  C, 
when,  on  May  14,  1920,  he  was  seized  with  a  cerebral  hemorrhage  and  died 
very  suddenly  while  alone  in  his  room  at  the  Willard  Hotel.  He  is  survived 
by  his  widow  and  two  children. 

Mr.  Hamlin  was  a  distinguished  member  of  the  Engineering  Profession  in 
the  Southwest,  and  a  brilliant  example  of  the  type  of  man  who  is  a  real 
public  benefactor.     Modest,   hardworking,   conservative,   and   sound  in  judg- 

*  Memoir  prepared  by  a  Committee  of  the  Los  Angeles  Section  :  J.  B.  Lipplncott,  M.  Am. 
Soc.  C.  E.,  and  the  late  Edgar  True  Wheeler,  M.  Am,  Soc.  C.  E.,  with  additional  information 
supplied  by  W.  T.  Knowlton,  M.  Am.  Soc.  C.  E, 
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ment,  he  has  assisted  materially  in  making  the  region  of  his  adoption  a  place 
where  a  much  greater  number  of  people  can  reside  happily.  There  is  no 
nobler  work  that  a  man  can  do  than  to  convert  the  desert  into  gardens,  to 
improve  the  sanitation  of  cities,  and  add  to  the  commercial  development  of 
the  country  by  the  construction  of  harbors,  as  Mr.  Hamlin  did.  With  all  this, 
he  was  of  a  modest  nature,  shunning  publicity,  and  avoiding  ostentation  over 
his  accomplishments.  His  death  is  not  only  regretted  by  his  friends,  but  is 
a  distinct  loss  to  the  Reclamation  Service  and  to  the  community  in  which 
he  made  his  home. 

Although  Mr.  Hamlin  was  largely  a  self-educated  engineer,  he  was  a 
natural  student.  In  addition  to  his  other  technical  studies,  he  specialized 
extensively  in  geological  research.  This  was  his  recreation.  His  report  on 
the  "Water  Resources  of  the  Salinas  Valley",  written  for  the  United  States 
Geological  Survey  in  1901-02,  was  one  of  his  most  important  geological  studies. 
He  was  also  identified  with  the  early  development  of  sonie  of  the  oilfields  of 
Southern  California.  A  few  months  prior  to  his  death,  he  had  made  a  trip 
down  the  Colorado  River  from  the  mouth  of  the  Virgin  to  Yuma,  Ariz. 
This  expedition  was  devoted  particularly  to  the  study  of  the  possibilities  of 
the  great  storage  enterprise  at  the  lower  end  of  the  Grand  Canyon,  at  a 
point  known  as  Boulder  Canyon. 

Mr.  Hamlin  was  a  member  of  the  American  Association  of  Engineers  and 
of  the  Seismological  Society  of  America.  He  was  also  a  member  of  the 
Westlake  Methodist  Episcopal  Church  of  Los  Angeles. 

The  following  resolution  on  his  death  was  adopted  by  the  Los  Angeles 
Section  of  the  Society  of  which  he  was  a  member: 

"Whereas,  It  has  pleased  the  Almighty  to  remove  from  our  midst  our  fellow 
member,  Homer  Hamlin,  this  Society  desires  to  express  its  sympathy  to  his 
bereaved  widow  and  children,  and  to  heartily  condole  with  them  in  their 
poignant  grief. 

"His  death  will  prove  a  distinct  loss  to  his  town,  the  State  and  the  Nation, 
to  whose  service  he  has  been,  throughout  his  whole  professional  life,  assidu- 
ously devoted. 

"We  desire  to  express  our  deep  appreciation  of  his  upright  and  manly  char- 
acter as  an  engineer  and  a  citizen.  As  an  engineer  he  was  thorough,  careful 
and  reliable,  honorable  and  conscientious,  -and  not  to  be  swerved  from  the 
straight  path  of  rectitude  by  either  fear  or  favor.  As  a  citizen  he  was  a  model 
husband,  father  and  neighbor,  and  his  pure  and  moral  life  set  a  noble  example 
for  the  young  of  all  classes,  and  particularly  for  the  members  of  his  chosen 
profession. 

"Resolved,  That  this  resolution  be  spread  upon  the  minutes  of  this  Society, 
and  a  copy  be  sent  to  Mrs.  Hamlin  and  family,  with  our  deepest  sympathy  and 
condolence  in  their  affliction. 

"  'His  life  was  gentle,  and  the  elements  so  mixed  in  him  that  Nature  might 
stand  up  and  say  to  all  the  world,  this  was  a  man'." 

Mr.  Hamlin  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  May  4,  1904. 


1678  MEMOIR    OF    WILLIAM    AUfirSTF.S    HOWELL 

WILLIAM  AUGUSTUS  HOWELL,  M.  Am.  Soc.  C.  E.* 


Died  March  12,  1923. 


William  Augustus  Howell,  the  son  of  George  W.  Howell  and  Mary 
Elizabeth  (Ward)  Howell,  was  born  in  Newark,  N.  J.,  on  June  16,  1859. 
His  father,  who  was  of  Welsh  descent,  was  for  many  years  City  Treasurer 
of  Newark.  His  mother  was  descended  from  one  of  the  original  founders  of 
Newark. 

]\Ir.  Howell  was  graduated  from  New  York  University  in  1878,  receiving 
the  degrees  of  Bachelor  of  Science  and  Civil  Engineer.  Three  years  later,  he 
was  awarded  the  degree  of  Master  of  Science. 

He  began  his  professional  career  in  1879  as  Eodman  on  the  Pennsylvania 
Eailroad,  rising  by  successive  steps  to  Supervisor  in  1889.  A  year  later,  he 
resigned  his  position  with  the  Pennsylvania  Railroad  to  become  Chief  Engineer 
of  the  New  York,  Susquehanna  and. Western  Railroad. 

In  1890  and  1891,  Mr.  Howell  was  Engineer  of  Construction  of  a  ten-mile 
section  of  the  Jamaica  Railroad  in  the  West  Indies.  A  year  later,  he  was 
in  charge  of  the  construction  of  an  electric  road  between  Newark  and  Jersey 
City,  N.  J.,  and,  in  1893,  he  entered  the  employ  of  the  City  of  Newark,  where 
he  remained  until  his  death  on  March  12,  1923. 

In  the  thirty  years  during  which  Mr.  Howell  served  in  the  Engineering 
Department  of  Newark,  he  had  charge  of  the  grade  elimination  on  the  Penn- 
sylvania, Delaware,  Lackawanna  and  Western,  and  New  Jersey  Central 
Railroads,  and  for  the  past  sixteen  years  he  was  the  responsible  head  of  the 
Street  Paving  Bureau  of  Newark. 

In  1884,  Mr.  Howell  was  married  to  Katherine  Brokaw  MacDonald,  of 
New  Brunswick,  N.  J.,  who,  with  two  married  daughters  and  six  grandchildren, 
survives  him.  Mr.  Howell  is  also  survived  by  a  brother,  Mr.  George  Coes 
Howell,  who  resides  in  California.  His  death  came  as  a  great  shock  to  his 
many  friends,  as  only  three  days  before  it  occurred  he  had  performed  his 
usual  duties  in  the  City  Hall. 

He  was  a  member  of  the  American  Society  for  Municipal  Improvements, 
having  served  as  President  in  1915,  and  on  many  of  its  important  committees, 
and  was  also  the  author  of  numerous  reports  and  papers  relating  to  street 
pavements.  He  was  also  a  member  of  the  American  Road  Builders'  Association 
and  the  Newark  Chapter  of  the  American  Association  of  Engineers. 

Mr.  Howell  was  a  Republican  in  politics,  and  a  member  of  the  Presby- 
terian Church.  He  was  a  member  of  St.  John's  Lodge,  No.  1,  F.  and  A.  M., 
the  New  Jersey  Society,  Sons  of  the  American  Revolution,  the  Delta  Upsilon 
Fraternity,  and  Corinthian  Council,  Royal  Arcanum. 

Mr.  Howell  was  elected  an  Associate  Member  of  the  American  Society 
■of  Civil  Engineers  on  April  3,  1907,  and  a  Member  on  June  6,  1911. 

•  MeniQJr  prepared  by  Morris  R.  Sberrerd  and  Edward  S.  Rankin,  Members,  Am.  Soc.  C.  E. 
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TORAGORO  KONDO,  M.  Am.  Soc.  C.  E.* 


Died  July  17,  1!)22. 


Toragoro  Kondo  was  born  at  lino,  a  small  village  in  the  Niigata  Prefec- 
ture, Japan,  on  June  1,  1865.  His  early  education  was  acquired  in  the  public 
schools  of  his  native  Province,  where  his  aptitude  for  study  was  generally 
recognized.  It  was  this  ability  that  caused  him  to  be  chosen  by  the  Govern- 
ment, to  be  sent  to  Tokyo,  in  order  to  complete  his  studies — no  small  honor  to 
a  country  schoolboy.  After  two  years  of  keen  competition  in  the  Yobimon,  or 
Preparatory  School,  Mr.  Kondo  succeeded  in  entering  the  Imperial  University 
at  Tokyo,  from  the  College  of  Engineering  of  which  he  was  graduated  with 
honor  in  1887. 

Immediately  after  his  graduation,  Mr.  Kondo  proceeded  with  his  class- 
mate, Mr.  Kobayashi,  to  the  United  States  to  study  the  practice  of  engineer- 
ing in  the  office  of  the  writer  at  Kansas  City,  Mo.,  and  he  was  also  in  the 
employ  of  other  Western  engineers.  During  that  time,  he  obtained  much 
valuable  experience  in  the  design  and  construction  of  railway  and  highway 
bridges,  water- works,  sewerage,  and  pumping  engines. 

Like  most  Japanese  engineers,  Mr.  Kondo  was  an  apt  pupil  and  a  keen 
observer;  consequently,  during  his  two-year  sojourn  in  the  United  States,  he 
learned  far  more  than  most  recent  American  graduates  of  his  age  would  have 
learned  in  twice  that  time.  Not  only  was  he  of  an  exceedingly  high  order  of 
intelligence,  but  he  also  possessed  a  personality  that  made  him  popular  with 
everybody  with  whom  he  was  associated.  He  was  always  kind,  considerate,  just, 
and  honorable;  and  it  was  this  combination  of  qualities,  as  much,  perhaps,  as 
his  fine  technical  ability,  that  enabled  him  to  attain  the  eminent  and  influential 
position  he  occupied  in  the  Engineering  Profession  of  Japan. 

As  Chief  Engineer  of  the  Home  Department  for  a  quarter  of  a  century, 
he  was  charged  with  the  approval  of  all  the  important  engineering  works 
undertaken  in  Japan,  with  the  sole  exception  of  those  relating  to  the  railroads. 

In  his  earlier  practice,  he  planned  and  superintended  river  improvements 
of  importance;  and,  in  1896,  the  Ministry  of  Education  conferred  on  him  the 
honorary  degree  of  Kogaku-Hakushi,  which  corresponds  both  to  the  French 
degree  of  Docteur  des  Sciences  Appliquees  and  to  the  American  degree  of 
Doctor  of  Engineering.  There  is  no  distinction  greater  than  this  in  the 
Japanese  Empire;  for,  like  membership  in  the  Academic  des  Sciences  of 
France,  it  stamps  a  man  as  eminent  in  science,  and,  in  addition,  it  indicates 
that  he  is  a  successful  technician.  The  selectness  of  this  degree  is  most 
jealously  safeguarded  by  the  Government,  and  it  is  never  bestowed  for  any 
other  reason  than  real  worth.  In  order  to  take  this  degree,  Dr.  Kondo  presented 
an  elaborate  thesis  on  Hydraulics,  in  which  field  he  had  been  studying  for 
nearly  a  decade. 

He  was  for  years  a  member  of  the  Earthquake  Investigation  Committee 
and  also  of  the  Harbor  Commission.    In  every  large  exposition  held  in  Tokyo 

*  Memoir  prepared  by  J.   A.  L.   Waddell,   M.   Am.   Soc.   C.   E. 
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since  1907,  lie  had  served  as  one  of  the  Jurors.  In  1915,  Dr.  Kondo  accepted 
a  chair  in  the  Imperial  University  of  Tokj^o,  and  after  that  date,  he  divided 
his  time  between  administrative  and  academic  work. 

A  brother  engineer,  who,  to-day,  stands  at  the  head  of  the  Profession  in 
Japan,  I.  Hiroi,  M.  Am.  Soc.  C.  E.,  writes,  as  follows: 

"Dr.  Kondo,  besides  being  an  engineer  of  remarkable  ability,  was  a  man  of 
the  highest  integrity'.  In  the  performance  of  his  duties  the  most  important 
one  of  which  was  the  examination  of  plans  submitted  for  approval  by  resident 
as  well  as  prefectural  engineers,  and  by  individuals  for  permits  from  the 
Ministry,  he  was  never  influenced  by  either  fear  or  favor.  His  professional 
life  was  one  of  unswerving  rectitude  and  vigilant  discipline.  He  had  far 
more  lucrative  positions  offered  to  him  from  time  to  time  by  various  corpora- 
tions and  individuals;  but  he  faithfully  stuck  to  his  post  until  the  day  of  his 
death.  His  fine  character  and  affable  nature  won  for  him  many  friends  and 
made  him  both  respected  and  liked  by  all  those  with  whom  he  came  in  contact. 
To  young  engineers  he  was  particularly  friendly,  and  he  helped  many  of  them 
to  rise  in  the  profession." 

Dr.  Kondo  was  married  in  1901  to  Miss  Koh  Kato,  the  daughter  of  an 
eminent  Japanese  philosopher  and  statesman.  He  is  survived  by  his* wife,  three 
sons,  and  a  daughter. 

Dr.  Kondo  was  elected  a  Junior  of  the  American  Society  of  Civil  Engineers 
on  October  3,  1888,  and  a  Member  on  June  5,  1901. 
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EMIL  EDWARD  KUERSTEINER,  M.  Am.  Soc.  C.  E.* 


Died  March  10,  1913. 


Emil  Edward  Kuersteiner  was  boni  on  March  26,  1867,  at  New  Orleans, 
La.,  where  he  resided  until  his  parents  removed  to  Cincinnati,  Ohio,  in  1878. 
He  was  graduated  from  the  Woodward  High  School  at  Cincinnati  in  1874, 
afterward  going  to  Europe  to  obtain  his  engineering  education.  He  was 
graduated  from  the  Polytechnic  School  of  Switzerland,  at  Zurich,  in  1879,  with 
the  degree  of  Civil  Engineer,  and  remained  at  his  Alma  Mater  as  Assistant 
to  Professor  Culman,  Professor  of  Graphical  Statics  and  Civil  Engineering, 
for  a  year,  returning  to  the  United  States  in  the  Fall  of  1880. 

Erom  1881  to  1885,  Mr.  Kuersteiner  was  employed  as  Draftsman  by  the 
Cincinnati  Southern  Railway  and  the  New  Orleans  and  Northeastern  Rail- 
way, under  the  late  L.  G.  F.  Bouscaren,  M.  Am.  Soc.  C,  E. ;  and  from  1885 
to  1888,  he  served  as  Draftsman  and  Computer  with  the  Louisville  Bridge  and 
Iron  Company  of  Louisville,  Ky.,  with  which  Company  he  remained,  in  charge 
of  the  Drawing  Room,  until  1896.  In  1896,  he  removed  to  Johnstown,  Pa., 
and  took  charge  of  the  Drawing  Room  of  the  Johnstown  Company;  but  in 
1898,  he  returned  to  Louisville,  and  was  engaged  in  the  Bridge  Department 
of  the  Louisville  and  Nashville  Railroad  Company,  "on  trial  for  a  period  of 
thirty  days." 

W.  H.  Courtenay,  M.  Am.  Soc.  C.  E.,  Chief  Engineer  of  the  Louisville 
and  Nashville  Railroad,  writes  of  Mr,  Kuersteiner,  as  follows : 

"He  acted  in  the  capacity  of  Assistant  Bridge  Engineer  until  November. 
1906,  when  he  became  Bridge  Engineer,  and  served  in  that  capacity  until  a 
short  time  before  his  death.  His  work  covered  a  long  period  of  reconstruction 
of  bridges  for  heavier  loads  on  operated  lines,  and  the  construction  of  numerous 
structures  on  new  lines.  Until  1904,  he  and  the  Bridge  Engineer  practically 
handled  all  the  bridgework,  preparing  plans  for  the  masonry  and  checking  the 
designs  for  the  steelwork.  All  this  work  was  very  exacting,  but  he  performed 
his  work  with  apparent  ease,  as  he  was  an  excellent  mathematician,  an  able 
and  accomplished  engineer,  and  a  very  accurate  and  tireless  worker.  He  had 
a  host  of  friends,  all  of  whom  knew  him  as  Mr.  'K'.  He  was  a  man  to  whom 
young  men  went  for  advice  and  help.  His  opinions  in  matters  pertaining 
to  his  profession  and  community  interests  were  often  sought  by  others  and 
were  always  found  to  be  exceedingly  helpful  and  valuable,  as  he  was  a  cul- 
tured, educated  man  of  clear  judgment." 

Mr.  Kuersteiner  was  a  man  who  sought  usefulness  rather  than  preferment. 
He  always  helped  others  when  it  was  within  his  power,  without  first  thinking 
of  his  own  interests,  and  he  was  intensely  loyal  to  his  work,  his  friends, 
and  his  ideals. 

He  was  married  in  Louisville,  Ky.,  and  is  survived  by  his  wife,  four  sons, 
and  a  daughter. 

Mr.  Kuersteiner  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  December  1,  1897. 

•  Memoir  prepared  by  William  Mayo  Venable,  M.  Am.   Soc.  C.  E. 
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DAVID  MERIWETHER,  JR.,  M.  Am.  Soe.  C.  E.* 


Died  June  20,  V.)22. 


,  David  Meriwether,  Jr.,  was  bom  at  Louisville,  Ky.,  on  Tebruary  27,  1879. 
He  was  graduated  from  the  Eose  Polytechnic  Institute,  in  the  Class  of  1900. 

Immediately  after  his  graduation,  Mr.  Meriwether  entered  the  service  of 
the  Pennsylvania  Railroad  Company,  in  the  Engineering  Department.  In 
1901,  he  secured  a  position  in  the  Construction  Department  of  the  Southern 
Railway  Company,  in  which  position  his  attention  was  given  to  location  and 
construction  work.  He  remained  with  this  Company  until  March,  1920,  dur- 
ing which  period  he  rose  from  the  position  of  Instrumentman  to  Assistant  to 
the  Chief  Engineer.  In  addition  to  directing  construction  work  on  many 
miles  of  second  track,  he  designed  many  yard  layouts  and  terminals  and  some 
of  the  most  important  concrete  structures  on  the  Southern  Railway. 

In  March,  1920,  Mr.  Meriwether  entered  the  service  of  the  United  States 
Railroad  Administration  as  Regional  Engineer  in  charge  of  the  Allegheny 
Region.  In  this  capacity,  he  was  called  on  to  solve  some  of  the  difficult  prob- 
lems resulting  from  Federal  control  of  the  railroads,  a  task  for  which  he  was 
eminently  fitted  by  his  experience  and  judicial  temperament.  He  was  engaged 
in  this  work  at  the  time  of  his  death  on  June  20,  1922.  He  is  survived  by 
a  widow  and  two  sons. 

Mr.  Meriwether  was  a  thorough  and  painstaking  engineer.  During  the 
last  twenty  years  of  his  life,  he  was  closely  associated  with,  the  writer,  and  his 
sterling  integrity  endeared  him  to  all  with  whom  he  came  in  contact. 

Mr.  Meriwether  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  November  9,  1920. 

*  Memoir    prepared   by   E.    M.    Durham,   Jr..    M.    Am.    Soc.   C.    E. 
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MACE  MOULTON,  M.  Am.  Soc.  C.  E.* 


Died  April  27,  1909. 


Mace  Moulton  was  born  in  Manchester,  IST.  H.,  on  February  15,  1855,  of  a  dis- 
tinguished family,  his  father  being  a  man  of  great  scientific  attainments,  and 
his  grandfather,  whose  name  he  bore,  at  one  time  a  Congressman  from  liew 
Hampshire.  In  1872,  Mr.  Moulton  entered  the  preparatory  department  then 
maintained  by  the  Thayer  School  of  Civil  Engineering,  on  the  discontinuance 
of  which  his  preparatory  studies  were  made  in  the  Chandler  Scientific  Depart- 
ment. His  studies  were  interrupted  from  time  to  time  when  he  engaged  in 
professional  work. 

After  his  graduation,  and  for  six  mouths,  until  March,  1S70,  he  was  Assis- 
tant Engineer  in  the  Department  of  Maintenance  of  Way  of  the  Eastern  Rail- 
road, at  Salem,  Mass.  Then,  for  most  of  the  time  during  the  next  four  years, 
he  was  associated  with  the  late  C.  Shaler  Smith,  M.  Am.  Soc.  C.  E.,  of  St. 
Louis,  Mo.,  the  noted  bridge  engineer,  who  designed  and  built  the  first  canti- 
lever bridge  in  the  United  States.  During  this  period  Mr.  Moulton  designed 
numerous  important  railroad  bridges. 

From  June,  1883,  to  December,  1884,  he  served  as  Principal  Assistant 
Engineer  to  the  Edge  Moor  Iron  Works,  Wilmington,  Del.  In  1885  he  was 
Chief  Assistant  in  the  construction  of  the  Kentucky  and  Indiana  Bridge  over 
the  Ohio  River  at  Louisville.  In  1886-87  he  was  for  two  years  Engineer  of 
Bridges  of  the  Colorado  and  Midland  Railway,  designing  and  superintending 
the  construction  of  all  the  bridges  and  buildings  of  the  road  between  Colorado 
Springs  and  Leadville,  Colo.  For  a  year  and  a  half,  in  1888-89,  he  was  in  private 
practice  in  Boston.  In  1889-90,  he  was  for  two  years  Consulting  Engineer  of 
the  Berlin  Iron  Bridge  Company,  of  East  Berlin,  Conn. 

From  1891  to  1896  Mr.  Moulton  was  Chief  Engineer  of  the  R.  F.  Hawkins 
Iron  Works,  at  Springfield,  Mass.,  building  many  important  railway  and 
highway  bridges  and  many  iron  and  steel  frames  for  buildings.  From  1896 
to  1903  he  was  engaged  in  private  practice  in  Springfield,  designing  and  con- 
structing many  steel  structures  throughout  New  England,  and  acting  in  a 
consulting  capacity  for  various  cities  and  railroads. 

Since  1903  Mr.  Moulton  was  a  Consulting  Engineer  in  New  York  City. 
Among  his  tasks  was  the  reconstruction  of  the  bridge  across  the  Hudson  River, 
at  Poughkeepsie,  an  exceedingly  difficult  and  complicated  piece  of  engineering, 
which  was  accomplished  successfully,  the  expenditure,  nearly  $1  500  000,  being 
kept  within  the  original  estimate.  In  1907  he  was  made  President  and  Chief 
Engineer  of  the  Milbrook  Company  and  its  Allied  Companies,  capitalized  at 
$20  000  000,  and  aiming  to  provide  rapid  transit  for  the  northern  part  of 
New  York  City  and  the  neighboring  parts  of  Westchester  County.  This  posi- 
tion he  held  at  the  time  of  his  death. 

Mr.  Moulton's  first  wife,  Emma  Blaisdell,  of  Hanover,  N.  H.,  died  during 
their  residence  in  Springfield,  and,  later,  he  married  her  sister  who  survived 

*  Memoir  compiled  by  Robert  Fletcher,  M.  Am.  Soc.  C.  E.,  the  first  part  from  an 
obituary  in  the  Dartmouth  Bi-Monthli/  for  June,  1909  ;  the  second  part  from  correspondence 
and  data  in  the  office  pf  the  Thayer  School  of  Civil  Engineering. 
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him.  There  were  three  children,  Mace,  Jr.,  who  was  associated  with  his  father 
in  business,  Thornton,  a  student  at  the  University  of  Pennsylvania,  and -Mrs. 
Walter  O.  Greene,  of  Wakefield,  N.  J. 

It  is  appropriate  to  add  a  few  facts  concerning  the  earlier  years  of  Mr. 
Moulton's  career :  When  a  student  he  often  surprised  the  vsrriter  by  a  certain 
degree  of  precocity  (he  looked  younger  than  he  was)  when  he  betrayed  unex- 
pected aptitude  in  his  grasp  of  engineering  principles  and  details  of  practice. 
He  was  a  very  neat  draftsman  and  penman,  accurate  in  computation,  and  had  a 
fine  artistic  sense.  When  the  office  procured  one  of  Edison's  "electric  pens" 
(the  precursor  of  the  mimeograph)  for  manifolding  purposes,  he  designed 
and  printed  an  ornate  letter  head  which  showed  his  artistic  skill  with  an 
entirely  new  implement. 

Mr.  Moulton's  graduating  thesis,  on  the  Haverhill  (Mass.)  Drawbridge, 
then  just  finished,  was  a  model  in  completeness  and  execution.  With  few 
suggestions  from  his  instructor,  he  made  the  measurements  by  himself  on  the 
spot,  all  the  elaborate  calculations,  full  small-scale  drawings  showing  many  of 
the  details,  and  wrote  a  clear  description  of  the  work.  This  unusually  com- 
plete description  and  careful  analysis  was  presented  in  about  120  manuscript 
pages  and  more  than  25  diagrams  and  colored  drawings.  Undoubtedly,  this 
was  the  means  of  his  receiving,  about  a  year  later,  an  offer  from  Mr.  C.  Shaler 
Smith,  to  take  him  as  an  Assistant.  During  his  course  of  training  under  this 
distinguished  bridge  designer,  of  whom  he  became  an  apt  and  devoted  pupil, 
Mr.  Moulton  occasionally  communicated  with  the  writer  telling  of  his  work, 
and  sent  interesting  notes,  sketches,  and  descriptions  exhibiting  Mr.  Smith's 
methods  and  several  novel  and  original  features  of  designs  from  the  master 
mind.  Among  these  was  Mr.  Smith's  novel  device  for  hanging  the  railroad  in 
the  Eoyal  Gorge  of  the  Arkansas  Eiver  from  iron  rafters  spanning  the  narrow 
stream;  also  Mr.  Smith's  predilection  for  the  use  of  the  continuous  girder  in 
certain  cases;  and  his  ingenious  use  of  a  link  in  the  end  panel  of  double- 
intersection  trusses  to  distribute  automatically  the  stress  in  the  two  systems  so 
as  to  diminish  the  ambiguity.  He  told  the  writer  afterward  that  Mr.  Smith 
"believed  in  young  men."  Certainly  that  was  so  in  this  case,  for  Mr.  Moulton 
was  entrusted  with  the  entire  design  of  the  Sabula  Drawbridge,  under  the 
governing  conditions  imposed  by  Mr.  Smith.  The  notes  and  blueprints  relating 
to  this  work  constituted  an  admirable  example  of  the  very  best  practice  in 
bridge  design  at  that  date. 

It  was  during  the  student  days  of  Mr.  Moulton  that  the  method  of  graphic 
statics  was  brought  to  the  notice  of  the  Profession  by  the  late  Professor  A.  J. 
DuBois,  M.  Am.  Soc.  C.  E.,  of  Yale,  through  Van  Nostrand's  Engineering 
Magazine.  Mr.  Moulton  at  once  became  an  enthusiastic  disciple  in  mastering 
the  principles. 

Just  before  his  death,  Mr.  Moulton  was  elected  President  of  the  Thayer 
Society  of  Engineers,  of  Dartmouth  College.  In  later  years,  he  gave  the 
impression  of  being  quick  to  assert  the  rights,  dignities,  and  standing  of  his 
Profession,  an  example  which,  if  more  generally  followed,  would  enhance  the 
general  and  public  recognition  which  should  be  accorded  to  it. 

Mr.  Moulton  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  June  4,  1884. 
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ROBERT  MORRIS  NEWMAN,  M.  Am.  Soc.  C.  E* 


Died  November  13,  1922. 


Eobert  Morris  Newman,  the  son  of  Edward  and  Eliza  Newman,  was  bom 
in  Cheltenham,  England,  on  August  1,  1839.  He  was  educated  at  the  Univer- 
sity of  Montreal,  Canada,  and  on  January  8,  1859,  was  articled  for  three  years 
to  Joseph  William  Burke,  a  practicing  Civil  Engineer  and  Provincial  Land 
Surveyor,  of  Canada.  He  practiced  afterward  as  Civil  Engineer  and  Sur- 
veyor until  July,  1865. 

From  July  to  November,  1865,  Mr.  Newman  was  Assistant  City  Engi- 
neer of  the  City  of  Fort  Wayne,  Ind.  From  December,  1865,  until  October, 
1868,  he  served  as  Assistant  Engineer  on  the  Pittsburgh,  Fort  Wayne  and 
Chicago  Railroad.  From  October,  1868,  until  April,  1870,  he  was  Resident 
Engineer  on  the  Massillon  and  Cleveland  Railroad,  in  charge  during  the 
location  and  construction  of  13  miles  of  road.  From  April,  1870,  until  Feb- 
ruary, 1871,  he  was  Resident  Engineer  of  the  Michigan  Air  Line  Railroad 
(now  the  Air  Line  Division  of  the  Michigan  Central  Railroad)  during  its 
construction  between  Jackson  and  Niles,  Mich.,  a  distance  of  103  miles. 

From  February,  1871,  until  August,  1873,  Mr.  Newman  was  a  Resident 
Engineer  and  then  Principal  Assistant  Engineer  for  the  Michigan  Central 
Railroad,  being  stationed  at  Jackson,  Lansing,  and  at  Cheboygan,  Mich. 
During  this  period  the  present  passenger  station  at  Jackson  was  built  under 
his  supervision,  also  locomotive  shops  and  houses,  water  stations,  second 
tracks,  etc.  The  late  Henry  A.  Gardner,  M.  Am.  Soc.  C.  E.,  was  then  the  Chief 
Engineer  of  the  Michigan  Central  Railroad. 

From  August,  1873,  to  some  time  in  1875,  Mr.  Newman  was  Assistant  Engi- 
neer on  the  Erie  Railway.  He  then  returned  to  Jackson,  where  he  remained 
until  about  1880  and  where  he  was  married  to  Miss  Kate  Smith,  daughter 
of  Hiram  H.  Smith.  During  this  period  of  his  residence  in  Jackson,  he  was 
engaged  more  or  less  as  an  Assistant  or  Resident  Engineer  with  the  Michigan 
Central  Railroad. 

During  1880  and  1881,  Mr.  Newman  was  Assistant  Chief  Engineer  with 
the  Northern  Pacific  Railroad,  being  stationed  at  Jamestown,  S.  Dak.,  and 
Glendive,  Mont.  In  1881,  he  went  to  Minneapolis,  Minn.,  and  became  interested 
in  the  manufacture  of  newsprint  paper,  the  firm  name  being  Warner,  Newman 
and  Elfelt.  He  remained  in  Minneapolis  until  1887,  and  then  returned  to 
Jackson  to  become  City  Engineer,  taking  office  on  April  16,  1888.  This  posi- 
tion he  retained  until  1902. 

From  1902  until  1910,  Mr.  Newman  was  Manager  of  the  Jackson  Yehicle 
Company,  retiring  when  this  concern  was  reorganized  as  the  Jackson  Auto- 
mobile Company.  He  was  a  Director  of  the  Longyear  and  Mesaba  Land  and 
Iron  Company  of  Minnesota,  from  about  1895,  and  made  occasional  trips  to 
this  iron  region. 
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Mr.  Newman  served  from  1903  to  1910  as  Vestryman  of  St.  Paul's  Protrs- 
tant  Episcopal  Church,  of  Jackson,  and  was  a  member  of  the  principal  local 
clubs.  He  was  a  dij^^nified  and  courtly  gentleman  and  a  capable  business  man, 
as  well  as  a  thorough  engineer-executive  possessed  of  excellent  judgment. 

Mr.  Newman  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  May  6,  1874. 
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FRANK  CHITTENDEN  OSBORN,  M.  Am.  Soc.  C.  E.* 


Died  January  31,  1922. 


Frank  Chittenden  Osborn,  the  son  of  Keuben  Howard  and  Livonia  (Chit- 
tenden) Osborn,  was  born  at  Greenland,  Mich.,  on  December  18,  1857.  His 
early  education  was  acquired  at  Calumet,  Mich.,  and  he  received  his  technical 
education  at  Rensselaer  Polytechnic  Institute,  Troy,  N.  Y.,  from  which  he 
was  graduated  in  Civil  Engineering  in  1880. 

After  his  graduation,  Mr.  Osborn  entered  the  employ  of  the  Louisville 
Bridge  and  Iron  Company  as  Assistant  Engineer,  which  position  he  held  until 
1885,  when  he  became  Principal  Assistant  Engineer  of  the  Keystone  Bridge 
Company.  In  1887,  he  joined  the  firm  of  G.  W.  G.  Ferris  and  Company,  In- 
spectors and  Designers  of  Structural  Steel  Work,  with  headquarters  in  Pitts- 
burgh, Pa. 

In  1889,  he  accepted  the  position  of  Chief  Engineer  of  the  King  Bridge 
Company,  of  Cleveland,  Ohio,  but  resigned  in  1892  to  open  an  office  for  the 
private  practice  of  engineering.  This  business  developed  to  such  an  extent 
that,  by  1900,  it  was  incorporated  as  The  Osborn  Engineering  Company,  and 
became  one  of  the  best  known  firms  of  the  Maddle  West.  Mr.  Osborn  was 
connected  with  the  Company  as  Director  at  the  time  of  his  sudden  death  on 
January  31,  1922,  at  his  home  in  Cleveland,  Ohio. 

Mr.  Osborn's  professional  life  was  devoted  to  the  fabrication  of  structural 
steel  in  bridges  and  buildings.  His  Company  designed  a  large  number  of  steel 
and  reinforced  concrete  bridges  for  cities  and  corporations  throughout  the  United 
States,  including  those  for  steam  and  electric  railways  and  grade  elimina- 
tions. These  bridges  included  two-hinge  and  three-hinge  arch  types,  spandrel- 
braced,  and  plate-girder  construction,  and  among  them  was  the  Y-bridge,  a 
three-arm  structure  over  the  Licking  and  Muskingum  Rivers,  at  Zanesville, 
Ohio,  at  that  time  the  largest  reinforced  concrete  bridge  in  the  United  States. 

Mr.  Osborn's  keen  interest  in  good  designs  for  bridges  led  him  to  make 
a  collection  of  views  of  many  of  the  best  and  most  beautiful  of  such  structi^res 
throughout  the  world.  He  was  a  pioneer  in  concrete  and  reinforced  concrete 
construction,  as  has  been  shown,  and  his  studies  extended  to  the  design  and 
construction  of  nine  Portland  cement  plants,  with  a  producing  capacity  of 
17  000  bbl.  of  cement  per  day. 

In  1908,  Mr.  Osborn  was  appointed  a  member  of  the  Cuyahoga  County 
Building  Commission,  which  Commission  had  charge  of  the  erection  of  the 
new  Court  House  in  Cleveland.  This  is  one  of  the  most  notable  buildings  in 
that  part  of  the  State  and  cost  $5  000  000.  He  was  also  a  Director  of  the  Lake 
Shore  Banking  and  Trust  (Savings)   Company,  in  Cleveland. 

He  was  the  author  of  a  valuable  treatise  entitled  "Tables  of  Moments  of 
Inertia  and  Squares  of  Radii  of  Gyration",  which  was  published  in  1886.  He 
also  devised  a  code  of  conventional  signs  for  bridge  riveting,  which  is  now 
in  general  use,  and  proposed  to  bridge  engineers  and  to  manufacturers  a 
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standard  size  of  sheet,  of  24  by  3G  in.,  for  bridge  drawings,  which  is  also  in 
general  use. 

He  was  one  of  the  early  (1889)  members  of  the  Cleveland  Engineering 
Society,  having  served  as  its  Secretary  in  1897,  and  its  President  in  1898. 
He  was  a  consistent  contributor  to  its  publications  and  presented  many  books 
to  its  Library,  served  on  its  important  committees,  and  was  most  active  in  its 
affairs  to  the  time  of  his  death.  He  was  also  a  member  of  the  American 
Railway  Engineering  Association,  the  American  Society  for  Testing  Materials, 
and  the  Institution  of  Civil  Engineers  of  Great  Britain. 

Mr.  Osborn  was  a  member  of  the  University  Club  and  of  the  Athletic 
Club  of  Cleveland,  and  was  Chairman  of  the  Advisory  Board  of  the  Cleveland 
Technical  High  Schools.  He  served  as  Vice-President  of  the  Alumni  Associa- 
tion of  Rensselaer  Polytechnic  Institute  in  1910,  and  was  earnest  in  his  rela- 
tions to  his  Alma  Mater,  lecturing  to  the  Senior  Class,  and,  in  1910,  he  de- 
livered the  address  before  the  Graduating  Class.  He  was  a  member  of  the 
Sigma  Xi  Society,  an  honor  society  of  technical  graduates  chosen  by  the 
Alumni  of  his  Alma  Mater. 

He  was  very  active  in  civic  and  patriotic  affairs,  his  interest  having  been 
prompted  by  his  lineage.  He  was  a  member  of  the  Society  of  Colonial  Wars, 
the  Sons  of  the  American  Revolution,  the  New  England  Society  of  Cleveland, 
the  Western  Reserve,  the  Western  Reserve  Historical  Society,  the  Navy 
League,  the  Aerial  League  of  America,  and  the  National  Geographic  Society. 

Mr.  Osborn  was  also  a  member  of  the  Masonic  Club,  and  a  very  active 
and  earnest  Mason,  his  membership  in  Masonic  Fraternities  dating  from 
1891.  He  was  a  member  of  Tyrian  Lodge,  Cleveland  Chapter,  Cleveland 
Council,  Holyrood  Commandery,  Lake  Erie  Consistory,  and  Al  Koran  Temple. 

As  an  engineer,  Mr.  Osborn  was  a  pioneer  in  the  best  class  of  bridge  and 
structural  design,  and  he  has  left  much  excellent  construction  showing  orig- 
inality and  early  study.  As  a  citizen,  he  gave  unselfishly  of  his  best  efforts 
and  much  time  and  strength  to  those  things  which  insure  the  safety,  health, 
and  happiness,  of  his  fellows. 

As  a  man,  he  was  most  kindly  to  the  younger  men  of  his  profession,  and 
gladly  welcomed  the  engineer  who  was  a  stranger  to  his  city.  His  was  a  service 
rendered  beyond  remuneration,  and  he  made  the  interests  of  his  clients  and 
his  neighbors  his  own. 

On  October  27,  1880,  Mr.  Osborn  was  married  at  Calumet,  Mich.,  to 
Annie,  daughter  of  Stephen  and  Amelia  Hodgess  Paull.  His  wife  and  their 
son,  Kenneth  Howard  Osborn,  M.  Am.  Soc.  C.  E.,  survive  him. 

Mr.  Osborn  was  elected  a  Member  of  the  American  Society  of  Civil  Engi- 
neers on  October  3,  1888.  He  served  as  a  Director  in  1901-03,  and  was  a 
member  of  the  Special  Committee  on  Steel  Columns  from  1909  to  1916. 
He  had  been  a  member  of  the  Cleveland  Section  from  its  organization,  and  had 
served  on  its  Committee  on  the  Cuyahoga  Valley  Development. 
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MAURICE  STILES  PARKER,  M.  Am.  Soc.  C.  E.* 


Died  June  3,  1921. 


Maurice  Stiles  Parker  was  born  at  Groveland,  Mass.,  on  December  3, 
1851.  He  received  his  education  at  the  West  Point  Military  Academy  and 
the  University  of  Berlin,  which  he  entered  in  1871,  and  where  he  studied 
civil  and  mechanical  engineering  for  three  years.  Before  leaving  Europe, 
he  visited  many  of  the  important  engineering  works  on  the  Continent. 

Returning  to  the  United  States,  in  the  spring  of  1875,  Mr.  Parker  estab- 
lished an  office  at  La  Crosse,  Wis.,  and  carried  on  a  private  engineering 
practice  until  July,  1877.  From  July,  1877,  to  July,  1881,  he  was  Chief 
Clerk  of  the  Mining  Department  of  Dakota  Territory,  in  the  office  of  the 
United  States  Surveyor-General,  and  from  July,  1881,  to  January,  1882,  he 
was  United  States  Deputy  Mineral  Surveyor,  locating  flumes  in  the  Black 
Hills,  Dakota  Territory,  and  Consulting  Engineer  to  Samuel  McMaster, 
Superintendent  of  the  Homestake  Mine. 

From  April,  1882,  to  June,  1883,  Mr.  Parker  served  as  Division  Engineer 
in  Charge  of  Construction  on  the  Chicago  and  Northwestern  Railway,  and 
from  August,  1883,  to  April,  1884,  he  was  engaged  as  Locating  Engineer 
for  the  Chicago,  Burlington,  and  !N"orthern  Railway  Company. 

He  held  the  position  of  Acting  City  Engineer  of  Winona,  Minn.,  in  charge 
of  public  improvements,  from  April,   1884,  to  April,  1885,  and  from  April, 

1885,  to  March,  1886,  he  was  Resident  Engineer  of  the  Chicago  and  North- 
western Railway.  He  was  employed  as  Locating  Engineer  of  the  Montana 
Extension  of  the  St.  Paul,  Minneapolis,  and  Manitoba  Railway  from  April, 

1886,  to  January,  1888,  when  he  opened  an  office  as  Consulting  Engineer,  at 
Winona,  Minn.,  serving  also  as  Chief  Engineer  of  the  Sioux  Falls,  De  Smet, 
and  Northern  Railway. 

In  1890,  he  was  appointed  Chief  Engineer  of  the  Great  Falls  Water  Power 
and  Townsite  Company  and  had  charge  of  the  construction  of  the  Black 
Eagle  Dam,  at  Great  Falls,  Mont.,  in  1890-91,  which  was  the  first  power 
development  on  the  Missouri  River.  Later,  he  became  engaged  in  railroad 
contracting  in  Montana  and  afterward  in  the  States  of  the  Southwest.  For  a 
number  of  years  before  his  death,  which  occurred  on  June  3,  1921,  at 
Spokane,  Wash.,  Mr.  Parker  had  made  his  home  at  St.  Maries,  Idaho,  where 
he  was  engaged  in  water-power  development  and  drainage  projects  in  Montana 
and  Northern  Idaho. 

He  was  married  in  1875  in  Geneva,  Switzerland,  to  Miss  Minneowa  Burns, 
who  died  in  1917.  Mr.  Parker  is  survived  by  his  daughter,  Mrs.  Charles  W. 
Craney,  of  St.  Maries,  Idaho. 

Mr.  Parker  was  elected  a  Member  of  the  American  Society  of  Civil  En- 
gineers on  February  5,  1890. 

*  Memoir   compiled   from   information   on   file   at  the  Headquarters  of  the   Society. 
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CORNELIUS  YAN  VORST  POWERS,  M.  Am.  Soc.  C.  E.* 


Died  June  18,  1922. 


Cornelius  Van  Vorst  Powers,  the  son  of  William  P.  and  Mary  B.  (Van 
Vorst)  Powers,  was  born  in  Jersey  City,  X.  J.,  on  November  4,  1860.  He 
received  the  degree  of  Ph.  B.  from  the  School  of  Mines,  Columbia  University, 
New  York  City,  in  1882.  After  his  graduation,  he  spent  some  time  traveling 
in  Europe  and  was  engaged  in  work  (other  than  engineering)  until  February, 
1885. 

Mr.  Powers  began  his  engineering  career  with  the  Aqueduct  Commission 
of  New  York  City,  then  engaged  in  constructing  the  so-called  New  Croton 
Aqueduct  from  Croton  Dam  to  New  York  City.  He  served  with  this  Commis- 
sion until  June,  1900,  rising  successively  from  junior  engineering  positions  to 
that  of  Assistant  Engineer.  He  was  engaged  on  the  construction  of  the  Aque- 
duct Tunnel  in  the  upper  part  of  the  Borough  of  Manhattan,  New  York  City, 
and  had  charge  of  the  construction  of  a  part  of  the  pipe  line,  consisting  of  a 
battery  of  48-in.  pipes,  eight  in  number,  where  it  left  the  terminal  gate-house 
at  135th  Street  and  Convent  Avenue,  four  of  the  pipes  continuing  to  the 
reservoir  in  Central  Park.  He  also  had  charge  of  a  blow-off  from  Pressure 
Shaft  No.  24  to  the  Harlem  Eiver.  The  experience  gained  in  the  building  of 
this  great  tunnel  was  reflected  in  his  work  on  the  New  York  City  Rapid 
Transit  construction  with  which  he  was  later  connected.  On  the  completion 
of  the  pipe^line  and  blow-off,  he  was  assigned  to  the  Croton  River  Division  in 
Westchester  County,  where  he  had  charge  of  the  surveys  and  studies  for  addi- 
tional reservoirs  and  for  maps  for  the  condemnation  of  lands  to  be  acquired, 
as  well  as  for  the  necessary  relocation  and  reconstruction  of  railroads,  high- 
ways, and  highway  bridges,  and  the  estimates  of  cost. 

In  June,  1900,  Mr.  Powers  was  transferred  to  the  Engineering  Staff  of  the 
Board  of  Rapid  Transit  Railroad  Commissioners,  New  York  City,  at  the  time 
when  work  was  begun  on  the  construction  of  the  first  subway,  and  served  with 
that  Commission  and  its  successors,  the  Public  Service  Commission,  First  Dis- 
trict, State  of  New  York,  the  Transit  Construction  Commissioner,  and  the 
Transit  Commission,  on  the  woi'k  of  constructing  the  New  York  City  Rapid 
Transit  Railroads.  His  first  work  on  rapid  transit  construction  was  as  Assist- 
ant Engineer  in  charge  of  the  construction  of  the  two-track  subway  on  Broad- 
way, from  135th  Street  to  Dyckitian  Street,  a  large  part  of  which  was  in  deep 
rock  tunnel,  including  two  arched  tunnel  stations  with  shafts,  in  which  were 
installed  elevators  and  stairways  providing  access  from  the  surface.  At  these 
stations,  the  tunnel  was  excavated  wide  enough  to  span  the  two  tracks  and  the 
side  platforms  of  the  stations. 

Mr.  Powers  was  appointed  Division  Engineer  in  March,  1903,  and,  until 
January  1,  1917,  he  supervised  the  construction  of  the  subway  and  -elevated 

*  Memoir  prepared  by  Robert  Ridgway  and  Charles  D.  Searle,  Members,  Am.  Soc.  C  E. 


MEMOIR   OF   CORNELIUS   VAN   VORST  POWERS  1691 

lines  in  Upper  Manhattan  and  The  Bronx,  which  were  built  under  contract  with 
the  Commissions.  He  also  supervised  the  surveys  for  new  rapid  transit  lines, 
as  well  as  the  construction  and  the  certification  of  the  reasonable  cost  of  the 
third-tracking  and  extensions  of  the  lines  of  the  Manhattan  Elevated  Railroad 
Company  in  these  Boroughs,  the  latter  work  being  done  by  the  Company  under 
certificates  approved  by  the  Public  Service  Commission.  During  this  period, 
Mr.  Powers  also  assisted  in  the  preparation  of  engineering  data  for  the  city's 
defense  in  the  arbitration  proceedings  growing  out  of  the  contractors'  claims 
on  the  contract  for  the  original  subway,  as  well  as  in  the  writing  of  the  con- 
tracts and  specifications  for  certain  later  lines,  covering  construction  in  Lower 
and  Upper  Manhattan  and  in  The  Bronx. 

As  Division  Engineer  in  Charge  of  Construction,  the  value  of  the  work 
which  Mr.  Powers  supervised  approximated  $35  000  000,  and  included  deep 
and  difficult  timnel  and  subway  construction,  some  of  which  was  adjacent  to 
closely  built-up  sections  in  the  city,  as  well  as  the  construction  of  a  two-track 
tunnel  under  the  Harlem  River,  which  was  built  by  novel  methods,  and 
another  four-track  tunnel  under  this  same  river,  which  was  constructed  in 
a  manner  somewhat  similar  to  that  used  for  the  tunnel  of  the  Michigan  Cen- 
tral Railroad  under  the  Detroit  River.  The  value  of  third-tracking  and  exten- 
sion work  of  the  lines  of  the  Manhattan  Elevated  Railroad  Company  approxi- 
mated $20  000  000. 

Mr.  Powers'  work  in  connection  with  the  city's  defense  in  the  arbitration 
proceedings,  as  well  as  his  work  in  the  writing  of  the  contracts  and  specifica- 
tions, was  so  thorough  and  fair  that  it  has  been  spoken  of  in  high  terms  by 
those  who  were  familiar  with  it. 

From  January,  1917,  he  was  the  Division  Engineer  in  Charge  of  the  Bureau 
of  Contract  Adjustment,  which  position  he  held  at  the  time  of  his  death  on 
June  18,  1922.  The  result  of  the  painstaking,  minute,  and  clear  analysis 
of  the  contractors'  claims  which  he  made  personally  and  directed  during  the 
time  he  was  the  head  of  this  Bureau,  have  been  and  will  be  of  great  value  to 
the  city. 

Mr.  Powers  was  a  man  of  modest  disposition,  high  ideals,  and  absolute 
integrity;  he  was  conscientious  almost  to  a  fault.  He  was  well  informed, 
with  a  keen  sense  of  humor,  and  was  a  good  friend,  always  ready  to  help  in 
time  of  misfortune.  He  was  held  in  high  and  affectionate  esteem  by  his  asso- 
ciates. It  has  been  deservedly  said  of  him  that  he  was  a  Christian  gentleman. 
He  was  fond  of  outdoor  life,  an  ardent  fisherman,  and  had  a  great  fondness  for 
flowers,  which  he  cultivated  with  much  pleasure.  He  was  an  excellent  amateur 
photographer  and,  in  the  earlier  part  of  his  career,  delighted  in  taking  pictures 
of  points  of  interest  on  his  work  and,  later,  on  his  fishing  trips.  An  inspec- 
tion of  the  reports  of  the  Aqueduct  Commission  will  show  many  good  examples 
of  his  work  among  the  illustrations.  He  worked  with  his  usual  zest  and  interest 
until  the  evening  of  the  day  before  he  was  stricken. 

Mr.  Powers  was  vmmarried  and  is  survived  by  his  brother,  William  Van 
Vorst  Powers. 
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He  was  a  member  of  the  University  Club  of  New  York  City,  Columbia 
University  Club,  Psi  Upsilon  Fraternity,  American  Association  of  Engineers, 
Municipal  Engineers  of  New  York,  of  which  he  had  been  Vice-President  and 
Director,  and  the  Dutch  Eeformed  Collegiate  Church  of  St.  Nicholas,  New 
York  City,  in  the  activities  of  which  he  took  great  interest. 

Mr.  Powers  was  elected  a  Member  of  the  American  Society  of  Civil  Engi- 
neers on  March  1,  1905. 
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LINGAN  STROTHER  RANDOLPH,  M.  Am.  Soc.  C.  E.* 


Died  March  7,  1922. 


Lingan  Strotlier  Randolph  was  born  on  May  13,  1859,  at  Martinsburg, 
Va.  He  was  the  son  of  James  L.  Randolph  and  Emily  Strother  Randolph, 
and  was  directly  descended  from  William  Randolph  who  settled  at  Turkey 
Island,  Virginia,  soon  after  the  settlement  at  Jamestown,  in  1607.  Several 
members  of  the  family  distinguished  themselves  in  the  Engineering  Profes- 
sion. His  father,  the  late  James  L.  Randolph,  M.  Am.  Soc.  C.  E.,  was  Chief 
Engineer  of  the  Baltimore  and  Ohio  Railroad  for  many  years,  and  his 
brother,  Beverly  Randolph,  was  Chief  Engineer  of  the  Consolidation  Coal 
Company. 

Lingan  Strother  Randolph  received  his  early  education  in  private  schools 
and  at  the  Virginia  Military  Institute.  He  also  served  an  apprenticeship  at 
the  shops  of  the  Baltimore  and  Ohio  Railroad  at  Grafton  and  Mt.  Clare, 
Md.  In  1881,  he  entered  the  Junior  Class  at  the  Stevens  Institute  of  Tech- 
nology and  was  graduated  with  the  degree  of  Mechanical  Engineer  in  1883. 
At  the  Forty-ninth  Annual  Commencement,  on  June  21,  1921,  he  received 
from  the  Institute  the  Honorary  Degree  of  Doctor  of  Engineering. 

From  1883  to  1885,  Mr.  Randolph  was  employed  by  the  Erie  Railway  at 
Susquehanna,  Pa.,  as  Engineer  of  Tests.  He  held  the  position  of  Superin- 
tendent of  Motive  Power  of  the  Florida  Railway  and  Navigation  Company 
from  1885  to  1887,  at  which  time  he  left  Florida  to  become  Superintendent 
of  Motive  Power  of  the  Cumberland  and  Pennsylvania  Railway,  which  position 
he  retained  until  1890.  He  was  employed  as  Engineer  of  Tests  on  the 
Baltimore  and  Ohio  Railroad  from  1890  to  1892,  and  as  Electrical  Engineer 
by  the  Baltimore  Electric  Refining  Company  from  1892  to  1893. 

As  Professor  of  Mechanical  Engineering  and,  later,  as  Dean  of  the  Engi- 
neering Department,  he  was  a  member  of  the  Faculty  of  the  Virginia  Poly- 
technic Institute  from  1893  to  1918.  It  was  during  his  twenty-five  years  at 
the  Virginia  Polytechnic  Institute  that  Professor  Randolph  rendered  his 
greatest  service  to  the  Engineering  Profession.  Those  trained  under  him 
not  only  received  a  thorough  knowledge  of  the  profession,  but  were  given  a 
practical  working  knowledge  of  the  problems  that  would  be  met  in  later  life. 
The  students  were  also  trained  in  the  highest  ethics  of  the  profession. 

Of  his  work  at  the  Virginia  Polytechnic  Institute,  Dean  Theodore  P. 
Campbell,  writes: 

"Professor  L.  S.  Randolph  succeeded,  as  Professor  of  Engineering,  the 
late  James  H.  Fitts,  who  was  unfortunately  killed  in  a  railroad  accident  on 
his  way  to  the  Chicago  Exposition.  If  my  recollection  serves  me  aright. 
Professor  Randolph  was  suggested  to  the  President  of  the  Institution  by  the 
President  of  the  Baltimore  and  Ohio  Railroad. 

"He  entered  on  his  duties  as  Professor  of  Engineering  in  September,  1893. 
The  Engineering  Department  was  subsequently  developed  and  divided  into 
Mechanical,  Electrical,  and  Civil  Engineering — Mining  Engineering  being 
introduced  many  years  later.     When  the  above  division  took  place.  Professor 

*  Memoir  prepared  by  H.  A    Gillis,  Esq.,  Washington.  D.  C. 
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Randolph  was  made  head  of  the  Mechanical  Engineering  Department  and  had 
charge  of  the  college  shops  and  of  the  college  repair  work.  He  remained  head 
of  the  Mechanical  Engineering  Department  until  his  resignation  was  tendered 
in  1918. 

"During  the  latter  part  of  President  Barringer's  administration,  Professor 
Randolph  was  made  Dean  of  the  whole  Engineering  Department.  This  office 
he  filled  until  his  connection  with  the  institution  was  terminated  by  his 
resignation. 

"Professor  Randolph  brought  to  the  institution  a  wide  knowledge  of  men 
in  the  professions  and  in  the  business  world.  He  was  instrumental  in  making 
this  institution  known  to  the  various  engineering  and  business  activities.  It 
was  he  who  brought  it  into  actual  connection  with  the  engineering  societies. 
He  also  possessed,  in  a  large  degree,  and  emphasized  with  the  students,  the 
human  element  in  engineering.  The  fact  that  Professor  Randolph  was  highly 
esteemed  and  valued  by  these  various  men  and  organizations  was  brought  to 
my  attention  as  Dean  of  the  institution.  As  a  professor,  he  was  very  popular 
with  his  classes,  and  I  have  often  noticed,  as  have  others  of  his  associates, 
that,  when  the  old  men  returned  here,  it  was  almost  invariably  Professor 
Randolph  they  asked  for  first,  showing  the  affection  and  esteem  in  which 
they  held  him. 

"Professor  Randolph's  activities  were,  however,  in  no  sense,  limited  to 
the  classroom.  He  was  largely  responsible  for  putting  the  Y.  M.  C.  A.  on  a 
secure  footing  at  the  Y.  P.  I.  and  for  maintaining  it  there.  He  was  generous 
almost  to  a  fault  and  extremely  liberal  in  his  contributions  to  the  Y.  M.  C.  A. 

"He  was  an  Elder  in  the  Presbyterian  Church  in  this  town,  in  which  he 
retained  his  membership  until  his  death.  He  was  very  much  interested  in  all 
the  interests  and  activities  of  the  church  and  for  a  long  period  of  years  taught 
a  Bible  Class  in  the  Presbyterian  Sunday  School  and  also  conducted  a  Normal 
Class  in  the  Y.  M.  C.  A. 

"To  him  also,  more  than  to  any  other  one  man,  and  almost  entirely  to 
him,  I  may  say,  was  due  the  fact  that  what  is  now  a  branch  of  the  Norfolk 
and  Western  Railroad  connecting  Blacksburg  with  the  main  line  of  the 
Norfolk  and  Western  at  Christiansburg,  was  built  and  operated. 

"As  a  man,  he  was  what  may  be  termed  a  'big  man' — a  man  of  big  heart  and 
big  ideas.  I  was  intimately  associated  with  him  for  24  or  25  years  and  can 
truly  say  that  I  never  saw  anything  in  Professor  Randolph's  actions  that 
smacked  the  least  of  pettiness.  He  was  a  faithful  friend,  a  genial  companion, 
an  earnest  Christian,  a  useful  citizen,  and  his  influence  in  any  community  in 
which  he  lived  could  not  but  be  helpful  and  elevating." 

Professor  Randolph  found  time  from  his  duties  at  the  Virginia  Polytechnic 
Institute  to  perform  a  great  deal  of  important  consulting  work.  He  also 
wrote  a  number  of  papers  and  discussions  for  the  Society  and  for  the  other 
engineering  societies  of  which  he  was  a  member,  among  which  were  the 
American  Society  of  Mechanical  Engineers,  the  International  Association  for 
Testing  Materials,  the  American  Institute  of  Electrical  Engineers,  and  the 
Tau  Beta  Pi  Fraternity. 

During  the  World  War,  he  served  in  the  Research  Section  of  the  U.  S. 
Shipping  Board,  Emergency  Fleet  Corporation,  and  the  latter  part  of  his 
life  was  spent  in  looking  after  his  special  interests,  among  which  was  the 
Brush  Mountain  Coal  Company  of  which  he  was  President. 

He  was  married  on  October  15,  1890,  at  Cumberland,  Md.,  to  Fanny 
Bobbins,  who,  with  three  sons  and  one  daughter,  survives  him. 

Professor  Randolph  was  elected  a  Member  of  the  American  Society  of 
Civil  Engineers  on  January  2,  1890. 
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KARL  DE  WITT  SCHWENDENEB,  M.  Am.  Soc.  C.  E.* 


Died  January  22,  1922. 


Karl  De  Witt  Schwendener  was  born  at  Cleveland,  Ohio,  on  April  25, 
1885.  He  was  educated  at  Harvard  University,  from  wliich  he  was  graduated 
in  1908  with  the  degree  of  Bachelor  of  Science. 

During  the  summer  vacation  of  1907  he  was  employed  as  Levelman  on  the 
Buffalo,  Rochester  and  Pittsburg  Railway.  After  his  graduation  from  Har- 
vard, Mr.  Schwendener  went  to  Los  Angeles,  Calif.,  and  from  December, 
1908,  to  May,  1910,  was  engaged  as  Draftsman,  and,  later,  as  Chief  Engineer 
of  the  California  Building  and  Land  Syndicate,  in  charge  of  engineering  work 
relating  to  building  construction,  surveys,  and  sub-division  of  properties. 

From  June  to  December,  1910,  he  served  as  Designing  Engineer  for  the 
Los  Angeles  Railway  Corporation,  for  which  Corporation  he  designed,  among 
other  structures,  reinforced  concrete  carshops  and  two  carhouses. 

In  January,  1911,  Mr.  Schwendener  was  appointed  Assistant  Inspector  of 
Buildings  of  the  City  of  Los  Angeles  and  had  charge  of  the  inspection  of 
steel  frame  and   brick  construction. 

In  May,  1912,  he  was  appointed  Chief  Engineer  of  the  Department  of 
Buildings  of  the  City  of  Los  Angeles,  in  charge  of  all  the  inspection  and 
engineering  work  of  the  Department.  In  addition  to  ten  fire-engine  houses 
and  various  other  city  buildings  which  were  constructed  under  his  super- 
vision, he  assisted  in  the  preparation  of  revised  building  ordinances  and  State 
laws.  He  also  prepared  a  treatise  on  the  design  of  wood  beams  and  columns, 
containing  .a  series  of  tables,  which  has  become  a  textbook  in  the  Department, 
and  among  the  architects  and  builders  of  Los  Angeles. 

During  the  World  War,  Mr.  Schwendener  was  commissioned  a  Captain 
in  the  Engineer  Corps,  and  served  overseas  where  he  was  in  charge  of  con- 
struction work.  He  was  on  the  firing  line  in  the  Argonne  and,  for  three 
months,  with  the  Army  of  Occupation  in  Germany. 

He  died  of  pneumonia  on  January  22,  1922,  after  a  brief  illness,  and  is 
survived  by  his  wife  and  three  children. 

Mr.  Schwendener  was  an  active  member  of  the  Los  Angeles  Chamber  of 
Commerce,  the  City  Club,  and  American  Legion  Post  110. 

The  high  esteem  in  which  he  was  held  by  his  fellow  engineers  of  the  Los 
Angeles  Section  of  the  Society,  in  which  he  took  an  active  part,  is  shown  in 
the  following  resolution  which  was  adopted  at  the  meeting  of  the  Section  on 
April  12,  1922: 

"Whereas,  it  has  pleased  the  Almighty  to  take  from  us  our  beloved  fellow- 
member  and  associate,  Karl  D.  Schwendener;  and 

"Whereas,  through  his  going  away  we  have  sustained  the  loss  of  an  able 
brother  engineer,  adviser,  and  a  friend  whose  place  will  never  be  filled.  Pos- 
sessing those  strong  sterling  qualities  of  manhood  and  professional  integrity 
that  won  for  him  the  high  place  in  the  counsels  of  this  Society  and  those  of 

*  Memoir  prepared  by  John   E.   Rockhold,  Assoc.   M.  Am.   Soc.  C.  E.,  and  F.   G.  Dessery, 
M.   Am.   Soc.   C.   E.,  and  from   information   on  file  at  the  Headquarters  of  the  Society. 
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US  who  knew  him  best,  we  feel  an  irreparable  loss  of  a  loyal  comrade  and 
associate  we  had  learned  to  love,  respect,  and  honor; 

"Therefore,  Be  It  Resolved,  that  these  resolutions  be  entered  upon  the  per- 
manent records  of  the  Los  Angeles  Section,  American  Society  of  Civil  Engi-     fl| 
neers,  and  a  copy  be  sent  to  his  bereaved  family,  with  our  heartfelt  sympathy 
in  their  aflBiiction." 

Mr.  Schwendener  was  elected  an  Associate  Member  of  the  American  Society       %  1 
of  Civil  Engineers  on  April  1,  1914,  and  a  Member  on  November  25,  1919.  ' 
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HARRY  KENT  SELTZER,  M.  Am.  Soc.  C.  E.* 


Died  December  30,  1921. 


Harry  Kent  Seltzer,  the  son  of  William  K.  Seltzer  and  Emma  (Keller) 
Seltzer,  was  born  at  Ephrata,  Pa.,  on  January  22,  1875.  Nearly  all  his  ancestors 
on  both  sides  were  Pennsylvania  farmer  folk. 

Immediately  after  his  graduation  from  Lehigh  University,  where  he 
received  the  degree  of  Civil  Engineer  in  1895,  he  entered  the  service  of  J.  A.  L. 
Waddell,  M.  Am.  Soc.  C.  E.,  and  went  to  Sioux  City,  Iowa,  as  Assistant  to 
Lee  Treadwell,  M.  Am.  Soc.  C.  E.,  Resident  Engineer  on  the  construction  of 
a  bridge  over  the  Missouri  River.  During  the  early  part  of  1896  he  was 
Inspector  of  Superstructure  on  a  bridge  over  the  Missouri  River  at  Jefferson 
City,  Mo.  In  May,  1896,  he  entered  the  employ  of  the  Kansas  City  Southern 
Railroad,  as  Instrumentman  and  Draftsman  on  preliminary  and  location 
work  in  Southwestern  Louisiana.  During  a  portion  of  this  time  he  was 
Inspector  on  the  foundations  for  the  Calcasieu  River  Bridge  at  Lake  Charles, 
La.,  on  this  line. 

Erom  May  to  November,  1898,  he  was  Transitman  on  Maintenance  of 
Way  work,  on  the  Philadelphia  Division  of  the  Pennsylvania  Railroad,  at 
Philadelphia,  Pa.  During  the  college  year  1898-99  he  was  Instructor  in  Civil 
Engineering  at  the  University  of  Texas,  after  which  he  spent  six  months  as 
Resident  Engineer  for  Waddell  and  Hedrick  on  the  construction  of  bridges 
along  the  line  of  the  Vera  Cruz  and  Pacific  Railway,  in  the  State  of  Yera 
Cruz,  Mexico.  This  was  during  the  beginning  of  construction  of  that  road, 
and  conditions  were  very  primitive.  While  there,  Mr.  Seltzer  almost  suc- 
cumbed to  a  very  severe  attack  of  yellow  fever. 

After  a  year  spent  in  Kansas  City  as  Designer  and  Contracting  Engineer 
for  the  Midland  Bridge  Company,  he  returned  to  the  employment  of  Waddell 
and  Hedrick,  in  April,  1901,  with  whom  he  was  associated  until  May,  1906. 
During  this  period  he  was  stationed  first  at  Alexandria,  La.,  as  Resident 
Engineer  on  a  bridge  over  the  Red  River.  In  May,  1902,  he  went  to  New 
Westminster,  B.  C,  Canada,  in  charge  of  the  construction  of  the  Eraser  River 
Bridge.  This  structure  was  notable  for  the  main  pier  foundations  sunk  by 
open  dredging  methods  in  60  to  80  ft.  of  water  to  a  depth  of  138  ft.  below  the 
water  surface,  and  in  a  current,  at  times,  extremely  rapid. 

While  at  Westminster,  Mr.  Seltzer  was  also  in  charge  of  work  for  the 
Great  Northern  Railway  at  Vancouver,  B.  C,  Canada,  all  of  which  reflected 
great  credit  on  his  resourcefulness  and  executive  ability.  During  the  year 
following  May,  1905,  he  was  in  charge  of  the  reconstruction  of  ten  bridges  on 
the  International  and  Great  Northern  Railroad,  in  Texas,  where  the  work  was 
done  under  trafiic. 

In  May,  1906,  Mr.  Seltzer  was  employed  by  the  Missouri  Valley  Bridge 
and  Iron  Company,  Contractors  for  the  foundations  of  the  Atchafalaya  Bridge, 

•  Memoir  prepared  by  L.  S.  Stewart,  AflBliate,  Am.  Soc.  C.  E.,  E.  E.  Howard,  and 
M.   B.   Case,   Members,  Am.   Soc.   C.   E.,  and   S.   E.   Blum,   Esq.,   Detroit,   Mich. 
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at  Morgan  City,  La.,  for  the  Southern  Pacific  Railway  Company.  Here  he  was 
in  charge  of  sinking  pneumatic  caissons  to  a  depth  of  105  ft.  in  70  ft.  of  water, 
and  with  a  very  soft  bottom  which  developed  little  supporting  friction. 

At  the  conclusion  of  this  work,  Mr.  Seltzer  became  a  Member  of  the  Union 
Bridge  and  Construction  Company,  and  from  1907  to  1912,  as  Constructing 
Engineer,  he  contributed  in  no  small  way  to  the  successful  execution  of 
many  large  contracts.  At  Portland,  Ore.,  he  directed  the  construction  of 
the  foundations  for  the  Oregon-Washington  Eailroad  and  Navigation  Com- 
pany bridge  over  the  Willamette  River,  where  the  main  piers  were  sunk  by 
open  dredging  methods  in  85  ft.  of  water  to  a  depth  of  133  ft.  below  the 
water  surface.  The  total  cost  of  the  substructure  on  this  contract  ex- 
ceeded $500  000.  During  1911  and  1912  he  was  stationed  in  Kansas  City, 
but  made  frequent  trips  to  Portland  where  he  directed  the  work  on  the 
foundations  for  the  Broadway  Bridge  over  the  Willamette  River.  This 
substructure  consisted  of  four  main  piers,  sunk  by  the  pneumatic  process, 
and  other  open  foundations  at  a  total  cost  of  $750  000.  The  contract  for  the 
foundations  of  the  bridge  over  the  Yellowstone  River,  at  Mondak,  Mont., 
for  the  Great  Northern  Railway  Company,  was  also  completed  during  this 
time. 

Mr.  Seltzer's  capacity  to  handle  men  and  materials  and  to  draw  about 
him  and  hold  those  whose  ability,  loyalty,  and  earnestness  were  beyond  ques- 
tion was  now  recognized  by  his  promotion  to  the  position  of  Vice-President 
and  Chief  Engineer.  In  the  period  from  1913  to  1918  the  firm  constructed 
the  foundations  for  three  of  the  largest  bridges  built  in  this  country  during 
that  time — the  Harahan  Bridge,  over  the  Mississippi  River  at  Memphis,  Tenn., 
the  crossing  of  the  Ohio  River  at  Metropolis,  111.,  and  the  Burlington  Railroad 
Bridge  over  the  Missouri  River  at  Kansas  City.  The  complete  satisfaction 
frequently  expressed  by  the  officials  of  the  railroads  for  whom  these  works 
were  executed  reflected  in  no  small  degree  the  untiring  zeal  and  resourceful 
ability  which  Mr.  Seltzer  constantly  applied  to  his  work.  The  reputation 
for  rugged  honesty  and  efficient  production  which  he  and  the  organization 
he  built  around  him  enjoyed  has  often  been  a  subject  of  comment,  and  was 
shown  by  the  frequency  with  which  he  was  asked  to  carry  out  force-account 
work  for  various  railroads,  with  little  or  no  competition. 

During  the  war  period,  1917-19,  he  was  stationed  at  Morgan  City,  La., 
as  Manager  of  the  Emergency  Fleet  Corporation's  shipyard,  and  built  nine 
ships,  every  one  of  which  was  put  into  commission.  This  yard  was  a  source 
of  great  satisfaction  to  the  Shipping  Board  officials  at  a  time  when  many 
were  not  operating  so  smoothly. 

In  November,  1920,  Mr.  Seltzer  severed  his  connection  with  the  Union 
Bridge  and  Construction  Company,  and  represented  the  Foundation  Company 
of  New  York  at  Kansas  City. 

He  died  suddenly  on  December  30,  1921,  at  Kansas  City,  Mo.,  only  a  few 
days  after  his  return  from  a  business  trip  in  the  East. 
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One  of  his  friends  writes: 

"I  was  Mr.  Seltzer's  assistant  in  Alexandria  in  1901  and  1902,  and  we 
lived  tog'etlier  there,  and  since  that  time  we  have  been  more  or  less  in 
contact  throughout  all  his  work.  Throughout  his  entire  career  he  always 
commanded  the  confidence  and  respect  of  every  one  with  whom  he  came  into 
contact.  He  was  so  universally  esteemed  that  I  cannot  recall  ever  hearing 
any  one  say  anything  derogatory  about  him,  and  I  do  not  think  I  have  another 
acquaintance  concerning  whom  I  have  not  heard  some  criticism." 

Mr.  Seltzer  was  married  in  November,  1906,  to  Miss  May  E.  Waters, 
who,  with  two  children,  survives  him. 

He  was  a  member  of  The  University  Club  of  Kansas  City,  the  Delta  Tau 
Delta  Fraternity,  and  the  American  Association  of  Engineers. 

Mr.  Seltzer  was  elected  a  Junior  of  the  American  Society  of  Civil  Engi- 
neers on  February  4,  1896;  an  Associate  Member  on  January  2,  1901;  and  a 
Member  on  April  3,  1906. 


1700  MEMOIR    OF    EDWAKD    BALLINGER    TAYLOR 

EDWARD  BALLINGER  TAYLOR,  M.  Am.  Soc.  C.  E.* 


Died  November  8,  1922. 


Edward  Ballinger  Taylor  was  born  at  Riverton,  N.  J.,  on  February  6, 
1850.  He  was  a  son  of  John  Gardiner  Taylor  and  Rebecca  Haines  (Ballinger) 
Taylor.  His  parents  were  members  of  the  Society  of  Friends,  and  he  was 
trained  in  the  tenets  of  that  faith.  The  ideals  of  integrity,  devotion  to  duty, 
and  kindliness,  inculcated  by  that  training  were  reflected  in  his  character 
through  his  whole  life. 

Mr.  Taylor  was  prepared  for  college  at  the  Westtown,  Pa.,  Boarding 
School,  and  in  1866  entered  the  Sophomore  Class  at  Haverford  College,  from 
which  he  was  graduated  in  1869,  receiving  the  degree  of  Bachelor  of  Arts. 
He  then  entered  the  Polytechnic  College  of  the  State  of  Pennsylvania  where, 
in  1870,  he  was  given  the  degree  of  Bachelor  of  Civil  Engineering.  From  the 
same  institution,  in  1873,  he  received  the  degree  of  Master  of  Civil  Engineering. 

On  July  25,  1870,  Mr.  Taylor  entered  the  service  of  the  Pennsylvania 
Railroad,  as  a  Clerk  in  the  office  of  the  Superintendent  of  the  Middle  Division, 
at  Harrisburg,  Pa.  His  efficient  service  won  rapid  advancement,  and  in 
September,  1871,  he  was  promoted  to  the  position  of  Supervisor,  and  six  months 
later,  on  March  1,  1872,  was  appointed  Assistant  Engineer  of  the  Middle 
Division.  He  continued  in  that  office  imtil  January  1,  1875,  when  he  was 
transferred  to  a  similar  position  on  the  Pittsburgh  Division. 

On  July  24,  1876,  just  six  years  after  entering  the  service  of  the  Penn- 
sylvania Railroad,  he  was  made  Superintendent  of  the  Lewistown  Division, 
with  headquarters  at  Sunbury,  Pa.,  where  he  remained  until  January  1,  1879, 
\vlien  he  was  transferred  to  the  Superintendency  of  the  West  Penn  Division. 
On  September  1,  1879,  he  was  transferred  to  the  Lines  West  of  Pittsburgh, 
and  made  Superintendent  of  the  Pittsburgh,  Cincinnati  and  St.  Louis  Rail- 
way. He  was  promoted  on  April  1,  1888,  to  the  position  of  General  Superin- 
tendent of  the  N'orthwest  System,  and  on  March  1,  1890,  to  that  of  General 
Superintendent  of  Transportation  of  the  entire  system  of  the  Lines  West  of 
Pittsburgh. 

On  December  27,  1901,  Mr.  Taylor  was  elected  a  Director  and  Fourth 
Vice-President  of  the  Pennsylvania  Company  and  of  the  Pittsburgh,  Cin- 
cinnati, Chicago  and  St.  Louis  Railway  Company.  On  January  9,  1907, 
he  became  Third  Vice-President,  and  on  February  1,  1914,  Second  Vice-Presi- 
dent, in  charge  of  the  Treasury  and  Accounting  Departments.  He  also  served 
as  President,  Vice-President,  or  Director  of  fifty-two  subsidiary  or  affiliated 
companies  of  the  Pennsylvania  System.  On  March  1,  1920,  having  attained 
the  age  of  seventy  years,  he  was,  in  accordance  with  the  provisions  of  the 
Pension  Department  of  the  Pennsylvania  System,  retired  from  active  service. 

*  Memoir  prepared  by  W.  L.  R.  Haines,  M.  Am.  Soc.  C.  E. 
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In  addition  to  his  duties  as  an  officer  of  the  Pennsylvania  Railroad,  Mr. 
Taylor  was  for  more  than  twenty-five  years  a  Director  of  the  First  National 
Bank  of  Sewickley,  Pa.,  and  was  for  some  time  a  Director  of  the  Second 
National  Bank  of  Pittsburgh,  Pa.,  and,  after  its  merger,  of  the  First-Second 
National  Bank  of  Pittsburgh,  Pa. 

At  the  time  of  his  death,  Mr.  Taylor  had  been  for  many  years  a  resident 
of  Sewickley,  Pa.,  and  had  always  taken  a  keen  interest  in  its  needs  and  activi- 
ties. Since  1891,  he  had  served  as  a  member,  and  since  1895,  as  President,  of 
its  Board  of  Water  Commissioners,  and  it  was  due  largely  to  his  efforts  and 
guidance  that  the  Sewickley  water  supply  was  brought  to  its  present  status, 
as  one  of  the  best  and  most  economical  in  the  State  of  Pennsylvania.  He  was 
one  of  the  original  members  of  the  Board  of  Trustees  of  the  Sewickley  Valley 
Hospital  and  of  the  Sewickley  Young  Men's  Christian  Association,  and  took 
an  active  part  in  the  work  of  both  institutions.  He  had  served  as  President 
of  the  Corporators  of  the  Sewickley  Cemetery  and  of  the  Edgeworth  Club. 
He  was  a  member  of  the  Allegheny  Country  Club,  the  Pittsburgh  Club,  and 
the  Bankers  Club  of  New  York.  He  was  also  a  member  of  the  American 
Academy  of  Political  and  Social  Science,  and  of  the  Pittsburgh  Academy 
of  Science  and  Art. 

He  was  a  Charter  Member  of  the  Engineers'  Society  of  Western  Pennsyl- 
vania, and  was  President  of  that  Society  in  188G,  and  a  Director  in  1887  and 
1888. 

Although  Mr.  Taylor  never  forsook  his  allegiance  to  the  Society  of  Friends, 
he  was  for  many  years  a  communicant  of  St.  Stephen's  Protestant  Episcopal 
Church  in  Sewickley.  He  served  as  a  Vestryman  and  as  a  member  of  the 
Building  Committee  of  this  church,  and  was  largely  instrumental  in  securing 
the  replacement  of  the  old  frame  building  with  the  present  handsome  stone 
edifice.  In  his  later  years,  he  attended  the  Sewickley  Presbyterian  Church, 
of  which  he  was  twice  elected  a  Trustee. 

Mr.  Taylor  was  married  in  1872  to  Miss  Marianna  Satterthwaite,  of 
Oxford  Valley,  Pa.,  by  whom  he  is  survived.  He  also  leaves  three  daughters, 
Mrs.  Charles  A.  AVoods,  Miss  Bertha  A.  Taylor  and  Miss  Rebecca  W.  Taylor, 
all  of  Sewickley,  and  one  son,  Edward  B.  Taylor,  Jr.,  Assoc.  M.  Am.  Soc.  C.  E., 
Superintendent  of  the  Marietta  Division  of  the  Pennsylvania  Railroad,  with 
headquarters  at  Cambridge,  Ohio. 

It  seems  not  inappropriate  to  close  this  memoir  with  a  quotation  from  the 
editorial  columns  of  a  local  paper — a  fitting  tribute  to  the  regard  in  which 
Mr.  Taylor  was  held  by  those  among  whom  he  lived  and  worked : 

"There  are  but  few  men  in  the  Sewickley  Valley  whose  death  would  be 
so  great  a  public  loss  as  is  that  of  Edward  B.  Taylor.  Known  and  liked  in 
a  personal  way  by  every  one,  he  was  regarded  by  all  with  a  most  unusual 
respect  because  of  his  long  and  valuable  service  to  Sewickley  and  to  the  Valley. 
The  same  skill,  knowledge,  broad  vision,  and  safe  judgment  which  brought 
him  pre-eminence  in  the  management  of  a  great  railroad  system's  affairs,  had 
for  many  years  been  placed  freely  at  the  service  of  his  home  community  and 
its  needs,  and  have  been  instrumental  in  contributing  much  to  its  welfare  and 


1702  MEMOIR    OF    EDWARD    BALLINGER    TAYLOR 

will  contribute  much  more  in  the  future  as  improvement  plans  not  yet  brought 
to  completion  are  worked  out  by  other  hands.  Few  men  have  given  so  freely, 
so  effectively  and  so  unobtrusively  of  their  time  and  wisdom  in  a  constructive 
way  to  the  guiding  and  betterment  of  public  undertakings  in  their  home 
communities,  and  Mr.  Taylor's  death  is  a  loss  indeed  to  this  Valley." 

Mr.  Taylor  was  elected  a  Member  of  the  American  Society  of  Civil  Engi- 
neers on  September  3,  1884. 
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SAMUEL  CLARENCE  THOMPSON,  M.  Am.  Soc.  C.  E.* 


Died  February  28,  1920. 


Samuel  Clarence  Thompson,  the  son  of  Samuel  Newman  Thompson  and 
Mary  Ann  (Washburn)  Thompson,  was  born  in  Eoxbury,  Mass.,  on  April  4, 
1851.  The  family  moved  from  Eoxbury  to  Southboro,  Mass.,  while  Mr.  Thomp- 
son was  in  his  early  boyhood.  He  won  a  scholarship  in  the  Massachusetts 
Agricultural  College  and  was  graduated  therefrom  in  1872. 

In  1875,  Mr.  Thompson  was  engaged  as  an  Assistant  Engineer  on  the  new 
Water  Supply  Commission  of  the  City  of  Boston,  and  in  1879  was  appointed 
as  Acting  Chief  Engineer  on  the  construction  of  the  South  Florida  Railroad. 
Later,  in  1881,  he  was  made  Assistant  City  Engineer  of  Lowell,  Mass.,  and, 
in  this  capacity,  had  charge  of  the  laying  of  the  large  supply  main  from  the 
high-service  reservoir  in  Centralville,  under  the  Merrimac  River,  to  Belvedere. 
Subsequently,  he  was  in  charge  of  rebuilding  the  bridge  across  the  Merrimac 
River. 

Mr.  Thompson  came  to  New  York  City  in  1883  and  entered  the  service  of 
the  municipality  in  the  Department  of  Parks,  in  the  Borough  of  the  Bronx, 
which,  at  that  time,  was  known  as  the  23d  and  24th  Wards.  He  continued  his 
connection  with  the  City  of  New  York  in  the  Department  of  Highways, 
through  its  changes  of  name  and  jurisdiction,  until  his  death  on  February 
28,  1920. 

Mr.  Thompson  was  in  the  service  of  the  city  for  37  years  and,  until  his 
last  illness,  lost  only  3  days  from  his  work  during  that  time.  He  was 
in  charge  of  the  Bureau  of  Highways  in  the  Office  of  the  Borough  Presi- 
dent of  the  Bronx  for  many  years,  and  there  are  numerous  monuments  in 
the  Borough  to  his  ability  and  energy  as  an  Engineer.  He  was  also  in 
charge  of  the  regulating,  grading,  and  paving  of  most  of  the  streets  in  the 
West  Bronx,  of  the  construction  of  the  Grand  Boulevard  and  Concourse,  and 
of  all  its  connecting  transverse  roads. 

On  May  5,  1875,  he  was  married  to  Miss  Alice  Louise  Fairchild  of  Natick, 
Mass.,  who,  with   a  daughter,  Mrs.   Elsie  Thompson   Shepard,  survives  him. 

Mr.  Thompson  was  a  Charter  Member  and  a  Past-President  of  the  Munic- 
ipal Engineers  of  the  City  of  New  York.  He  was  also  a  member  of  the 
National  Geographic  Society  and  the  League  of  American  Sportsmen,  a  Knight 
of  Honor,  a  member  of  the  Royal  Arcanum  and  of  the  Loyal  Association  of 
the  Royal  Arcanum,  of  Roome  Lodge  No.  746,  F.  and  A.  M.,  Chancellor  of 
the  Supreme  Court  of  the  Phi  Sigma  Kappa,  and  a  member  of  the  Phi 
Kappa  Phi. 

His  loss  was  deeply  felt  by  the  Engineering  Corps  in  the  Office  of  the 
President  of  the  Borough  of  the  Bronx  and  by  all  his  associates  and  friends. 

Mr.  Thompson  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  February  6,  1889,  and  served  as  a  Director  from  1909  to  1911. 
*  Memoir  prepared  by  Josiah  H.  Fitch,  M.  Am.  Soc.  C.  E. 
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SAMUEL  EVERETT  TINKHAM,  M.  Am.  Soc.  C.  E.* 


Died  April  21,  1921. 


Samuel  Everett  Tinkliam,  the  son  of  Samuel  Miller  and  Celia  (Ellis) 
Tinkham,  was  born  at  Taunton,  Mass.,  on  March  31,  1852.  He  was  a  descend- 
ant of  a  long  line  of  New  England  ancestors,  some  of  whom  came  to  New 
England  in  the  Mayflower.  His  father  was  Treasurer  of  the  Taunton  Foundry 
and  Machine  Company,  and  afterward  established  a  music  store  in  Taunton, 
which  he  conducted  for  many  years.  Mr.  Tinkham's  mother  died  when  he  was 
only  three  years  of  age.  His  father  afterward  married  Miss  Margaret  E. 
Bright,  who,  having  been  a  teacher,  was  well  qualified  to  direct  the  education 
of  her  four  stepsons. 

It  was  through  her  efforts,  that  Mr.  Tinkham  was  able  to  qualify  for  the 
Massachusetts  Institute  of  Technology  and  to  become  a  member  of  the  Class 
of  1873.  During  the  summer  of  1872,  he  was  engaged  in  active  field  work  as 
Rodman  in  the  Engineering  Department  of  the  New  York  State  Canals. 
During  the  summer  following  his  graduation,  he  was  appointed  an  Assistant 
in  the  Corps  of  Engineers,  United  States  Army,  and  for  more  than  a  year 
was  employed  on  harbor  improvements  at  Edgartown,  Mass. 

In  October,  1874,  Mr.  Tinkham  was  appointed  as  Transitman  in  the  office 
of  the  City  Engineer  of  Boston,  Mass.  In  addition  to  his  regular  work,  he 
made  experiments  with  the  blue-print  process,  then  in  its  infancy,  and  thus 
helped  to  develop  and  to  make  the  process  of  reproduction  by  blue-printing 
what  it  is  to-day. 

During  the  first  eight  years  of  his  service  with  the  City  of  Boston,  from 
1874  to  1882,  Mr.  Tinkham  was  engaged  principally  on  bridge  work,  under  the 
late  John  E.  Cheney,  M.  Am.  Soc.  C.  E.,  who  was  then  City  Bridge  Engineer. 
At  this  time,  several  city  bridges  were  built  or  reconstructed,  among  which 
were  the  Dover  Street,  Meridian  Street,  Broadway,  and  Chelsea  Bridges.  Part 
of  Mr.  Tinkham's  time  was  also  given  to  work  in  connection  with  the  Boston 
Main  Drainage  System,  especially  with  the  design  and  construction  of  the 
Calf  Pasture  Pumping  Station. 

In  the  fall  of  1882,  Mr.  Tinkham  left  the  employ  of  the  City  Engineering 
Department  with  the  idea  that  he  could  find  a  more  promising  future  else- 
where. He  became  Assistant  Engineer  on  the  New  York  and  New  England 
Railroad,  in  charge  of  the  design  and  erection  of  bridges  for  the  double-track- 
ing of  that  line.  His  service  with  this  road  was  terminated  in  April,  1884, 
when  he  returned  to  Boston  and  again  entered  the  office  of  the  City  Engineer, 
where  he  remained  for  thirty-seven  years,  until  his  death. 

On  his  return  to  municipal  work,  Mr.  Tinkham  was  given  the  title  of 
Assistant  Engineer  and  Principal  Draftsman  of  the  Engineering  Department. 
He  became  Chief  Assistant  to  the  Bridge  Engineer,  and  his  work  was  largely 
in  charge  of  bridge  designing.  Among  the  bridges  constructed  at  this  time 
were  the  Allston,  Beacon  Street,  Boylston  Street,  Brookline  Avenue,  and 
•  Memoir   prepared   from    information    on   file   at   the   Headquarters   of   the   Society. 
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Cottage  Farm  Bridges,  over  the  Boston  and  Albany  Eailroad;  the  Byron 
Street  Bridge,  in  East  Boston;  the  Dover  Street  and  L  Street  Bridges,  in 
South  Boston ;  the  draw-span  of  the  ISTeponset  Bridge ;  and  the  Harvard  Bridge 
across  the  Charles  Eiver,  which  was  built  jointly  by  the  Cities  of  Boston  and 
Cambridge,  under  the  direction  of  the  Boston  Engineering  Department.  In 
addition  to  bridge  work,  Mr.  Tinkham  was  also  engaged  on  the  Boston  Im- 
proved Sewerage  System,  the  Mystic  Pumping  Station,  and  on  work  in  con- 
nection with  the  elimination  of  grade  crossings. 

During  the  late  Nineties,  several  new  bridges  were  built,  the  most  important 
of  which  were  the  Charlestown  and  Cambridge  Bridges.  The  South  Terminal 
Station,  which  was  to  unite  the  railroads  on  the  south  side  of  the  city,  was  also 
projected  about  this  time  and  involved  much  planning,  including  the  re- 
arrangement of  the  streets  and  extensive  constructions  along  the  water-front 
of  Fort  Point  Channel.  Mr.  Tinkham  was  directly  in  charge  of  the  municipal 
part  of  this  work. 

He  was  engaged,  during  the  last  twenty-three  years  of  his  service  with 
the  City  Engineering  Department,  principally  on  construction  engineering, 
which  included  bridges,  sea  walls  and  retaining  walls,  tide-water  foundations, 
harbor  shore  protection,  ferry  improvements,  wharves,  and  other  water-front 
structures. 

Mr.  Tinkham  was  also  connected  with  other  well-known  projects,  among 
which  were  the  Northern  Avenue  and  Sleeper  Street  improvement,  from 
Atlantic  Avenue,  across  Fort  Point  Channel  and  the  South  Boston  Flats, 
involving  the  construction  of  one  of  the  most  important  of  the  City's  tide- 
water bridges;  grade-crossing  elimination,  including  the  building  of  a  num- 
ber of  new  bridges  over  railroads;  the  rebuilding  of  the  Chelsea  Bridge  north 
over  the  Mystic  River,  including  the  heaviest  swing  di'aw-span  in  New 
England;  the  building  of  the  new  swing  draw-span  of  the  Broadway  Bridge, 
over  Fort  Point  Channel;  the  rebuilding  of  the  Meridian  Street  and  Chelsea 
Street  Bridges,  between  East  Boston  and  Chelsea,  each  with  a  swing  draw- 
span;  the  reconstruction  of  the  Maiden  Bridge  between  Charlesto^vn  and 
Everett ;  and  the  rebuilding  of  the  Granite  Avenue  Bridge  over  the  Neponset 
River. 

In  1911,  the  City  Engineering  Department,  the  Street  Department,  and  the 
Water  Department,  of  Boston,  were  united  to  form  the  present  Public  Works 
Department,  and  Mr.  Tinkham  was  made  Construction  Engineer  of  the  Bridge 
and  Ferry  Division. 

In  addition  to  his  work  for  the  city,  he  was  frequently  called  on  as  Consult- 
ing Engineer.  In  1897,  he  was  appointed  as  one  of  the  members  of  the  first 
Board  of  Examiners  for  Civil  Engineers  in  the  classified  service,  a  position 
which  he  held  for  more  than  fifteen  years,  until  January,  1913. 

Mr.  Tinkham  was  primarily  a  Bridge  Engineer,  but  he  was  also  an  author- 
ity on  foundation  problems,  particularly  on  constructions  in  tide-water.  He 
was  absolutely  honest,  of  a  cheerful  disposition,  and  was  an  agreeable  com- 
panion.   He  died  of  apoplexy  at  his  home  in  Roxbury,  Mass.,  on  April  21,  1921. 
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Mr.  Tinkham  was  married  on  October  20,  1879,  to  Miss  Louisa  W. 
Danforth,  of  Eoxbury,  who,  with  three  children,  Charles  S.  Tinkham,  Resi- 
dent Engineer  of  the  Massachusetts  Highway  Commission  at  Greenfield,  Mass., 
Frank  B.  Tinkham,  of  Boston,  and  Mrs.  Leo  Twombly,  of  East  Orange,  N.  J., 
survives  him. 

He  was  Secretary  of  the  Boston  Society  of  Civil  Engineers  for  thirty-six 
years,  and  his  efforts  in  behalf  of  the  interests  of  that  Society  were  inde- 
fatigable and  highly  appreciated  by  every  member.  Its  successful  history  and 
rapid  development  were  due  largely  to  his  untiring  and  self-sacrificing  interest. 
He  was  a  member  of  the  New  England  Water  Works  Association  and  the 
Massachusetts  Highway  Association. 

Mr.  Tinkham  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  March  2,  1892. 
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WILLIAM  DAVID  UHLER,  M.  Am.  Soc.  C.  E* 


Died  October  27,  1922. 


William  David  Uhler,  the  son  of  the  late  Andrew  Jackson  Uhler  and 
Susan  E.  Seiple  Uhler,  was  born  at  Nazareth,  Pa.,  on  November  8,  1872. 
He  received  his  preparatory  education  in  the  public  schools  of  Easton,  Pa- 
having  been  graduated  from  the  High  School  in  June,  1889.  In  June,  1910, 
the  Maryland  Agricultural  College,  now  the  jMaryland  State  University,  con- 
ferred on  him  the  honorary  degree  of  Civil  Engineer,  in  recognition  of  his 
work  with  the  Maryland  State  Roads  Commission. 

During  summer  vacations,  and  prior  to  his  graduation  from  High  School, 
Mr.  Uhler  was  employed  on  Corps  work  with  the  Lehigh  Valley  Railroad  Com- 
pany, and,  on  the  completion  of  his  High  School  course,  he  entered  the  service 
of  this  Company,  under  Mr.  I.  W.  Troxel,  as  Chainman,  Rodman,  and  Instru- 
mentman.  In  1892,  he  became  Assistant  Engineer  of  the  Baltimore  and 
Lehigh  Railroad  Company,  under  Mr.  Troxel,  at  Baltimore,  Md.,  but  returned 
to  the  Lehigh  Valley  Railroad  Company  in  1893  as  Transitman,  remaining 
with  that  Company  until  1895.  During  these  periods,  he  was  employed  on 
preliminary  and  location  surveys  and  on  construction  work. 

In  1895,  Mr.  Uhler  returned  to  Baltimore  as  Assistant  Chief  Engineer  of 
the  Delaware,  Maryland  and  Virginia  Railroad  Company  (the  Queen  Anne 
Railroad),  in  which  capacity  he  was  employed  on  the  preliminary  and  location 
surveys  and  the  construction  of  this  line.  He  retained  this  position  until  the 
road  was  ready  for  operation  in  1897,  and  from  1897  to  1904,  he  served  the 
Company  as  Assistant  General  Manager.  His  ability  as  an  Engineer  and  an 
organizer  was  early  recognized  in  his  association  with  this  Company,  and  his 
superior  officer  states  that,  in  the  later  years  of  his  services  with  this  line,  "he 
had  full  charge  of  all  the  Company's  affairs." 

In  1904,  he  was  made  County  Road  Engineer  of  Caroline  County,  Mary- 
land, in  charge  of  the  construction  and  maintenance  of  highways  and  bridges. 
During  his  incumbency  of  this  office,  which  was  in  the  earlier  days  of  highway 
development,  he  originated  methods  of  design  and  maintenance,  and  under 
his  tutelage  and  able  executive  direction  an  organization  was  developed,  which 
gradually  placed  this  work  under  business  management  and  administration. 

In  1908,  under  W.  W.  Crosby,  M.  Am.  Soc.  C.  E.,  then  Chief  Engineer  of 
the  Maryland  State  Roads  Commission,  Mr.  Uhler  accepted  the  position  of 
Assistant  Engineer  of  the  Maryland  State  Roads  Commission.  He  remained 
with  the  Commission  from  1908  to  1912,  having  had  charge  of  survey  work, 
the  preparation  of  plans,  and  the  details  of  the  maintenance  of  the  highways 
of  that  State.  During  this  time,  he  organized  the  maintenance  forces  through- 
out the  State,  put  into  effect  the  patrol  system  of  maintenance,  and  most 
effectually  performed  all  these  duties,  in  addition  to  having  charge  of  all 

*  Memoir  prepared  by  H.  E.  Hilts,  Assoc.  M.  Am.  Soc.  C.  E. 
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surveys  and  all  drafting,  and  similar  work,  under  the  Chief  Engineer.  During 
this  period,  in  the  words  of  his  Chief,  "his  brilliant  mind,  laudable  ambition, 
unflagging  energy,  steadfast  loyalty,  and  untiring  application  to  duty,  enabled 
him  to  succeed  where  many  others  would  have  failed,  and  his  pleasing  per- 
sonality endeared  him  to  all.  Unquestionably,  the  present  high  standing, 
among  their  users,  of  the  State  roads  of  Maryland  to-day,  is  due  to  the 
working  out  of  the  details  of  this  maintenance  by  William  D.  Uhler." 

In  1912,  Mr.  TJhler  was  recommended  by  Mr.  Crosby  for  the  position  of 
Principal  Assistant  Engineer  of  the  Bureau  of  Highways  of  Philadelphia,  Pa., 
under  the  Blankenburg  Administration.  Mr.  Uhler  was  the  successful  can- 
didate by  Civil  Service  examination  for  this  post.  From  1912  to  1915,  he  was 
engaged  in  the  design,  construction,  and  maintenance  of  city  streets  and  of 
special  park  work.  The  Director  of  Public  Works,  Mr.  Morris  L.  Cooke, 
states  that  during  this  time : 

"There  was  not  anything  that  went  on  in  the  Bureau  to  which  he  did  not 
make  a  real  contribution.  It  was  due,  in  a  large  measure  to  his  capacity  for 
detail,  his  indefatigableness,  and  his  painstaking  regard  for  the  matters  that 
must  accompany  public  work,  that  we  were  able  to  accomplish  as  much  as  we 
did  ill  transferring  the  Department  from  the  point  where  we  employed  one 
engineer  out  of  a  total  of  upward  of  a  thousand  employees,  to  where  all  of  its 
work  practically  was  carried  on  under  engineering  methods  and  for  the  most 
part  by  engineers.  He  had  the  capacity  for  telling  citizens  and  others  what 
was  going  to  happen,  to  do  it  promptly,  and  in  a  manner  which  was  inspiring 
in  the  confidence  of  the  public." 

In  1915,  Governor  Martin  G.  Brumbaugh  appointed  Mr.  Uhler  as  Chief 
Engineer  of  the  Pennsylvania  State  Highway  Department,  and  from  the  date 
of  his  appointment  to  January  24,  1918,  when  he  was  granted  a  leave  of 
absence,  his  experience,  energy,  resourcefulness,  and  executive  capacity  were 
engaged  in  standardizing  the  maintenance  and  construction  of  the  highways 
of  the  Commonwealth,  and  perfecting  the  nucleus  of  an  organization  which  was 
to  carry  on  during  the  World  War. 

On  January  24,  1918,  Mr.  Uhler  was  granted  a  leave  of  absence  by  Gov- 
ernor Brumbaugh,  and  was  commissioned  a  Major  in  the  Quartermaster  Corps, 
Motors  Division,  U.  S.  Military  Service.  On  May  8,  1918,  he  was  promoted 
to  the  rank  of  Lieutenant  Colonel.  He  was  discharged  from  the  service  on 
November  23,  1918,  and  on  March  29,  1920,  he  accepted  a  commission  as 
Colonel  in  the  Quartermaster  Section,  Reserve  Corps.  George  W.  Goethals, 
Maj.-Gen.,  U.  S.  A.  (Retired),  M.  Am.  Soc.  C.  E.,  states  of  Colonel  Uhler's 
activities  during  this  period  as  follows: 

"In  January,  1918,  when  I  took  charge  of  all  transportation  for  the  War 
Department,  it  was  decided  to  move  supplies  by  motor  trucks,  where  this  could 
be  done  to  advantage.  This  brought  to  the  fore  the  necessity  for  the  repair 
of  old,  and  the  construction  of  new,  highways,  and  in  connection  with  this 
work,  I  drafted  the  services  of  Colonel  Uhler.  This  work  was  then  expanded 
to  determine  whether  new  construction  desired  by  States  or  municipalities 
would  arise  in  war  activities,  since  highway  construction  was  practically 
stopped  during  the  war  period.    All  questions  of  this  kind,  as  they  concerned 
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the  War  Department,  in  the  deliberations  of  the  United  States  Highway 
Council,  were  passed  upon  by  Colonel  Uhler,  who  was  thorough  in  his  in- 
vestigations and  development  of  the  facts  and  whose  conclusions  showed  his 
ability  and  foresight.  The  soundness  of  his  judgment  in  my  earlier  associa- 
tion with  him  soon  led  me  to  accept  his  recommendations  without  question.  He 
was  thoroughly  reliable  and  efficient,  performing  a  difficult  task  faithfully, 
conscientiously,  and  zealously." 

On  being  honorably  discharged  from  the  service,  Colonel  Uhler  returned  to 
his  work  as  Chief  Engineer  of  the  Pennsylvania  State  Highway  Department, 
and  was  re-appointed  Chief  Engineer  by  Governor  William  C.  Sproul  on  April 
7,  1920.  In  association  with  the  late  Lewis  S.  Sadler,  State  Highway  Com- 
missioner, and  the  Assistant  Commissioner,  George  H.  Biles,  M.  Am.  Soc. 
C.  E.,  Colonel  Uhler  created  and  enlarged  the  State  Highway  Department  and 
carried  on  one  of  the  largest  post-war  programs  of  State  highway  construc- 
tion. Mr.  Biles'  tribute  at  the  time  of  Colonel  Uhler's  death  best  exemplifies 
the  thoughts  of  Colonel  Uhler's  engineering  organization : 

"The  death  of  Colonel  William  D.  Uhler  is  an  irreparable  loss  to  the  State 
of  Pennsylvania.  Erom  my  many  years  of  association  with  him  I  am  con- 
vinced that  he  had  no  peer  among  highway  engineers  in  this  country.  In  the 
vast  road  building  program  inaugurated  by  Governor  Sproul,  he  performed 
such  conspicuous  service  in  engineering  skill  that  Pennsylvania  to-day  leads 
the  nation  in  the  construction  of  modern  highways.  His  life  was  dedicated  to 
his  ideals  in  road  building  to  the  exclusion  of  all  other  things.  This  intense 
application  soon  manifested  itself  in  a  weakened  physical  condition,  which  he 
could  not  overcome,  and  finally  caused  his  untimely  end.  I  am  grieved  beyond 
expression  by  the  loss  of  such  an  able  and  conscientious  colleague,  and  the 
passing  of  a  sterling  character  and  true  friend." 

His  peculiar  fitness  for  his  work  may  be  readily  summarized  in  the  words 
of  Thomas  H.  MacDonald,  Chief  of  the  Bureau  of  Public  Roads,  United  States 
Department  of  Agriculture : 

"Colonel  Uhler  was  an  outstanding  figure  in  the  field  of  Highway  Engi- 
neering and  Administration.  His  influence  was  national.  He  was  a  leader 
in  the  forming  of  policies  and  legislation.  State  and  National,  to  provide 
adequate  modern  highways.  The  accomplishment  in  engineering  of  the  State 
Highway  Department  is  a  tribute  to  his  leadership.  As  an  organization,  the 
Bureau  of  Public  Roads  has  respected  and  appreciated  his  courage,  ability, 
and  integrity  of  conduct  and  purpose  in  his  administration  of  a  great  public 
trust.    As  individuals,  we  feel  most  keenly  the  loss  of  a  real  friend." 

Colonel  Uhler  was  a  member  of  the  American  Society  of  Municipal  Im- 
provements, the  American  Concrete  Institute,  and  the  American  Society  for 
Testing  Materials.  He  was  also  a  member  and  a  Director  of  the  American 
Road  Builders'  Association,  and  a  member  of  the  International  Association  of 
Road  Congresses  and  the  Engineers'  Club  of  Philadelphia.  He  was  a  Past- 
President  and  a  Director  of  the  American  Association  of  State  Highway  Offi- 
cials, having  served  first  as  Chairman  of  its  Executive  Committee  in  1917. 
He  was  elected  President  in  1918,  and  was  re-elected  a  member  of  the  Ex- 
ecutive Committee  and  served  as  such  until  his  death.  He  was  also  Chairman 
of  the  Committee  on  Standards,  and  a  member  of  the  Committee  on  Motor 
Truck  Regulation. 
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Colonel  Uhk'r  was  married  on  December  31,  1890,  to  Marguerite  Stevens, 
daughter  of  the  late  Mr.  and  Mrs.  B.  S.  Stevens,  of  Denton,  Md.,  who  sur- 
vives him,  together  with  his  mother  and  three  sisters. 

He  was  a  member  of  Temple  Lodge,  F.  and  A.  M.,  of  Denton,  Md.,  Knight 
Templar  Commandery  of  Easton,  Md.,  Harrisburg  Consistory,  A.  A.  S.  E., 
and  Boumi  Temple,  A.  A.  O.  N.  M.  S.,  of  Baltimore,  Md. 

Colonel  Uhler  was  elected  an  Associate  Member  of  the  American  Society 
of  Civil  Engineers  on  May  6,  19Q8,  and  a  Member  on  March  1,  1910. 


MEMOIR   OF   LUTHER   WAGONER  1711 

LUTHER  WAGONER,  M.  Am.  Soc.  C.  E.* 


Died  Jvia    1,  1922. 


Luther  Wagoner  was  a  remarkable  man.  He  represented  the  self-made  engi- 
neer who  had  reached  the  highest  standard  in  theoretical  work  by  reason  of 
intense  application  and  studious  habits.  Those  of  his  friends  who  knew  him 
best,  admired  the  facility  with  which  he  could  recall  events  and  reproduce 
from  memory  the  details  of  the  technical  problems  and  papers  which  he  had 
had  occasion  to  study.  »r 

Luther  Wagoner  was  born  at  Connersville,  Ind.,  on  May  23,  1847.  When 
he  was  only  19  years  of  age,  he  was  appointed  Deputy  County  Surveyor  of 
Johnson  County,  Missouri.  He  was  engaged  on  railroad  work  in  1868,  and 
passed  quickly  from  the  position  of  Rodman  to  that  of  Leveler  and  Engineer 
in  charge  of  location  on  various  railroad  lines  in  Missouri  and  Kansas.  He 
also  served  as  Engineer  in  the  Land  Department  of  the  Texas  Pacific  Rail- 
road until  1874,  when,  with  a  view  to  a  partnership  in  a  prominent  law  firm, 
he  began  reading  law.  He  did  not  persist  in  his  law  studies,  however,  pre- 
ferring to  accept  an  opportunity  to  go  to  Brazil  on  bridge  construction  work. 
A  year  later,  Mr.  Wagoner  was  employed  as  Principal  Assistant  with  the 
Brazilian  Carta  Itineraria  on  geodetic  work,  and  continued  thereafter,  for  a 
time,  in  the  private  practice  of  engineering  in  Brazil.  In  1878,  he  went  abroad 
and  traveled  quite  extensively  in  Europe. 

Returning  to  Kansas  in  1879,  Mr.  Wagoner  found  employment  in  the 
construction  of  various  municipal  water-works.  In  1880,  he  yielded  to  the  lure 
of  California  and  devoted  himself  thereafter,  principally  to  mining.  In  1881, 
he  was  engaged  as  Mining  Engineer  for  the  New  Almaden  Quicksilver  Mine 
(California)  and  designed  and  built,  for  this  mine,  a  mechanical  furnace 
draft.  The  next  year  (1882),  he  designed  and  built  at  Murphys,  Calif.,  air" 
classifiers  which,  at  that  time,  were  novelties.  For  a  year,  he  served  as 
Manager  of  a  mine  at  Alamos,  Mexico,  but  the  call  of  California  was  strong, 
and  together  with  the  late  James  D-  Schuyler,  M.  Am.  Soc.  C.  E.,  he  entered 
the  contracting  field  and  built  the  rock-fill  section,  No.  5,  of  the  sea-wall  at 
San  Francisco,  Calif. 

From  1885  to  1890,  Mr.  Wagoner  was  active  in  the  practice  of  general 
mining  engineering,  with  headquarters  at  San  Francisco.  In  1890,  he  accepted 
the  position  of  Engineer  for  the  Modesto  Irrigation  District,  and  it  fell  to  him 
to  submit  a  competitive  design  for  the  La  Grange  Dam  on  the  Tuolumne 
River.  This  dam,  which  raises  the  water  level  of  the  river  more  than  100  ft., 
serves  both  the  Modesto  and  the  Turlock  Irrigation  Districts,  and  the  engi- 
neers for  these  Districts  were  selected  to  prepare  the  competitive  plans  for  the 
dam.  The  plans  were  submitted  to  the  late  Col.  G.  H.  Mendell,  Corps  of 
Engineers,  U.  S.  A.,  M.  Am.  Soc.  C.  E.,  who  recommended  the  one  prepared 

*  Memoir  prepared  by  Messrs.  C.  E.  Grunsky.  William  Hammond  Hall,  and  Otto  von 
Geldern,  Members,  Am.  Soc.  C.  E. 
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by  Mr.  Wagoner,  with  some  modifications.  Due  to  some  misunderstanding 
with  the  management  of  the  District,  however,  Mr.  Wagoner  resigned,  and  the 
construction  work  following  these  modified  plans  was  in  charge  of  other 
engineers. 

Among  other  work  done  by  Mr.  Wagoner  in  the  next  few  years,  the  build- 
ing of  a  concentrator  and  power  plant  for  the  Washington  Reduction  Works, 
the  making  of  plans  for  an  irrigation  works  on  the  Lower  Colorado  River,  and 
the  design  and  construction  of  works  for  the  Channel  Bend  Mining  Company, 
in  Eldorado  County,  California,  may  be  noted.  In  1900,  the  City  Engineer  of 
San  Francisco  placed  Mr.  Wagoner  in  charge  of  the  field  studies  and  surveys 
of  the  available  sources  of  water  from  the  Sierra  Nevada  Mountains.  The  out- 
come of  the  studies  made  at  that  time  led  to  the  selection  of  the  Tuolumne 
River  (the  Hetch-Hetchy  Project)  as  the  most  available  mountain  source  of 
water  for  San  Francisco.  From  1902  to  1915,  Mr.  Wagoner  was  active  on 
reclamation  work — levee  building  and  drainage — and  irrigation  work  in 
California,  New  Mexico,  and  Arizona. 

It  was  during  this  period  that  he,  with  Col.  W.  H.  Heuer,  U.  S.  A. 
(Retired),  M.  Am.  Soc.  C.  E.,  was  called  on  by  the  Federated  Harbor  Improve- 
ment Association  of  San  Francisco  to  report  on  the  commerce  and  docks  of  the 
harbor  and  to  submit  a  plan  for  harbor  development.  For  this  study,  he  went 
abroad  again,  and  returned  particularly  impressed  with  the  local  lack  of  port 
facilities  for  handling  freight,  as  compared  with  those  at  the  leading  ports  of 
Europe.  In  1915,  on  his  selection  for  the  purpose  by  the  Department  of  State, 
at  Washington,  D.  C,  and  the  Judge  Advocate  of  the  Army,  came  the  call 
from  President  Menocal  of  Cuba  to  take  charge  at  Havana,  Cuba,  and  adjust 
the  difiiculties  and  controversies  which  had  resulted  there  in  connection  with 
the  construction  of  roads  and  sewers.  Not  only  did  Mr.  Wagoner  successfully 
accomplish  this  mission,  but  before  he  returned  to  California,  to  recuperate 
from  ills  contracted  in  Cuba  (1921),  he  had  the  satisfaction  of  directing  the 
new  work  that  cost  between  $1  000  000  and  $2  000  000. 

Mr.  Wagoner's  attainments  in  the  higher  mathematics  were  particularly 
noteworthy.  He  delighted  in  taking  recourse  to  the  calculus  in  the  solution  of 
intricate  problems.  This  appears,  for  example,  in  the  paper  on  "Stresses  in 
Curved  Masonry  Dams",  which  he  contributed,  with  Mr.  Hubert  Vischer,  to 
the  Technical  Society  of  the  Pacific  Coast  in  1899. 

That  he  had  attained  a  high  standing  in  his  profession  and  commanded  the 
confidence  of  his  fellowmen  is  sufficiently  shown  by  his  selection  for  the  dif- 
ficult work  in  Cuba;  but  as  early  as  1882  this  had  already  been  made  evident 
by  his  selection  by  the  Governor  of  California  to  act  as  an  expert  in  a  contro- 
versy relative  to  the  quantity  of  material  placed  by  the  contractors  in  a  section 
of  the  San  Francisco  sea-wall  which  was  being  built  on  a  yielding  mud 
foundation. 

Mr.  Wagoner  was  a  Past-President  of  the  Pacific  Association  of  Consult- 
ing Engineers,  and  of  the  San  Francisco  Section  of  the  Society.  He  was  the 
first  President  of  the  Association  of  Members  of  National  American  Engi- 
neering Societies  in  Cuba,  and  served  for  many  years  as  a  Trustee  of  the 
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Mechanics  Mercantile  Library  of  San  Francisco.  He  was  also  a  Member  of 
the  American  Institute  of  Mining  and  Metallurgical  Engineers  and  of  other 
organizations. 

In  his  passing,  the  Engineering  Profession  has  lost  a  valuable  member. 
His  friends  miss  a  delightful  and  loved  companion,  and  the  country  has  lost 
a  good  citizen.    He  is  survived  by  his  widow. 

Mr.  Wagoner  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  May  2,  1906. 
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FRANK  SHERMAN  WASHBURN,  M.  Am.  Soc.  C.  E.* 


Died  October  9,  1922. 


Frank  Sherman  Washburn,  the  son  of  Elmer  Washburn,  a  former  Presi- 
dent of  the  !N"ational  Livestock  Bank,  of  Chicago,  111.,  was  born  on  December 
8,  1860,  at  Centralia,  111. 

In  September,  1878,  he  entered  Cornell  University  where  be  began  his 
engineering  studies.  From  July,  1879,  to  September,  1880,  he  was  engaged  on 
surveys  for  the  Chicago  and  Northwestern  Railway  Company.  He  then 
resumed  his  studies  at  Cornell,  from  which  he  was  graduated  in  June,  1883, 
having  spent  the  summer  months  of  each  year  on  railroad  construction  and 
permanent  way  work. 

In  July,  1883,  Mr.  Washburn  entered  the  service  of  the  Chicago  and  ISTorth- 
western  Railway  Company,  and  was  engaged  on  permanent  way  work  until 
September,  1884,  when  he  returned  to  Cornell  University  for  a  year  of  post- 
graduate work. 

From  July,  1885,  to  July,  1887,  he  "was  Engineer  in  Charge  of  Bridges  of 
the  Chicago  and  Northwestern  Railway  Company  and  was  engaged  in  the 
design,  erection,  and  maintenance  of  iron  and  wooden  superstructures  and 
masonry.  From  July  to  October,  1887,  he  served  as  Engineer  in  Charge  of  the 
Wisconsin,  Milwaukee,  and  Northwestern  Union,  Madison  and  Peninsula 
Divisions,  of  the  Chicago  and  Northwestern  Railway  Company.  He  resigned 
his  position  with  that  Company  in  October,  1887,  and  gave  his  attention  to  the 
introduction  of  railway  devices  of  his  own  invention. 

Mr.  Washburn  re-organized  the  Belt  Line  of  the  Union  Stock  Yard  and 
Transit  Company,  and  was  then  sent  abroad  by  the  Chicago  and  Northwestern, 
the  Illinois  Central,  and  several  other  railroad  companies,  to  study  railway 
economics  in  Europe.  On  his  return  from  Europe,  in  1889,  he  took 
an  important  part  in  the  development  of  Purdy's  Dam  and  Reservoir,  and 
other  sources  of  water  supply  for  New  York  City.  Later,  he  went  to  Chile  as 
Consulting  Engineer  in  connection  with  the  production  and  shipment  of 
nitrate  of  soda.  His  next  important  work  was  as  Consulting  Engineer  in 
connection  with  the  building  of  an  inter-oceanic  canal  in  Central  America,  a 
project  which  was  abandoned  when  the  United  States  Government  undertook 
the  construction  of  the  Panama  Canal. 

After  several  years  spent  in  developing  coal,  iron  mining,  and  water  power 
projects  in  the  South,  Mr.  Washburn  discovered  the  possibilities  of  the  applica- 
tion of  hydro-electric  power  to  the  fixation  of  atmospheric  nitrogen  for  the 
manufacture  of  fertilizers.  The  result  was  the  organization  of  the  American 
Cyanamid  Company.  Factories  were  then  erected,  on  the  Canadian  side,  at 
Niagara  Falls,  which  have  since  developed  an  annual  production  of  cyanamid 
for  fertilizer  and  chemical  use  valued  at  more  than  $10  000  000. 

*  Jlemoir  compiled  from  information  furnished  by  Bruce  Barton,  Esq.,  and  on  file  at  the 
Headquarters  of  the  Society. 
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Before  the  outbreak  of  the  World  War,  Mr.  Washl)urn  realized  that  if  the 
Chilean  supply  of  nitrate  of  soda,  on  which  the  United  States  depended  for 
making  explosives,  was  cut  off,  this  country  would  be  in  a  serious  situation  in 
case  of  war. 

As  early  as  1910,  he  had  considered  the  possibility  of  making  the  United 
States  independent  of  South  American  nitrate  deposits  so  that,  in  case  of  an 
enemy  blockade,  the  country  could  produce  its  own  nitric  acid.  On  the  entrance 
of  the  United  States  into  the  World  War,  the  American  Cyanamid  Company 
was  requested  by  the  Ordnance  Department  of  the  Government  to  organize 
the  Air  Nitrates  Corporation  to  construct  and  operate  the  huge  $50  000  000  air 
nitrates  plant  at  Muscle  Shoals,  Ala.  Mr.  Washburn  was  President  of  the 
Corporation.  The  armistice  was  declared,  however,  before  the  Muscle  Shoals 
plant  and  two  others  near  Cincinnati  and  Toledo,  Ohio,  were  completed.  At 
the  time  of  his  death,  which  occurred  at  his  home  in  Rye,  IST.  Y.,  on  October 
9,  1922,  Mr.  Washburn  was  Chairman  of  the  Board  of  Directors  of  the 
American  Cyanamid  Company. 

He  was  married  in  1890  to  Miss  Irene  Eussell,  of  Augusta,  Ga.,  and  is  sur- 
vived by  his  widow,  a  son,  and  a  daughter. 

Mr.  Washburn  was  also  President  of  the  Goodman  Manufacturing  Com- 
pany, of  Chicago,  and  a  Trustee  of  Cornell  and  Vanderbilt  Universities.  He 
was  a  member  of  the  American  Institute  of  Mining  and  Metallurgical  Engi- 
neers, the  American  Institute  of  Electrical  Engineers,  the  Western  Society  of 
Engineers,  and  American  Electro-Chemical  Society.  His  clubs  included  the 
University,  Sigma  Chi,  Alpha  Delta  Phi,  and  Century,  of  New  York  City,  and 
the  Apawamis  Club,  of  Rye,  N.  Y. 

Mr.  Washburn  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  November  7,  1888. 
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ROBERT  ATTWELL  WAY,  M.  Am.  Soc.  C.  E.* 


Died  April  6,  1901. 


Eobert  Attwell  Way  was  born  ou  January  29,  1854.  In  1871,  he  entered 
the  Royal.  Indian  Engineering  College  at  Cooper's  Hill,  Egham,  Surrey, 
England,  from  which  he  was  appointed  as  Assistant  Engineer  in  the  Public 
Works  Department  of  the  Government  of  India. 

He  proceeded  to  India  in  1873  and  was  assigned  to  the  Rajputana  Malwa 
Railway.  In  1879,  he  was  transferred,  as  Executive  Engineer,  to  Kathiawar, 
and  was  placed  in  charge  of  the  survey  and  construction  of  the  Gondal  Branch 
of  the  Bhavnagar  Gondal  Railway,  for  which  he  received  the  recognition  of 
the  Government  of  Bombay. 

In  1887,  Mr.  Way's  services  were  lent  to  the  Bengal  Nagpur  Railway  as 
Superintending  Engineer,  and,  in  1889,  he  was  appointed  Engineer-in-Chief 
of  the  construction  of  the  Delhi-Umballa-Kalka  Railway,  which  he  completed 
in  1892.  He  then  returned  to  the  service  of  the  Government  and  for  the  next 
few  years  was  employed  on  surveys  for  lines  to  connect  Assam  and  Burma. 

In  April,  1896,  he  was  selected  by  the  Board  of  Directors  of  the  Assam- 
Bengal  Railway  as  their  Agent  and  Chief  Engineer  in  succession  to  Mr.  John 
Walker  Buyers.  In  April,  1901,  after  five  years  service  with  the  Company,  he 
died  in  Chittagong,  India,  after  a  short  illness. 

The  difficulties  and  privations  of  his  work  in  India  sowed  the  seeds  of  disease 
which  killed  Mr.  Way  in  the  prime  of  life.  He  was  kindly  and  cheerful  in 
disposition  and  his  ability  as  an  Engineer  was  considerable.  In  fact,  he  was 
regarded  as  one  of  the  coming  men  in  connection  with  railway  development  in 
India. 

In  acknowledging  the  news  of  his  death,  the  Board  of  Directors  of  the 
Assam-Bengal  Railway,  wrote  as  follows: 

"Mr.  Way  was  appointed  to  the  Agency  and  Chief  Engineership  in  April, 
1896,  and  was  thus  connected  with  the  railway  for  a  period  of  five  critical 
years,  covering  the  completion  of  the  Chittagong  Section  and  its  organization 
on  an  open-line  basis,  as  well  as  the  execution  of  the  greater  part  of  the  con- 
struction work  on  the  Northern  Sections  of  the  line,  work  of  an  exceptionally 
arduous  character,  and  sufiicient  by  itself  to  tax  to  the  full  the  skill  and 
energy  of  those  responsible  for  it. 

"During  this  period,  Mr.  Way  not  only  sustained  both  as  an  Engineer  and 
a  Manager  the  high  reputation  with  which  he  entered  the  service  of  the  Com- 
pany but,  in  the  opinion  of  the  Board,  greatly  added  to  it. 

"The  Directors  feel  that  they  have  lost  an  Officer  who,  by  his  ability  and 
devotion  to  his  work,  commanded  their  entire  confidence,  and  they  deplore  his 
death  as  a  great  misfortune  to  the  Company." 

Mr.  Way  was  elected  a  Member  of  the  American  Society  of  Civil  Engineers 
on  June  7,  1893. 

♦  Memoir  prepared  by  Evelyn  Brook-Fox,  Assoc.  M.  Am.  Soc.  C.  E, 
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EDGAR  TRUE  WHEELER,  M.  Am.  Soc.  C.  E.* 


Died  March  2,  1922. 


Edgar  True  Wheeler  was  born  in  San  Francisco,  Calif.,  on  November  3, 
1870.  He  was  the  son  of  Samuel  H.  Wheeler,  a  prominent  San  Francisco 
engineer,  who  originated  the  first  cable-car  system  in  that  city.  Edgar  True 
Wheeler  received  his  first  schooling  in  San  Francisco  and,  later,  moved 
with  his  parents  to  the  vicinity  of  Westminster,  Calif.  Subsequently,  he 
moved  to  San  Diego,  Calif.,  where  he  became  actively  engaged  in  the  Engineer- 
ing Profession,  having  been  attached  to  the  City  Engineer's  Office  from  1886 
to  1889. 

In  1889  and  1890,  he  was  engaged  in  location  work  on  the  Cuyamaca  Rail- 
road in  San  Diego  County,  which  is  now  the  San  Diego  and  Arizona  Railroad, 
when  he  was  appointed  to  make  the  preliminary  survey  for  the  Bear  Valley 
Irrigation  Company  and  the  Arrowhead  Reservoir  Company. 

In  1891,  Mr.  Wheeler  joined  the  Engineering  Department  of  the  Seattle, 
Lake  Shore  and  Eastern  Railroad  and  was  engaged  on  bridge  construction. 
The  lure  of  Southern  California  made  itself  felt,  however,  arid,  in  1892,  he 
was  again  appointed  Engineer  for  the  Arrowhead  Reservoir  Company,  in 
charge  of  the  topographical  and  irrigation  surveys. 

In  1893,  he  entered  the  Engineering  Department  of  the  City  of  Los  Angeles, 
and  was  Assistant  in  charge  of  the  Outfall  Sewer.  On  the  completion  of  this 
work,  he  became  associated  with  James  T.  Taylor,  M.  Am.  Soc.  C.  E.,  in 
general  engineering,  until  1894,  when  he  re-entered  the  City  Engineering 
Department  of  Los  Angeles.  He  remained  with  this  Department  until  1896, 
when  he  became  Assistant  Engineer  of  Construction  for  the  Pasadena  and 
Pacific  Electric  Railway. 

From  1896  to  1900,  Mr.  Wheeler  was  Assistant  Engineer  of  Bridges  and 
Tunnels,  which  the  City  of  Los  Angeles  was  building  at  that  time.  During  the 
construction  of  the  Third  Street  Tunnel,  he  met  with  an  accident,  and,  while 
recuperating,  left  for  Mexico  and  joined  the  Engineering  Staff  of  the  Mexican- 
Central  Railroad.  In  1901,  with  his  injury  still  troubling  him,  he  went  to 
Michigan,  where  he  became  Principal  Assistant  in  charge  of  the  construction 
of  all  coal  docks  and  bridges  on  the  Copper  Range  Railroad.  The  cold  weather 
again  sent  him  to  Southern  California,  where  he  joined  the  Engineering  Staff 
of  the  Pacific  Electric  Railway,  in  charge  of  all  bridge  construction  and  design- 
ing. During  1905  and  1906  he  was  engaged  in  private  practice,  but  still  had 
charge  of  all  bridge  designs  for  the  Pacific  Electric  Railway. 

Mr.  "WTieeler  then  entered  the  firm  of  the  Mercereau  Bridge  and  Construc- 
tion Company,  General  Contractors,  specializing  in  bridges,  wharves,  and  con- 
crete structures,  as  Vice-President  and  Engineer,  in  charge  of  all  estimates, 
designs,  and  construction. 

In  1911,  he  organized  the  Edgar  T.  Wheeler  Company,  a  corporation 
engaged  in  general  engineering  and  contracting  business,  of  which  he  was 
President. 


•  Memoir  prepared  by  C,  W.  Resmaw,  Assoc.  M.  Am.  Soc.  C.  E. 
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During  the  World  War,  he  left  the  corporation  as  an  active  member,  and 
entered  the  Government  service  as  Superintendent  of  Construction  at  Rock- 
well Aviation  Field.  Later,  he  entered  the  Army  Service,  as  a  Captain  of 
Engineers,  and  was  stationed  with  the  125th  Engineers. 

In  April,  1920,  Mr.  Wheeler  was  associated  with  the  late  Homer  Hamlin, 
M.  Am.  Soc.  C.  E.,  former  City  Engineer  of  Los  Angeles,  with  whom  he  was 
very  intimate,  in  making  a  survey  of  the  Colorado  River,  for  possible  dam  sites 
and  also  to  obtain  additional  data  on  the  Boulder  Canyon  Project.  This  trip 
was  made  in  rowboats,  and  was  spoken  of  by  Mr.  Wheeler  as  being  the  best 
vacation  he  had  ever  had. 

In  January,  1921,  he  again  revived  the  charter  of  the  Edgar  T.  Wheeler 
Company,  which  had  been  inactive  during  the  war,  and  managed  it  until  his 
death.  On  February  25,  1922,  he  was  taken  ill  with  influenza,  which,  a  few 
days  later,  developed  into  pneumonia,  and  caused  his  death  on  March  2,  1922, 
after  an  illness  of  five  days. 

Mr.  Wlieeler  had  made  extensive  plans  for  the  future,  and  was  very 
optimistic  regarding  the  growth  of  Los  Angeles,  as  well  as  the  prosperity  of 
the  coming  year;  he  was  a  great  "booster",  having  been  a  pioneer  of  Southern 
California.  Due  to  his  splendid  personality,  he  had  a  host  of  friends  and 
acquaintances.  As  an  engineer,  he  had  developed  wonderful  judgment,  and 
in  his  death  the  Engineering  Profession  has  lost  a  valuable  member. 

Mr.  Wheeler  was  a  member  of  the  American  Society  of  Military  Engineers, 
and  of  the  Los  Angeles  Section  of  the  Society.  The  latter  passed  the  following 
resolution  on  his  death : 

"Tr/ierca,Sj  In  His  infinite  wisdom  it  has  pleased  Almighty  Providence 
to  take  from  us  our  beloved  fellow-member  Edgar  True  Wheeler,  and, 

"^Y^lereas,  The  Los  Angeles  Section,  American  Society  of  Civil  Engineers, 
desires  to  express  its  sympathy  to  his  bereaved  widow  and  children  and  condole 
with  them  in  their  grief,  and 

"Whereas,  His  removal  from  among  us  will  prove  an  irreparable  loss  to  the 
world  and  to  his  friends  to  whom  he  has  been  throughout  his  professional  life 
so  assiduously  devoted,  and 

"Whereas,  We  desire  to  express  our  deep  appreciation  of  his  upright  and 
manly  character  as  a  citizen  and  engineer.  He  was  thorough,  careful,  reliable, 
honorable,  and  conscientious,  and  one  who  was  never  swerved  from  the  path  of 
rectitude  by  fear  or  favor.  As  a  straightforward  citizen,  he  set  a  noble  example 
for  the  young  of  all  classes  and,  particularly,  the  members  of  his  chosen 
profession. 

"Therefore,  Be  it  Resolved,  That  these  resolutions  be  spread  upon  the 
minutes  of  this  Society  and  a  copy  sent  to  his  family  as  our  expression  of 
sympathy  and  condolence  in  their  affliction. 

"  'We  cherish  the  memory  of  his  noble  character,  his  lofty  patriotism,  and 
the  wisdom  of  his  counsel.  We,  that  loved  him  so,  followed  him  and  honored 
him  and  made  him  our  pattern  to  live  and  to  try'." 

Mr.  Wheeler  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  December  7,  1904. 
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THOMAS  DELANO  WHISTLER,  M.  Am.  Soc.  C.  E.* 


Djed  November  21,  1921. 


Thomas  Delano  Whistler,  the  son  of  George  William  and  Julia  DeKay 
Winans  Whistler,  was  born  in  Petrograd,  Russia,  on  January  19,  1850.  He 
was  the  grandson  of  George  Washington  Whistler  who  was  noted  for  the  con- 
struction of  the  railroad  in  Russia  between  Moscow  and  Petrograd  in  1843, 
and  who  was  succeeded  in  this  work  by  his  son,  George  William  Whistler. 

Thomas  Delano  Whistler  received  his  early  education  in  Europe  and  in 
Baltimore,  Md.  He  was  graduated  as  a  Civil  Engineer  from  Rensselaer  Poly- 
technic Institute,  at  Troy,  N.  Y.,  in  1881,  and  in  the  same  year  entered  the 
office  of  the  late  William  E.  Worthen,  Past-President,  Am.  Soc.  C.  E.,  in  New 
York  City,  as  his  Assistant. 

In  May,  1884,  Mr.  Whistler  was  appointed  by  the  New  York  Aqueduct 
Commission  as  Engineer  on  Surveys,  and,  in  January,  1885,  was  promoted  to 
be  Assistant  Engineer  on  Construction,  retaining  this  position  until  August, 
1886,  when  he  was  appointed  Resident  Engineer  on  the  Colorado  Midland 
Railroad.  On  the  completion  of  this  work,  Mr.  Whistler  returned  to  New  York 
City,  and,  in  March,  1887,  was  appointed  Division  Engineer  in  charge  of  the 
up-town  plant  of  the  New  York  Steam  Company,  where  he  remained  until 
June,  1887. 

Mr.  Whistler's  last  years  were  spent  at  Nagold,  in  the  Black  Forest, 
Wiirtemberg,  Germany,  where  he  died  on  November  21,  1921.  Although  he 
had  resided  in  Germany  for  a  great  many  years,  he  had  never  relinquished  his 
American  citizenship. 

He  was  married  to  Miss  Sophie  M.  Ames,  of  Cambridge,  Mass.,  who  died 
on  August  8,  1922.  He  is  survived  by  his  daughter,  Mrs.  Percy  D.  Haughton, 
of  Charles  River,  Mass.,  his  brother,  Ross  Winans  Whistler,  of  Lenox,  Mass., 
and  a  sister,  Mrs.  Albert  Revillion,  of  London,  England. 

He  was  an  ardent  and  expert  fisherman  and  invented  several  devices  to 
improve  the  fishing  rod  and  reel.  His  exploits  in  killing  sea  bass  at  Newport, 
R.  I.,  are  well  remembered. 

Mr.  Whistler  was  elected  a  Junior  of  the  American  Society  of  Civil  Engi- 
neers on  March  5,  1884,  and  a  Member  on  May  2,  1888. 

*  Memoir  prepared  from  information  furnished  by  Ross  W.  Whistler,  Esq.,  and  on  file 
at  the  Headquarters  of  the  Society. 
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SEBASTIAN  WIMMER,  M.  Am.  Soc.  C.  E.* 


Died  Novembek  30,  1921. 


Sebastian  Wimmer,  the  son  of  George  and  Theresia  (Hahn)  Wimmer,  was 
born  at  Thalniassing,  near  Ratisbon,  Bavaria,  Germany,  on  January  5,  1831. 
His  father  was  a  hotel  proprietor  at  Thalmassing,  but  removed  to  Munich  in 
1833,  where  the  son  was  graduated  from  the  Technical  and  Polytechnic  Schools. 
He  also  took  an  engineering  course  at  the  latter  in  1850-51. 

On  June  2,  1851,  Mr.  Wimmer,  with  his  uncle,  the  late  Archabbot  Boni- 
face Wimmer,  O.S.B.,  arrived  in  New  York  City.  He  went  from  there  to 
Pittsburgh,  Pa.,  where  he  was  graduated  from  the  Iron  City  College,  having 
taken  a  course  in  bookkeeping  and  business  methods. 

He  began  the  practice  of  his  profession  in  the  United  States  with  the  engi- 
neering firm  of  Hastings  and  Preisser,  of  Pittsburgh,  Pa.,  with  which  the 
writer's  father,  the  late  Sigismund  Low,  was  also  associated.  Messrs.  Wimmer 
and  Low  were  intimate  friends,  whose  acquaintance  lasted  many  years. 

From  Pittsburgh,  Mr.  Wimmer  went  to  New  Orleans,  La.,  where  he  re- 
mained for  six  months,  returning  to  Pittsburgh,  in  1853.  He  then  secured  from 
the  late  W.  Milnor  Roberts,  Past-President,  Am.  Soc.  C.  E.,  Chief  Engineer  of 
the  Allegheny  Valley  Railroad,  an  appointment  as  Assistant  Engineer  in 
charge  of  the  Division  between  Pittsburgh  and  Kittanning,  a  distance  of  45 
miles.  He  was  engaged  on  this  work  until  October,  1856,  when  he  went  to 
Minnesota.  Soon  after  locating  at  St.  Paul,  he  was  appointed  Assistant  Engi- 
neer of  the  Faribault  Division  of  the  Minneapolis  and  Cedar  Valley  Railroad 
(now  the  Chicago,  Milwaukee,  and  St.  Paul  Railroad),  after  locating  the  line 
from  Minneapolis  to  Mendota,  via  Fort  Snelling. 

From  Minnesota,  Mr.  Wimmer  returned  to  Pittsburgh,  where  he  left  his 
family,  and  again  went  to  New  Orleans  with  the  idea  of  locating  there,  but, 
on  account  of  his  health,  he  was  forced  to  give  up  his  plans.  Returning  to 
Pittsburgh,  he  accepted  the  position  of  bookkeeper  at  St.  Vincent's  Abbey,  West- 
moreland County,  Pennsylvania,  where  he  was  instrumental  in  having  a  tele- 
graph office  and  post-office  established  and  where  he  served  as  the  first  Post- 
master. 

In  1861-63,  under  Thomas  Seabrook,  he  made  the  survey  for  the  Allegheny 
Valley  Railroad  from  Garland  to  Oil  City,  Pa.,  and  northward  from  Titus- 
ville.  In  June,  1863,  he  was  transferred  to  St.  Marys,  Pa.,  to  take  charge  of 
the  Edward  Miller  and  Milton  Courtwright  Contract,  to  complete  the  Phila- 
delphia and  Erie  Railroad  from  Whetham.  west  of  Lock  Haven,  to  Warren, 
Pa.,  a  distance  of  143  miles. 

This  work  having  been  completed  early  in  1865,  Mr.  Wimmer  went  to  New 
York  City,  where,  on  March  6,  1865,  he  met  Gen.  S.  V.  Talcott,  a  relative 
of  Capt.  Andrew  Talcott,  Chief  Engineer  of  the  Imperial  Mexican  Railway, 
and  secured  an  appointment  on  this  railway,  which,  at  the  time,  was  under 
construction  between  Vera  Cruz  and  the  City  of  Mexico,  264  miles,  exclusive 
of  the  Puebla  Branch. 

*  Memoir  prepared  by  Emile  Low,  M.  Am.   Soc.   C.  E. 
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Mr.  Wimmcr  was  assigned  to  the  heavy  construction  work  on  what  is  known 
as  the  Maltrata  Incline,  the  heavy  grade  line  between  Orizaba  and  Boca  del 
Monte.  He  sailed  from  New  York  City  on  March  29,  1865,  arriving  at  Vera 
Cruz  on  April  13.  At  that  time,  the  railway  was  in  operation  as  far  west 
as  Paso  del  Macho  (Mule  Pass),  48  miles.  Leaving  Vera  Cruz  on  April  16, 
1865,  Mr.  Wimmer  reached  the  railroad  terminus  after  a  three  hours'  journey. 
The  trip  from  Paso  del  Macho  to  Orizaba,  34  miles,  was  made  by  stage  coach, 
and  Mr,  Wimmer  arrived  at  the  latter  place  on  the  morning  of  April  17. 
Orizaba,  then  a  city  of  22  000  inhabitants,  was  the  headquarters  of  both  the 
engineers  and  the  contractors. 

Capt.  Talcott  arrived  from  the  City  of  Mexico  on  April  25,  1865,  in  com- 
pany with  Mr.  William  Lloyd,  of  London,  England,  who  was  Chief  Engineer 
for  the  Contractors,  Smith,  Knight  and  Company,  and  on  April  26,  the 
party,  with  Mr.  Wimmer,  traveled  on  horseback  to  Maltrata.  The  next  day 
they  rode  to  Boca  del  Monte  (mouth  of  the  mountain),  the  head  of  the  grade, 
returning  to  Maltrata  the  same  evening.  Mr.  Wimmer  had  been  placed  in 
charge  of  Sections  1-7  (seven  miles),  comprising  the  very  heavy  work  of  the 
upper  end  of  the  Maltrata  Incline,  superseding  Mr.  Fred  Simon,  an  English 
engineer. 

Emperor  Maximilian,  on  a  tour  of  inspection  of  the  railroad,  arrived  at 
Maltrata  on  April  29,  1865,  and  was  entertained  at  dinner  by  the  chief  con- 
tractors. Smith,  Knight,  and  Company.  During  this  dinner,  he  was  apprised 
of  the  assassination  of  President  Lincoln,  and,  with  a  number  of  the  engineers, 
left  immediately  for  Orizaba. 

On  Sunday,  April  30,  Mr.  Wimmer  attended  church  with  the  Emperor, 
and,  later,  left  for  Maltrata,  to  take  charge  of  his  assignment.  His  first  head- 
quarters, at  Boca  del  Monte,  were  in  a  shanty  which  housed  from  20  to  30  niules 
and  also  served  as  a  powder  magazine.  On  July  20,  1865,  he  moved  to  new 
quarters,  at  the  site  of  Wimmer  Bridge,  Section  5,  and  his  first  work  was  the 
taking  of  the  regular  monthly  estimate.  The  center  line  had  been  run,  but 
he  had  to  make  frequent  changes  in  the  alignment,  introducing  curves  of 
350-ft.  radius,  in  order  to  reduce  the  work.  One  of  these  points  was  at  Wim- 
mer Bridge,  another  at  the  Twin  Barrancas,  where  he  located  a  tunnel  through 
a  projecting  spur,  in  order  to  reduce  two  large  embankments  which  would  have 
required  "millions"  of  cubic  yards  of  material.  In  Mexico,  the  wet  season 
occurs  in  June,  July,  August,  and  September,  and  during  this  period  enormous 
slides  gave  much  trouble. 

Eoutine  work  kept  Mr.  Wimmer  busily  employed,  the  monotony  being 
varied  by  frequent  inspections  by  the  engineers  of  the  Railroad  Company,  as 
well  as  those  of  the  Chief  Contractors.  Other  incidents  were  guerrilla  scares, 
the  murders  of  sub-contractors  by  soldiers  of  the  Liberal  Government,  earth- 
quakes, etc.  The  Empress  Carlotta  also  visited  Orizaba  on  December  25, 
1865,  an  entertainment  being  given  in  her  honor. 

Owing  to  financial  difficulties,  the  railway  work  was  considerably  curtailed" 
in  the  spring  of  1866,  and  Mr.  Wimmer  procured  a  leave  of  absence  to  visit 
the  United  States,  arriving  at  New  York  City  on  June  13.  He  returned  to 
Mexico  in  September  and  proceeded  at  once  to  Maltrata.    On  October  23,  he 
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was  ordered  to  the  City  of  Mexico  to  compile  an  estimate  of  the  amount  of 
work  done  by  the  contractor  between  Paso  del  Macho  and  Boca  del  Monte, 
59.5  miles.  This  work  occupied  two  months,  and  on  January  3,  1867,  Mr. 
Wimmer  returned  to  Maltrata  to  take  up  his  routine  duties.  Military  opera- 
tions between  the  contending  forces  of  Emperor  Maximilian  and  the  Mexi- 
cans were  in  progress  at  this  time  and  virtually  compelled  the  abandonment  of 
railroad  construction. 

Having  received  orders  to  proceed  to  London,  England,  in  the  interest  and 
pay  of  the  Chief  Contractor,  Mr.  George  B.  Crawley,  Mr.  Wimmer,  in  the 
company  of  many  of  the  engineers,  contractors,  and  their  families,  left  Orizaba 
on  April  30,  1867,  for  Paso  del  Macho,  which  place  was  reached  after  many 
delays.  Mr.  Wimmer  had  with  him  such  maps,  profiles,  documents,  and  papers, 
relating  to  the  work,  as  were  essential  for  the  computation  of  quantities  and 
the  determination  of  the  moneys  due  the  contractor. 

On  Many  1,  1867,  the  party  left  Paso  del  Macho,  on  an  open  flat  car. 
Owing  to  the  ascending  grade  to  Cameron,  8  miles,  they  had  to  hire  Indians 
to  push  the  car  to  the  summit,  and  from  there  they  dashed  down  grade  east- 
ward at  great  speed,  as  the  brake  on  the  car  would  not  work  properly.  They 
passed  through  Soledad  and  up  the  next  grade,  where,  fortunately,  they  were 
able  to  control  the  speed,  to  Tejeria,  10  miles  out  of  Vera  Cruz,  where  the 
railroad  trestle  over  the  barranca  had  been  burned.  From  Tejeria,  they  tele- 
graphed Gen.  Benavides,  at  Casa  Mata,  in  the  outskirts  of  Vera  Cruz,  who 
sent  them  a  car  on  which  they  reached  Casa  Mata. 

Mr.  Crawley  and  others  called  on  Gen.  Benavides,  to  present  instructions 
from  Gen.  Porfirio  Diaz  (at  the  time  besieging  the  City  of  Mexico)  to  allow  the 
party  to  leave  Mexico  for  England.  The  members  of  the  party  were  then  taken 
to  Medellin,  and  on  May  3,  they  left  Medellin  in  Indian  canoes  for  Boca  del 
Eio,  9  miles  down  the  river,  arriving  there  safely.  Owing  to  some  mistake 
of  Gen.  Benavidas,  Mr.  Wimmer's  name  and  that  of  Mr.  John  E.  Weiden- 
borner  were  omitted  from  the  list  of  those  permitted  to  leave  Mexico,  and 
they  were  not  allowed  to  board  the  steamer,  the  Jason,  with  the  party,  although 
Mr.  Wimmer  had  a  United  States  passport  signed  by  the  Secretary  of  State. 

On  hearing  of  their  plight  (they  were  without  money,  except  for  an 
ounce  of  gold  which  Mr.  Wimmer  happened  to  have  in  his  pocket),  Mr. 
Crawley  got  in  communication  with  Gen.  Benavides,  and,  finally,  a  boat  flying 
the  American  flag  appeared  at  Boca  del  Eio,  and  to  their  great  joy,  was  per- 
mitted to  take  Messrs.  Wimmer  and  Weidenborner  on  board.  They  were  then 
put  aboard  the  Jason,  but,  afterward,  Mr.  Wimmer  and  Mr.  Weidenborner  left 
the  Jason  for  the  U.  S.  Steamer,  Virginia,  which  sailed  at  once  for  Havana, 
reaching  that  city  on  May  10,  1867.  Mr.  Wimmer  left  Havana  shortly 
afterward  for  New  Orleans,  and  went  from  there  to  Philadelphia,  Pa.,  arriving 
at  that  city  on  May  25,  1867. 

-  On  June  26,  1867,  Mr.  Wimmer  left  New  York  City  for  London,  Eng- 
land, to  compile  the  final  estimate  and  adjust  the  accounts  of  Mr.  Crawley,  the 
General  Contractor  for  the  Imi>erial  Mexican  Railway.  This  work  was  com- 
pleted on  August  9,  1867,  after  which  Mr.  Wimmer  visited  the  Paris  Exposi- 
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tion  and  relatives  in  Bavaria,  Germany,  and  returned  to  the  United  States 
in  November.  While  at  the  Paris  Exposition,  he  received  a  telegram  from 
the  London  Railv^ay  Office,  requesting  him  and  Mr.  Thomas  Braniff  to  return 
to  Mexico.  But  he  declined  the  offer.  Mr.  Wimmer's  name  is  indelibly  asso- 
ciated with  the  Imperial  Mexican  Railway  by  having  one  of  the  bridges 
(Puente  de  Wimmer)  on  the  Maltrata  Incline  named  for  him. 

On  his  return  to  the  United  States,  Mr.  Wimmer  received  an  offer  from  the 
late  George  B.  Roberts,  First  Vice-President  of  the  Pennsylvania  Railroad,  of 
a  position  on  a  line  to  be  built  by  that  Company  from  Driftwood  to  Dubois, 
Pa.  (low  grade),  which  he  accepted. 

From  1868  to  1874,  Mr.  Wimmer  was  in  charge  of  the  construction  of  the 
Bennetts  Branch  Extension  of  the  Philadelphia  and  Erie  Railroad,  afterward 
known  as  the  Low  Grade  Division  of  the  Allegheny  Valley  Railroad,  with  head- 
quarters at  St.  Marys,  Pa.  Frank  M.  Ashmead,  M.  Am.  Soc.  C.  E.,  who  was 
connected  with  this  work  in  1871-72-73,  writes: 

"Mr.  Wimmer  was  pretty  constantly  in  the  field,  and  scarcely  a  week  passed 
that  he  did  not  ride  on  horseback  from  St.  Marys  to  Caledonia  and  the  further 
twenty  miles  to  Summit  Tunnel,  so  that  with  that  and  the  further  ride  on 
horseback  of  one  or  another  of  our  party  through  the  twenty  miles  to  the 
St.  Marys  office,  we  had  ample  opportunity  to  become  well  acquainted  with 
what  I  can  candidly  say  was  one  of  the  noblest  characters  I  have  ever  met  in 
a  long  business  life.  This  refers  to  his  personal  goodness  of  disposition.  I 
think  everybody  liked  Mr.  Wimmer.  As  for  his  technical  training  and  com- 
plete fitness  to  lead  in  constructive  work,  such  as  that  upon  which  we  were 
engaged  at  that  time,  I  think  we  all  bowed  to  his  superior  knowledge,  although 
I  believe  a  number  of  us  younger  recruits  had  been  trained  in  technical  col- 
leges." 

In  1874,  Mr.  Wimmer  was  elected  to  represent  Elk  County  in  the  Penn- 
sylvania State  Legislature,  and  served  for  two  terms,  during  which  he  was 
Chairman  of  the  Railroad  Committee,  Secretary  of  the  Committee  on  Counties 
and  Townships,  and  a  member  of  the  Centennial  Committee.  In  1876,  Mr. 
Wimmer  was  a  Presidential  Elector  for  Tilden  and  Hendricks. 

From  1877  to  1879,  he  was  engaged  as  Chief  Engineer  of  the  Pittsburgh 
and  Lake  Railroad,  a  line  built  by  the  so-called  Economite  Society,  be- 
tween Pittsburgh,  Pa.,  and  Youngstown,  Ohio.  Samuel  Rea,  Hon.  M.  Am. 
Soc.  C.  E.,  now  President  of  the  Pennsylvania  System,  served  on  this  work 
under  Mr.  Wimmer. 

From  1879  to  1882,  he  was  the  Chief  Engineer  of  the  New  York  and  North- 
ern Railroad,  extending  from  High  Bridge  to  Brewsters,  N.  Y.,  with  an  office 
in  New  York  City,  In  the  summer  of  1882  (August  and  September),  Mr, 
Wimmer  went  to  Mexico  as  a  representative  of  a  New  York  Syndicate  to 
examine  the  Mexican  Central  Railway  then  building.  From  late  in  1882  to 
1884,  he  served  as  Chief  Engineer  in  charge  of  construction  of  the  Erie  and 
Wyoming  Valley  Railroad,  from  Hawley  to  Avoca,  Pa.  Returning  to  New 
York  City,  he  built  the  Yonkers  Rapid  Transit  Railway,  reported  on  a  line 
between  Turner  (Newburgh  Junction),  on  the  Erie  Railroad,  and  Danbury, 
Conn.  He  also  located  lines  in  Elk  and  Clearfield  Counties,  Pennsylvania, 
for  the  Pittsburgh,  Shawniut,  and  Northern  Railroad. 


1724  MEMOIR    OF    SEBASTIAN    WIMMER 

In  1904,  Mr.  Wimmer  was  appointed  Associate  Chief  Engineer  of  the 
Wabash  Eailway,  comprising  the  Pittsburgh,  Carnegie,  and  Western  llailway, 
from  Pittsburgh  to  the  Ohio  River,  and  the  Pittsburgh,  Toledo,  and  Western 
Railway,  from  the  Ohio  River  to  the  coimection  of  the  Wheeling  and  Toledo 
Railway,  in  Harrison  County,  Ohio.  This  was  one  of  the  most  difficult  pieces 
of  railroad  construction  in  the  United  States,  having  seventeen  tunnels,  vary- 
ing in  length  from  200  to  4  700  ft.,  and  many  iron  bridges,  including  two 
exceptionally  long  ones  over  the  Monongahela  and  Ohio  Rivers.  This  work 
will  ever  stand  as  a  monument  to  his  integrity  as  an  engineer. 

In  1907,  Mr.  Wimmer  left  St.  Marys,  where  he  had  maintained  his  resi- 
dence since  1863,  and  went  to  Albany,  Minn.,  where  he  resided  on  his  farm 
until  about  1919.  He  then  returned  to  St.  Vincent's  Abbey,  at  Beatty,  Pa., 
which  had  been  founded  by  his  uncle  and  of  which  he  had  been  the  first  Arch- 
abbot,  to  spend  his  remaining  years.  His  death  occurred  there  on  November 
30,  1921,  after  weeks  of  patient  suffering. 

On  February  12,  1857,  Mr.  Wimmer  was  married  to  Miss  Lavinia  Blakely, 
of  Pittsburgh,  Pa.  To  this  union  three  sons  were  born.  Dr.  Sebastian  J. 
Wimmer,  Ernest  J.  Wimmer,  an  attorney,  and  William  Wimmer.  The  latter 
two,  with  the  wife  and  mother,  preceded  Mr.  Wimmer  to  the  grave.  The  sur- 
viving son,  Dr.  Wimmer,  is  a  special  representative  for  the  Standard  Oil 
Company. 

Mr.  Wimmer  was  one  of  those  men  of  whom  the  world  sees  too  few,  and 
all  those  who  came  in  contact  with  him  know  his  real  great  worth. 

Mr.  Wimmer  was  elected  a  Member  of  the  American  Society  of  Civil  Engi- 
neers on  March  2,  1881,  and  at  the  time  of  his  death  was  the  oldest  member 
of  the  organization. 
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CHARLES  ALBERT  LORING  WRIGHT,  M.  Am.  Soc.  C.  E.* 


Died  August  17, 1921. 


Charles  Albert  Loring  Wriglit,  the  son  of  Charles  M.  Wright,  Deputy  Chief 
o£  Police  of  Springfield,  Mass.,  and  Martha  R.  Wright,  was  born  on  May  29, 
1871. 

He  was  graduated  from  the  Springfield  High  School  in  1889  and  soon  after 
began  his  engineering  work  with  the  firm  of  A.  B.  and  A.  H.  Tower,  Mill 
Architects  and  Engineers,  of  Holyoke,  Mass.,  which  firm  designed  and  con- 
structed many  hydraulic  power  plants  in  addition  to  its  work  of  mill  designing. 

After  a  period  of  service  with  the  firm  mentioned,  Mr.  Wright  was  employed 
as  Assistant  Engineer  with  the  firm  of  E.  E.  and  E.  C.  Davis,  of  Northampton, 
Mass.,  which  was  engaged  by  the  Board  of  Water  Commissioners  of  Spring- 
field, Mass.,  to  take  charge  of  additional  work  connected  with  the  water  supply 
system  of  Springfield,  at  Ludlow,  Mass. 

On  the  completion  of  this  work,  Mr.  Wright  was  employed  by  the  City 
Engineering  Department  of  Springfield,  in  general  municipal  engineering, 
assuming,  at  first,  the  duties  of  an  Instrumentman,  after  which  he  was 
placed  in  charge  of  sewer  construction,  having  had  the  direction  of  this  work 
for  several  years  under  the  City  Engineer. 

About  1898,  Mr.  Wright  was  placed  in  charge  of  the  general  study  of 
bituminous  materials  for  use  in  pavements,  roadways,  and  sidewalks,  which 
was  continued  for  some  years,  together  with  the  supervision  and  inspection 
of  sewer  construction. 

With  the  growth  of  Springfield  and  the  requirements  of  street  traffic  for 
new  and  improved  street  surfaces,  the  Street  Department,  in  1914,  found  that 
the  time  had  arrived  for  the  introduction  of  an  asphalt  plant  at  the  City  Yard, 
and  this  required  the  co-operation  of  laboratory  work  and  methods. 

Prior  to  this  decision,  Mr.  Wright  had  shown  a  great  interest  in  the  study 
of  bituminous  mixtures  for  use  in  street  pavements,  and,  by  reason  of  his  skill 
and  practical  knowledge,  he  was  detailed  to  the  general  charge  of  the  asphalt 
plant  and  the  laboratory  work.  His  competence  in  connection  with  this  work 
was  such  that  he  was  frequently  called  to  other  places  for  counsel  and  advice 
on  difficult  problems  connected  with  street  and  road  improvements. 

Mr.  Wright's  practical  knowledge  of  street  and  roadway  work,  coupled  with 
his  social  nature,  allied  him  strongly  with  the  activities  of  the  Springfield 
Automobile  Club,  of  which  he  early  became  a  member.  After  a  time  of 
general  membership,  the  Automobile  Club  found  that  he  was  well  qualified 
to  serve  as  President  of  the  organization,  to  which  office  he  was  duly  elected, 
and  he  continued  to  serve  as  the  active  and  progessive  spirit  of  the  Club 
until  the  time  of  his  death.  Much  of  the  progessive  activity  in  the  affairs  of 
the  Automobile  Club  grew  out  of  his  intelligent  leadership,  and  he  was  always 
alert  for  its  progress  and  welfare. 

*  Memoir  prepared  by  C.  M.  Slocum,  M.  Am.  Soc.  C.  E. 
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Mr.  Wright  connected  himself  in  early  life  with  the  Masonic  Order,  and 
attained  the  Thirty-second  Degree,  having  membership  also  in  the  "Bela 
Grotto." 

In  1900,  jNIr.  Wright  was  married  to  Lillian  Alberta  Gordon  Forbes,  the 
youngest  daughter  of  Dr.  Henry  Gordon  Forbes  and  Hannah  Elizabeth  Meyer 
Forbes,  of  Chicopee  Falls,  Mass.,  and,  until  her  death  in  1916,  found  a  true 
helpmeet  in  the  refined  and  cultured  association  of  his  wife. 

Mr.  Wright's  musical  talent  and  his  fine  voice  found  expression  through 
his  membership  in  the  choir  of  Christ  Protestant  Episcopal  Church,  in  which 
he  served  for  many  years.  He  was  also  associated  with  the  Hampden  County 
Musical  Association. 

Mr.  Wright  was  elected  a  Member  of  the  American  Society  of  Civil 
Engineers  on  October  10,  1916. 
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RALPH  BENJAMIN  ALLEN,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  June  17,  1922. 


Ealph  Benjamin  Allen,  the  son  of  Williard  Isaac  Allen  and  Sarah  Anne 
(Marsden)  Allen,  was  born  at  Ithaca,  N.  Y.,  on  August  31,  1883.  He 
received  his  early  education  in  the  public  schools  of  New  York  State.  From 
1908  to  1909  he  was  in  the  employ  of  the  United  States  Government,  in  con- 
nection with  pier  and  crib  construction  on  Lake  Ontario. 

From  1909  to  1912,  Mr.  Allen  was  engaged  as  Tracer  and  also  as  Engi- 
neering Draftsman  in  the  office  of  the  State  Engineer  of  New  York,  detailing 
and  estimating  in  connection  with  Barge  Canal  bridges.  From  1912  to  1914 
he  was  connected  with  the  Beaver  Board  Company,  and  also  with  the  Shawmut 
Manufacturing  Company,  as  Assistant  Engineer  in  charge  of  design  and 
construction,  and  also  as  Assistant  to  the  Chief  Engineer  in  connection  with 
a  7  500-h.  p.  hydro-electric  development  and  a  steel  and  concrete  pulp  and 
paper  mill  costing  $3  000  000. 

From  1914  to  1915  Mr.  Allen  was  Bridge  Engineer  in  the  office  of  the 
State  Engineer  of  New  York,  in  connection  with  the  design  of  bridges  over  the 
Barge  Canal.  From  1915  to  1917  he  was  Assistant  to  the  writer,  and  from 
May  to  August,  1917,  he  was  at  the  Reserve  Officers'  Training  Camp. 

From  August,  1917,  to  June,  1919,  Mr.  Allen  was  1st  Lieutenant  with  the 
25th  Engineer  Regiment,  U.  S.  A.  He  served  in  France  from  November,  1917, 
to  May,  1919,  receiving  his  discharge  on  June  2,  1919.  Soon  after  his  dis- 
charge from  the  Army  he  became  connected  with  the  Beaver  Board  Companies, 
Buffalo,  N.  Y.,  and  was  stationed  at  the  plant  at  Anderson,  Ind.,  as  Engi- 
neer in  charge  of  design  and  construction,  where  he  remained  until  ■  Sep- 
tember, 1921.  From  September,  1921,  until  the  time  of  his  death,  he  was 
employed  as  Assistant  to  the  writer. 

Mr.  Allen  died  very  suddenly  on  June  17,  1922,  at  Albany,  N.  Y.  He  was 
married  in  Binghamton,  N.  Y.,  on  December  20,  1906,  to  Marguerite  May 
Finch,  by  whom  he  is  survived. 

Mr.  Allen  was  devoted  to  his  engineering  work,  in  which  he  was  intensely 
interested.  He  was  of  most  pleasing  personality  and  a  thorough  and  con- 
scientious workman.  He  had  many  devoted  friends,  by  whom  his  untimely 
death  is  greatly  regretted. 

Mr.  Allen  was  elected  an  Associate  Member  of  the  American  Society  of 
Civil  Engineers  on  March  13,  1917. 

*  Memoir  prepared   by  William   Russell   Davis,   Assoc.    M.    Am.    Soc.   C.    E. 
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FRANK  EPHRAIM  CHESLEY,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  January  9,  1922. 


Frank  Ephraim  Chesley  was  born  in  Center  Township,  Fayette  County, 
Iowa,  on  May  8,  1879.  He  was  educated  in  the  country  schools,  and  was 
graduated  from  the  Fayette  High  School  in  1896.  In  March,  1901,  he  entered 
the  State  University  of  Iowa,  and  was  graduated  in  June,  1904,  with  the 
degree  of  Bachelor  of  Science  in  Civil  Engineering.  He  received  the  degree 
of  Civil  Engineer  from  the  University  in  1912. 

From  1904  to  1908,  Mr.  Chesley  was  engaged  in  general  engineering  work 
as  Inspector  and  Instrumentman  on  different  engineering  projects.  From 
1908  to  1910,  he  was  employed  as  Resident  Engineer  in  charge  of  water- 
works, sewage  disposal  plants,  electric  lighting  plants,  and  paving  work  in 
various  towns  in  Iowa.  For  a  short  period  in  1912,  he  served  as  an  Inspector, 
in  the  U.  S.  Corps  of  Engineers  at  Sterling,  HI.,  after  which  he  was  again 
engaged  in  municipal  engineering  work  in  Pennsylvania   and  elsewhere. 

During  subsequent  years,  Mr.  Chesley  was  engaged  in  an  engineering 
capacity  in  connection  with  municipal  improvements  and  industrial  works, 
serving  as  Resident  Engineer  in  charge  of  the  construction  of  rolling  mills, 
blast  furnaces,  open-hearth  furnaces,  and  other  work  connected  with  steel 
mills.  He  was  also  engaged  for  some  time  in  connection  with  the  U.  S.  Gov- 
ernment Munitions  Plant  at  Neville  Island. 

In  1919,  he  joined  the  staff  of  The  Ludlow  Engineers  at  Winston-Salem, 
N.  C,  doing  general  office  work  and  outside  practice  and,  later,  was  assigned 
to  the  position  of  Resident  Engineer  on  sewer  construction  at  Goldsboro, 
K  C. 

Mr.  Chesley  was  not  a  man  of  robust  health,  but  he  was  very  energetic, 
persevering,  and  loyal  to  his  duty.  His  work  as  an  engineer,  although  brief, 
the  ability  he  displayed,  and  his  intense  devotion  to  his  Profession  gave 
abundant  promise  of  a  useful  and  honorable  career  had  his  life  not  been 
terminated  at  such  an  early  age. 

He  was  a  member  of  the  Masonic  Fraternity.  A  few  months  before 
his  death,  he  had  received  a  certificate  as  Registered  Engineer  under  the  new 
License  Law  of  the  State  of  North  Carolina. 

On  August  15,  1911,  he  was  married  to  Mollie  L.  Livecay,  of  Halifax, 
N.  C,  who,  with  his  mother,  survives  him. 

Mr.  Chesley  was  elected  an  Associate  Member  of  the  American  Society 
of  Civil  Engineers  on  December  31,  1913. 

*  Memoir  prepared  by  J.   L.   Ludlow,  M.  Am.   Soc.   C.   E. 
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REGINALD  GILLON  CHRISTOPHERS,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  October  13,  1918. 


Eeginald  Gillon  Christophers  was  born  in  Dunedin,  New  Zealand,  on 
August  8,  1882,  and  was  the  eldest  of  a  family  of  five  sons. 

He  began  his  schooling  in  Dunedin,  but  his  father,  who  was  a  Bank  Man- 
ager was  transferred  to  Invercargill  when  his  eldest  son  was  9  years  old.  At 
Invercargill,  the  boy  went  through  the  Public  School  course  of  New  Zealand, 
and  afterward  spent  three  years,  1897-99,  at  the  Southland  Boys'  High  School, 
from  which  he  was  matriculated.  While  at  school,  he  was  diligent  and  thor- 
ough in  his  duties  and,  at  the  same  time,  took  a  leading  part  in  the  school 
sports,  excelling  at  Rugby  football. 

It  was  while  he  was  a  student  at  the  High  School  that  Mr.  Christophers 
began  his  military  training,  rising  to  the  rank  of  Sergeant  in  the  High  School 
Cadet  Corps.  On  leaving  school,  he  joined  the  Volunteers  and  again  suc- 
ceeded in  earning  a  Sergeant's  Certificate  at  an  unusually  early  age.  This 
training,  no  doubt,  stood  him  in  good  stead  when  he  went  into  camp  to  prepare 
himself  for  the  part  he  was  to  play  in  the  World  War. 

On  leaving  school,  Mr.  Christophers  took  up  agricultural  pursuits,  but 
after  a  short  time,  decided  to  become  a  Civil  Engineer  and  Surveyor.  To 
this  end,  he  served  from  July,  1901,  to  December,  1904,  as  Survey  Cadet 
under  Messrs.  John  Spence  and  T.  S.  Miller,  respectively.  Civil  Engineers  of 
Invercargill,  passing  with  credit  his  examination  as  a  Surveyor  in  1904  and 
topping  the  New  Zealand  list  for  that  year.  In  January,  1905,  he  accepted  a 
position  with  the  New  Zealand  Government  as  Assistant  Surveyor,  in  charge  of 
a  field  party  on  road  and  settlement  surveys.  He  relinquished  this  position  in 
June,  1906,  and  came  to  the  United  States,  where  he  remained  until  1911. 
During  this  period  his  record  reads,  as  follows : 

From  August,  1906,  to  February.  1907,  Transitman  with  the  Atchison, 
Topeka,  and  Santa  Fe  Railway  Company,  on  maintenance  of  way,  at  Oakland, 
Calif.;  March  to  September,  1907,  in  charge  of  a  location  party  on  the 
Monterey,  Fresno,  and  Eastern  Railway,  at  Monterey,  Calif.;  October,  1907,  to 
January,  1908,  Engineer  on  Construction  for  the  Ransome  Concrete  Company, 
at  San  Juan,  Calif.,  on  heavy  foundation  work,  in  charge  of  all  earthwork, 
reinforcement,  etc.,  and  also  assisted  the  Superintendent;  June  to  September, 
1908,  Transitman  for  the  U.  S.  Deputy  Surveyor,  on  the  summit  of  the  Sierra 
Nevada  Mountains,  California ;  September,  1908,  to  December,  1909,  Transitman 
and  Instrumentman  on  location  and  construction  of  the  Western  Pacific  Rail- 
way, serving  for  two  months  as  Resident  Engineer  on  20  miles  of  construction ; 
January  to  April,  1910,  made  a  contour  survey  of  a  large  dam  site  for  the  Sierra 
and  San  Francisco  Power  Company,  Angels  Camp,  Calif. ;  April  to  November, 
1910,  Assistant  Engineer  with  the  Western  Pacific  Railway  Company  in  charge 
of  a  party  on  filing  map  surveys  in  Feather  River  Canyon,  California ;  Decem- 
ber, 1910,  to  March,  1911,  with  the  Union  Lumber  Company,  Fort  Bragg, 

•  Memoir    prepared    by    Denniston    Cuthbertson,    Esq.,    Invercargill,    New    Zealand. 
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Calif.,  making  an  estimate  of  the  cost  of  building  railways;  March  to  August, 
1911,  Assistant  Office  Engineer  to  J.  B.  Pope,  M.  Am.  Soc.  C.  E.,  who  was  in 
charge  of  revaluation  for  the  Southern  Pacific  Company,  making  revaluation 
profiles  and  estimating  the  cost  of  bridges  and  culverts  on  the  entire  system  of 
the  Oregon  Railway  and  Navigation  Company;  and  August  to  December,  1911, 
District  (Locating)  Engineer  for  the  Coos  Bay  and  Eastern  Railway  in  Oregon, 
making  a  preliminary  survey  for  45  miles  of  proposed  railway. 

Returning  to  New  Zealand  in  1911,  Mr.  Christophers  began  the  private 
practice  of  his  profession  as  a  member  of  the  firm  of  Robinson  and  Christophers, 
at  Stratford,  Taranaki,  the  firm  acting  as  Consulting  Engineers  to  Stratford 
Borough  and  other  public  bodies,  as  County  Engineers,  Whangamomona 
County,  etc. 

In  1915,  Mr.  Christophers  was  appointed  Engineer  to  the  Hobson  County 
Council,  and  filled  this  position  with  distinction  until  1917,  when  in  order  to 
join  the  New  Zealand  troops  in  the  World  War,  he  entered  camp  as  a  Second 
Lieutenant  and  was  attached  to  the  Machine  Gunners.  He  soon  gained  the 
reputation  of  being  a  capable  and  thorough  officer,  keen  about  his  work  and 
loved  and  respected  by  his  fellow  officers  and  the  men  under  him,  to  whoso 
welfare  he  never  tired  of  devoting  himself.  Lieut.  Christophers  was  a  strict 
disciplinarian,  not  only  with  his  men,  but  also  with  himself,  but  his  absolute 
fairness  and  impartiality  soon  gained  for  him  the  confidence  of  the  troops  and 
made  his  task  a  happy  one. 

He  sailed  from  New  Zealand,  in  June,  1918,  and  after  a  short  period  of 
training  in  England,  joined  the  First  Battalion,  Otago  Infantry  Regiment,  in 
France,  from  which  time,  he  took  part  in  some  heavy  fighting.  He  met  his 
death  in  a  particularly  gallant  manner :  Leading  his  men  in  a  charge  against 
the  enemy's  trenches,  he  was  held  up  by  barb  wire,  and  as  he  was  cutting  his 
way  through,  he  was  shot  in  the  throat  by  a  German  officer.  He  lingered  for 
a  few  days  and  died  in  the  Fourth  Casualty  Clearing  Station,  France,  on 
October  13,  1918. 

Lieut.  Christophers  lived  his  short  life  with  a  fullness  given  to  few  to 
enjoy.  He  was  one  who,  holding  the  highest  ideals,  lived  up  to  them  nobly, 
setting  an  example  which  any  one  might  do  well  to  emulate,  and  finally  giving 
his  life  in  the  finest  way  possible,  in  defense  of  his  King  and  country. 

While  in  the  United  States,  Lieut.  Christophers  was  married  to  Miss  Alice 
Mildred  Vyner,  who  traveled  from  New  Zealand  to  join  him.  He  is  survived 
by  his  wife  and  two  sons.  His  father  and  mother  also  survive  him,  but  of  their 
family  of  five  sons,  only  one  remains,  the  other  four  having  given  their  lives 
to  their  country  in  the  World  War. 

"They  shall  grow  not  old  as  we  who  are  left  grow  old. 
Age  shall  not  weary  them  nor  the  years  condemn. 
At  the  going  down  of  the  sun  and  in  the  morning 
We  will  remember  them." 
Lieut.   Christophers  was   elected   an  Associate  Member  of  the  American 
Society  of  Civil  Engineers  on  June  24,  1914. 
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GEORGE  ROBERT  DAVIS,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  March  31,  1922. 


George  Eobert  Davis  was  born  in  Riverside,  Calif.,  on  October  17,  1877. 
At  the  age  of  20,  he  joined  the  United  States  Geological  Survey  in  the 
capacity  of  Traverseman,  at  Elsinore,  Calif.  In  1912,  he  was  promoted  to 
the  position  of  Topographic  Engineer  in  charge  of  the  Pacific  Division  of 
the  Survey,  which  includes  the  States  of  Washington,  Oregon,  California, 
Utah,  Arizona,  and  the  Territory  of  Hawaii,  a  position  which  he  held  until 
his  death,  at  San  Francisco,  Calif.,  on  March  31,  1922. 

He  is  survived  by  his  wife,  Mrs.  Adelena  Marie  Fontaine  Davis,  and  a 
daughter. 

During  the  years  of  his  service  with  the  Government,  Mr.  Davis  surveyed 
much  unexplored  territory  in  the  Western  States,  and  was  recognized  as  an 
expert  Topographic  Engineer.  Included  in  his  work  of  topographic  surveying 
was  the  mapping  of  the  Mount  Whitney,  Mount  Goddard,  Bakersfield,  and 
Mclvittrick  Quadrangles,  in  California,  as  well  as  mapping  in  the  Yosemite 
National  Park,  and  King's  River  Canyon,  California,  in  Mt.  Rainier  National 
Park,  Washington,  in  the  Territory  of  Hawaii,  and  many  other  areas.  Mr. 
Davis  has  thus  indelibly  imprinted  his  lifework  on  some  thirty  Government 
maps  portraying  the  highest  type  of  topographic  mapping.  In  his  death.  Geo- 
graphic  Science  has  sustained  a  distinct  loss. 

Mr.  Davis  was  a  Fellow  of  the  American  Geographical  Society,  a  member 
of  the  National  Geographic  Society,  the  Sierra  Club  of  San  Francisco, 
the  City  Club  of  Washington,  the  Sutter  Club  of  California,  and  of  Ever- 
green Lodge,  F.  and  A.  M.,  of  Riverside,  Calif.  In  1915,  he  was  a  Govern- 
ment delegate  to  the  International  Engineering  Congress  in  San  Francisco 
and,  in  1920,  a  delegate  to  the  Pan-Pacific  Scientific  Congress  in  Honolulu, 
Hawaii. 

Mr.  Davis  was  elected  an  Associate  Member  of  the  American  Society  of 
Civil  Engineers  on  April  3,  1907. 

*  Memoir  prepared  by  H.  C  Rizer,  Chf.  Clerk,  U.  S.  Geological  Survey,  Washington, 
D.   C. 
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ARCHIE  LEE  HARRIS,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  July  17,  1922. 


Archie  Lee  Harris,  the  son  of  Lorenzo  and  Isabel  (Combs)  Harris,  was  born 
at  Orange,  Mass.,  on  February  17,  1872.  His  early  education  was  received 
in  the  public  schools  of  his  home  town,  where  he  taught  for  a  number  of  years 
after  his  graduation  from  the  High  School.  He  then  entered  the  University  of 
Michigan,  from  which  he  was  graduated  in  1898,  receiving  the  degree  of 
Bachelor  of  Science  in  Civil  Engineering. 

His  first  position  after  graduation  was  that  of  Instrumentman  and  Drafts- 
man with  the  United  States  Board  of  Engineers  on  deep  waterway  surveys. 
During  1900  and  1901,  Mr.  Harris  was  Draftsman  on  the  New  York  State 
Barge  Canal,  at  Albany,  N.  Y.,  and  with  the  U.  S.  Isthmian  Canal  Com- 
mission, at  Washington,  D.  C.  Prior  to  1903,  he  was  also  employed  as  Drafts- 
man by  the  Eussell  Wheel  and  Foundry  Company,  of  Detroit,  Mich.,  the 
Hamilton  Bridge  Works,  Limited,  of  Hamilton,  Ont.,  Canada,  and  the  East 
River  Division  of  the  Pennsylvania,  New  York  and  Long  Island  Railroad 
Company. 

In  May,  1903,  soon  after  its  organization  as  a  separate  bureau,  Mr.  Harris 
was  appointed  Assistant  Engineer  by  the  United  States  Reclamation  Service 
and  assigned  to  the  Salt  River  Project  at  Phoenix,  Ariz.  During  the  next 
seven  years,  he  held  the  positions  of  Draftsman,  Chief  Draftsman,  and  Designer 
in  the  Field  Office  at  Roosevelt,  Ariz.  (Roosevelt  Dam),  which,  during  the 
early  years  of  construction,  was  the  principal  engineering  office  for  the  Project. 
During  this  time,  he  had  a  responsible  part  in  the  design  and  construction  of 
the  larger  structures  on  the  Project,  but  there  are  two,  namely,  the  diversion 
dam  at  the  head  of  the  Roosevelt  Power  Canal  and  the  Granite  Reef  Diversion 
Dam,  the  largest  river  structure  below  the  reservoir,  for  the  design  of  which  he 
was  largely  responsible  and  is  entitled  to  especial  credit.  Incidental  to  the 
design  of  these  dams,  Mr.  Harris  made  some  original  investigations  and 
studies,  in  an  effort  to  improve  on  the  lifting  devices  for  the  outlet  gates  wliich, 
as  previously  designed,  were  operated  with  great  difficulty.  After  conducting 
a  series  of  experiments  on  full-sized  gates  under  actual  field  conditions,  he 
found  that  the  coefficient  of  friction  which  had  formerly  been  used  was 
entirely  too  low.  By  the  use  of  new  coefficients,  he  was  able  to  design  operating 
mechanisms  which  gave  complete  satisfaction,  resulting  in  the  adoption  of  new 
standards  by  the  Reclamation  Service.  He  thus  came  to  be  recognized  as  an 
expert  in  this  work,  and  designed  practically  all  the  gates  built  on  the  Project 
thereafter. 

About  the  time  the  Roosevelt  Dam  was  completed,  and  near  the  completion 
of  his  period  of  service  for  the  Government,  Mr.  Harris  was  the  victim  of  an 
accident  which  nearly  resulted  fatally.  While  engaged  in  an  inspection  of  the 
outlets  and  tunnel  at  the  bottom  of  the  dam,  with  water  at  a  high  elevation 
in  the  reservoir  above,  the  gates  were  opened  suddenly  by  mistake  and  he  and 

•  Memoir  prepared  by  M.  R.   Kays,  Assoc.  M.  Am.   Soc.  C.   E.  j 
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a  companion  were  caught  in  a  rushing  torrent  of  water  and  swept  through 
several  hundred  feet  of  tunnel  into  the  river  channel  below.  His  companion 
was  drowned,  and  Mr.  Harris  escaped  only  by  the  exercise  of  extraordinary 
presence  of  mind  and  great  physical  effort. 

Mr.  Harris  resigned  from  the  Reclamation  Service  in  1910  and  opened  an 
engineering  office  in  Phoenix,  specializing  in  irrigation.  He  designed  and 
laid  out  a  number  of  private  irrigation  systems  and  also  laid  out  the  deep- 
well  pumping  and  distribution  system  for  the  12  000-acre,  long  staple  cotton 
plantation  of  the  Goodyear  Tire  and  Rubber  Company,  at  Litchfield,  Ariz.  In 
1915,  he  moved  to  Los  Angeles,  Calif.,  where  he  opened  a  consulting  office,  con- 
tinuing, however,  to  serve  several  of  his  Arizona  clients  whose  work  occupied 
much  of  his  time  until  his  death.  His  principal  work,  outside  of  irrigation, 
was  the  design  and  construction  of  a  reinforced  concrete  pleasure  pier  at 
Manhattan  Beach,  Calif.  At  the  time  of  his  death,  Mr.  Harris  was  Con- 
sulting Engineer  for  a  number  of  proposed  irrigation  and  power  projects  in 
Arizona,  including  the  40  000-acre  project  at  Beardsley,  near  Phoenix,  for 
which  he  had  directed  all  the  engineering  work  since  its  inception.  He  was 
also  employed,  in  the  capacity  of  Chief  Engineer,  by  the  Paradise- Verde 
Irrigation  District,  at  Phoenix,  for  which  he  was  completing  final  plans  and 
estimates  for  a  system  to  irrigate  from  80  000  to  100  000  acres  of  land  adjoin- 
ing the  present  Salt  River  Project.  As  planned  by  him,  the  system  was  to 
include  several  large  storage  and  diversion  dams  on  the  Verde  River  and  other 
streams,  one  or  more  hydro-electric  power  plants,  and  a  modern,  concrete-lined, 
distribution  system. 

Mr.  Harris  was  married  on  December  25,  1911,  to  Miss  May  Alderman 
who,  with  a  daughter,  Louise,  survives  him. 

His  untimely  death  cut  short  a  most  promising  professional  career 
and  prevented  accomplishments  for  which  he  was  especially  well  fitted  by 
training  and  years  of  experience  and  observation.  Nevertheless,  he  had  become 
recognized  as  an  authority  on  irrigation,  in  the  Southwest,  and  especially  in 
Arizona,  where  he  was  intimately  familiar  with  conditions.  He  was  an 
enthusiastic  believer  in  reclamation,  but  it  was  a  conservative  enthusiasm 
resulting  from  a  thorough  and  conscientious  study  of  the  many  matters  which 
must  be  taken  into  account  in  laying  the  foundation  for  successful  develop- 
ment. He  was  a  builder  and  asked  for  no  greater  reward  than  to  have  a  part  in 
the  constructive  work  of  controlling  and  utilizing  the  wasted  water  resources 
with  the  resulting  permanent  contribution  to  the  wealth  and  producing  power 
of  the  nation.  He  was  a  high  type  of  engineer,  active  and  resourceful  in  the 
field,  painstaking  and  thorough  in  investigation  and  analysis,  conservative  in 
his  advice  and  recommendations,  considerate  of  associates  and  subordinates, 
and  thoroughly  loyal  to  the  interests  of  employer  or  client. 

Mr.  Harris'  rating  as  an  engineer  was  equalled  only  by  his  standing  and 
reputation  as  a  man.  Just  as  he  set  up  as  a  shrine  and  ever  kept  in  view  and 
observed  a  rigorous  code  of  professional  ethics  and  the  highest  standard  of  serv- 
ice, so  did  he  adopt  and  govern  himself  by  the  highest  ideals  of  personal  con- 
duct and  citizenship  and  live  and  practice  them  in  his  daily  life.    Brought  up 
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in  the  Universalist  faith,  although  not  in  later  years  an  active  member  of  any 
denomination,  he  was  a  true  Christian  gentleman,  because  he  not  only  believed 
in  the  rules  laid  down  for  guidance  in  the  Good  Book,  but  he  practiced  them 
in  his  work,  in  his  dealings  with  his  fellow  men,  and  in  his  home.  Although 
he  was  affable,  companionable,  and  entertaining,  with  a  normal  sense  of  humor, 
he  was  given  to  reflection  and  the  study  of  serious  things,  and  enjoyed  discus- 
sions of  the  political,  economic,  and  moral  questions  of  the  day.  His  interest 
in  the  worth-while  things,  which  with  him  were  favorite  topics  of  conversation, 
made  him  a  delightful  companion.  Above  all,  however,  he  was  a  gentleman — 
clean,  moral,  honest,  and  upright  in  every  resjject — and  he  will  be  remem- 
bered by  those  who  knew  him  well,  for  his  genuine  friendliness,  his  even  dis- 
position, his  unselfishness,  his  respect  for  the  rights  and  views  of  others, 
and  his  high-minded  conception  of  service.  "Honorable  and  high-minded"  and 
"a  very  decided  loss  to  the  community  and  to  the  Engineering  Profession", 
are  typical  of  the  testimonials  volunteered  by  distinguished  professional 
associates  who  knew  him  best. 

He  was  the  author  of  a  paper  entitled,  "The  Diversion  of  Irrigating  Water 
from  Arizona  Streams",  which  was  published  by  the  Society.*  He  was  a 
member  of  the  American  Association  of  Engineers. 

Mr.  Harris  was  elected  an  Associate  Member  of  the  American  Society  of 
Civil  Engineers  on  May  31,  1910,  and  was  an  active  member  of  the  Los 
Angeles  Section  of  the  Society. 

*  Transactions,  Am.   Soc.  C.  E.,  Vol.  LXXVII   (1914),  p.  932. 
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HERMAN  DAYID  HIRSCH,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  August  30,  1922. 


Herman  David  Hirsch  was  born  in  New  York  City,  on  October  19,  1886, 
and  received  his  preliminary  education  in  the  public  schools  of  that  City. 
After  his  graduation  from  High  School,  he  won  a  scholarship  to  Cornell  Uni- 
versity, and  was  graduated  with  honors  from  the  Department  of  Civil  Engi- 
neering in  1909. 

Mr.  Hirsch  entered  the  employ  of  the  American  Bridge  Company  in  July, 
1909,  at  the  Pencoyd  Plant,  as  Structural  Steel  Draftsman,  where  he  remained 
until  October,  1910.  He  was  then  transferred  to  the  Brooklyn  Plant,  and,  in 
November,  1911,  he  was  transferred  to  the  New  York  Office,  where  he  was 
engaged,  as  an  Assistant  Engineer,  in  making  designs  and  estimates  on  high- 
way and  railroad  bridges  and  miscellaneous  steel  structures. 

Some  of  the  most  important  works  on  which  Mr.  Hirsch  was  engaged 
during  his  career  as  an  engineer  were  designs  for  the  emergency  dams  for  the 
Panama  Canal,  a  transfer  bridge  for  the  Long  Island  Railroad,  at  Bay  Ridge, 
N.  Y.,  and  steel  boats  for  the  United  States  Government  at  Hog  Island,  Phila- 
delphia, Pa.,  during  the  World  War.  He  also  perfected  the  designs  for  the 
military  bridges  in  France. 

Mr.  Hirsch  served  in  the  capacity  of  Assistant  Engineer  with  the  American 
Bridge  Company  until  September  15,  1919,  when  he  became  associated  with 
the  United  States  Steel  Products  Company,  and  was  sent  to  Cape  Town,  South 
Africa,  as  Resident  Engineer,  which  appointment  he  held  until  the  time  of  his 
death.    He  is  survived  by  his  widow  and  two  daughters. 

Although  his  career  was  cut  short  by  his  untimely  end,  Mr.  Hirsch  lived  to 
fulfill  his  promise  as  a  brilliant  student,  always  discharging  the  duties  of  his 
various  positions  with  great  satisfaction  and  being  held  in  high  esteem  by  his 
associates  for  his  professional  ability.  He  was  a  man  of  sterling  qualities  and 
integrity  of  character,  conscientious,  upright,  frank,  and  sincere,  loving  his 
work  with  singular  devotion.  His  personality  was  winning  and  attractive,  and 
all  who  came  in  contact  with  him  were  pleased  to  number  him  among  their 
friends. 

Mr.  Hirsch  was  elected  an  Associate  Member  of  the  American  Society 
of  Civil  Engineers  on  June  18,  1918. 

•  Memoir  prepared  by  William  H.  Chorlton,  M.  Am.  Soc.  C.  E. 
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ARTHUR  FRANCIS  HOLLAND,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  June  22,  1922. 


Arthur  Francis  Holland,  the  son  of  Edwin  and  Margaret  Holland,  was  born 
at  Barre,  Vt.,  on  September  10,  1888.  He  received  his  early  education  in  the 
public  schools  of  Seattle,  Wash.,  to  which  city  his  parents  had  moved.  He 
afterward  entered  Norwich  University  and  was  graduated  therefrom  in  1913 
with  the  degree  of  Bachelor  of  Science  in  Civil  Engineering. 

In  July,  1913,  immediately  after  leaving  college,  Mr.  Holland  entered  the 
United  States  Engineer  Department  at  Wheeling,  W.  Va.,  and  remained  in 
that  service  until  September,  1915.  During  this  time,  he  served  as  Inspector 
and  had  charge  of  construction  work  on  the  Ohio  River  locks  and  dams  in  the 
Wheeling  District.  He  was  also  engaged  on  the  design,  estimates,  drafting, 
and  office  computations  and  records,  in  connection  with  these  structures. 

In  September,  1915,  he  entered  the  employ  of  The  Koppers  Company,  as 
Instrumentman,  on  the  by-product  coke  plant  then  being  constructed  for  the 
River  Furnace  Company,  at  Cleveland,  Ohio.  In  March,  1916,  he  was  trans- 
ferred to  the  plant  being  built  for  the  Seaboard  By-Product  Coke  Company, 
at  Jersey  City,  N.  J.,  as  Field  Engineer,  in  which  capacity  he  had  charge  of 
the  Engineer  Corps  and  all  layout  work  in  connection  with  the  plant,  until 
August,  1917. 

In  September,  1917,  Mr.  Holland  entered  the  Engineer  Reserve  Officers' 
Training  Camp  at  Camp  American  University,  Washington,  D.  C,  and  was 
assigned  to  Company  2.  On  the  completion  of  the  course,  no  openings  were 
available  in  active  service,  and  he  returned  from  camp  in  November,  although 
he  was  not  discharged  from  the  service  until  some  time  during  1918. 

In  December,  1917,  he  returned  to  the  service  of  The  Koppers  Company  and 
was  placed  in  charge  of  the  construction  of  a  large  by-product  coke  oven  plant 
for  the  Providence  Gas  Company,  at  Providence,  R.  I.  This  work  was  com- 
pleted in  June,  1919.  From  July,  1919,  to  February,  1920,  Mr.  Holland  was 
in  charge  of  the  tearing  down  and  rebuilding  of  a  battery  of  coke  ovens  for 
the  Inland  Steel  Company,  at  Indiana  Harbor,  Ind.  During  the  summer  of 
1920,  his  health  did  not  permit  him  to  engage  in  active  work,  although  part 
of  this  time  was  spent  in  the  Pittsburgh  Office  of  The  Koppers  Company.  In 
November,  1920,  he  was  placed  in  charge  of  the  work  of  dismantling  and 
rebuilding  a  coke  oven  battery  for  the  Milwaukee  Coke  and  Gas  Company,  at 
Milwaukee,  Wis.,  and  it  was  while  he  was  thus  engaged  that  he  was  overcome 
by  the  illness  which  resulted  in  his  death  on  June  22,  1922.     • 

Mr.  Holland  was  a  man  of  unusual  character  and  integrity,  loyal  to  his 
associates,  conscientious  and  painstaking  in  his  work.  His  own  comfort  and 
convenience  were  never  permitted  to  interfere  with  his  duty  to  his  employer, 
and  he  was  kind  and  considerate  to,  and  well  beloved  by,  his  subordinates. 

*  Memoir  prepared   by   D.    M.    Craig,    Esq.,    Pittsburgh,    Pa. 
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He  was  made  a  Master  Mason  on  June  1,  1920,  and  was  a  member  of 
Wetzel  Lodge  No.  39,  F.  and  A.  M.  He  is  survived  by  his  wife,  who  was 
Quintie  Louise  Potts,  and  two  sons,  John  Arthur  and  James  Edward. 

Mr.  Holland  was  elected  an  Associate  Member  of  the  American  Society  of 
Civil  Engineers  on  October  14,  1919. 


I 
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WALTER  LAWRENCE  HULL,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  June  20,  1922. 


Walter  Lawrence  Hull,  the  son  of  Edward  Fred  and  Hattie  Louise  Hull, 
was  born  at  Ossining,  N.  Y.,  on  April  19,  1885.  He  was  educated  in  the 
Public  Schools  of  Brooklyn,  N.  Y.,  and  finished  his  schooling  at  Cooper  Union, 
New  York  City. 

In  1902,  Mr.  Hull  commenced  the  practice  of  his  profession  as  a  Draftsman 
in  the  City  Surveyor's  Office,  Brooklyn,  N.  Y.  Subsequently,  for  a  period  of 
about  six  years,  he  served  in  various  engineering  capacities  for  the  Lehigh 
Valley  Railroad  Company,  in  New  York  City;  the  Public  Service  Railway  Com- 
pany of  New  Jersey,  in  Newark,  N.  J.;  the  New  York  Central  and  Hudson 
River  Railroad  Company,  in  Yonkers,  N.  Y. ;  the  Pennsylvania  Railroad  Com- 
pany, on  the  North  River  Timnels,  in  New  York  City;  with  Mr.  Charles 
Cranford,  Contractor,  in  Brooklyn;  and  with  the  Hudson  and  Manhattan  Rail- 
road Company,  on  tunnel  work,  in  New  York  City. 

In  1908,  Mr.  Hull  entered  the  service  of  the  Delaware,  Lackawanna  and 
Western  Railroad  Company,  in  the  Engineering  Department,  and  continued  in 
the  employ  of  that  Company  for  about  eleven  years,  except  during  1910  and 
1911,  which  he  devoted  to  private  practice  in  water-proofing  work.  During  the 
greater  part  of  his  service  with  the  Delaware,  Lackawanna  and  Western  Rail- 
road Company,  Mr.  Hull  specialized  in  construction,  his  last  work  having  been 
as  Resident  Engineer  on  the  elimination  of  grade  crossings  at  Passaic,  N.  J. 
Mr.  Hull's  ability  was  well  adapted  to  construction  work,  which  reflected  his 
well  developed  esthetic  side,  and  his  originality  and  progressiveness  often 
resulted  in  the  adoption  by  the  Company  of  novelties  in  design  and  methods  of 
construction  which  proved  to  be  valuable. 

Mr.  Hull's  achievements  on  track  elevation  through  Orange,  N.  J.,  for  the 
Delaware,  Lackawanna  and  Western  Railroad  Company,  on  which  he  was 
engaged  previous  to  his  work  at  Passaic,  N.  J.,  resulted  in  his  appointment  as 
City  Engineer  of  Orange  in  1919,  which  position  he  held  at  the  time  of  his 
sudden  death  on  June  20,  1922,  from  spinal  meningitis,  after  an  illness  of 
only  two  days. 

In  1906,  Mr.  Hull  w^as  married  to  Florence  Irene  Erwood,  of  Brooklyn, 
N.  Y.,  who,  with  two  sons  and  one  daughter,  survives  him. 

He  was  a  member  of  Corinthian  Lodge,  F.  and  A.  M.,  of  Orange,  N.  J.,  the 
New  England  Society  of  Orange,  N.  J.,  and  the  American  Road  Builders 
Association. 

Mr.  Hull  was  elected  an  Associate  Member  of  the  American  Society  of  Civil 
Engineers  on  January  19,  1920. 

*  Memoir  prepared  by  William  H.  Speirs,  Esq.,  Glen  Ridge,  N.  J. 
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CLIFFORD  MARSHALL  KING,  Assoc.  M.  Am.  Soc.  C.  T.* 


Died  January  2,  1922. 

Clifford  Marshall  King,  the  son  of  Judge  and  Mrs.  Edmund  B.  King, 
was  born  in  Sandusky,  Ohio,  on  December  17,  1879. 

He  received  his  elementary  education  in  the  Sandusky  schools  and  at 
Oberlin  Academy.  In  September,  1897,  he  entered  Adelbert  College,  Western 
Eeserve  University,  at  Cleveland,  Ohio.  In  April,  1898,  he  enlisted  in  the 
Army  and  served  as  Battalion  Sergeant  Major  of  the  Second  Battalion,  6th 
Regiment,  Ohio  Volunteer  Infantry,  until  September,  1898,  when  he  was 
honorably  discharged  by  order  of  President  McKinley.  Mr.  King  received 
his  B.  A.  Degree  from  Western  Reserve  in  1901,  and  in  the  same  year,  entered 
Cornell  University,  from  which  he  was  graduated  with  the  degree  of  Civil 
Engineer  in  1904.  He  received  Sigma  Xi  honors  and  was  a  member  of  the 
Alpha  Delta  Phi  Fraternity. 

After  his  graduation  and  until  1907,  Mr.  King  was  Assistant  Engineer  in 
the  United  States  Reclamation  Service  and  Deschutes  Irrigation  and  Power 
Company.  From  January,  1908,  until  the  latter  part  of  1912,  he  served  as 
City  Engineer  of  Sandusky,  Ohio.  After  completing  his  terms  as  City 
Engineer,  and  up  to  the  time  of  his  taking  office  as  County  Engineer  of 
Erie  County,  Ohio,  in  January,  1915,  he  devoted  his  time  to  the  general 
practice  of  Civil  Engineering  in  his  own  office  in  Sandusky. 

Mr.  King  served  as  County  Engineer  for  two  years  and  then  entered  the 
TI.  S.  Army  as  Captain  in  the  Engineer  Corps.  After  receiving  his  honor- 
able discharge  from  the  Army  in  1919,  he  entered  the  employ  of  the  City 
of  Cleveland  as  Assistant  Engineer  in  charge  of  design  in  the  Sub-Division 
of  Sewage  Disposal,  in  which  position  he  remained  until  his  death  on  January 
2,  1922.  Just  prior  to  his  death,  he  had  made  arrangements  to  become  asso- 
ciated in  private  engineering  practice  with  George  B.  Gascoigne,  M.  Am. 
Soc.  C.  E.,  in  a  position  similar  to  that  which  he  held  with  the  City  of 
Cleveland. 

He  is  survived  by  his  widow,  Edith  Davis  King,  his  parents,  and  one 
sister. 

Mr.  King  was  an  ardent  patriot,  and  in  1895  began  his  military  training 
with  enlistment  in  Company  B,  16th  Regiment,  Ohio  National  Guard.  In 
1898,  as  stated,  he  was  in  the  Federal  Service  during  the  Spanish-American 
War  and  when  the  United  States  entered  the  World  War,  Mr.  King  was 
among  the  first  to  offer  his  services.  He  was  commissioned  as  Captain  in  the 
Engineer  Reserve  Corps  on  August  27,  1917,  and  soon  after  entered  the 
Second  Engineer  Officers'  Training  Camp.  After  receiving  his  commission, 
he  served  as  Assistant  to  the  Division  Engineer,  88th  Diwsion,  and  was 
detailed  as  Instructor  of  Field  Fortifications  at  the  Third  Officers'  Training 
Camp  at  Camp  Dodge,  Iowa.  Soon  afterward  he  was  assigned  to  the  528th 
Engineers  and  was  Commander  of  Company  B  from  April,  1918,  to  March, 

*  Memoir  prepared  by  George  B.  Gascoigne  and  Robert  Hoffmann,  Members,  Am.  Soc. 
C.  B. 
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1919,  when  he  was  promoted  to  Commander  of  the  Battalion,  which  office 
he  held  until  the  time  of  its  demobilization  at  Camp  Gordon,  in  July,  1919. 
He  served  in  France  from  July,  1918,  to  June,  1919. 

Mr.  King  thoroughly  enjoyed  his  military  experiences  and  had  such  a 
complete  grasp  of  the  details  of  the  various  movements  in  France  that  after 
his  return  it  was  most  instructive  and  entertaining  to  listen  to  his  explana- 
tions of  the  accomplishments  of  the  Field  Armies. 

As  a  Civil  Engineer,  Mr.  King  has  left  work  in  and  around  Sandusky, 
which  will  stand  to  his  credit  for  many  years  to  come.  This  applies  particu- 
larly to  the  Cedar  Point  Chaussee  and  various  highways  and  bridges  in  which 
he  specialized. 

In  his  professional  service,  he  was  conscientious  and  painstaking  to  the  last 
degree.  His  ability  to  apply  himself  to  a  problem  showed  a  power  of  con- 
centration possessed  by  few.  He  was  an  untiring  worker  and  would  never 
rest  until  the  task  at  hand  was  completed. 

Although  quiet  and  reserved  by  nature,  Mr.  King  nevertheless  had  a  keen 
sense  of  humor.  His  politeness  and  chivalry  were  noted  by  every  one  who 
had  occasion  to  meet  him  socially.  To  those  who  knew  him  intimately,  he 
had  a  personal  charm  that  made  him  not  only  highly  respected  but  greatly 
beloved  as  well.  His  passing  leaves  a  gap  in  the  ranks  of  his  many  friends 
who  knew  him  in  all  circumstances  as  a  man  of  sterling  character  and 
high  ideals. 

He  always  kept  abreast  of  the  times  and  identified  himself  with  various 
professional  societies.  He  was  a  member  of  the  American  Association  of 
Engineers,  the  Ohio  Engineering  Society  and  the  American  Society  of 
Military  Engineers.  In  addition  to  the  professional  societies,  he  was  a  mem- 
ber of  the  City  Club  of  Cleveland  and  also  of  various  Masonic  bodies,  in  all 
of  which  he  had  attained  a  high  degree  of  eminence. 

Mr.  King  was  elected  a  Junior  of  the  American  Society  of  Civil  Engineers 
on  March  6,  1906,  and  an  Associate  Member  on  July  1,  1909. 
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LOUIS  WILLIAM  KLINGNER,  Assoc.  M.  Am.  Soc.  C.  V* 


Died  April  2,  1922. 


Louis  William  Klingner,  the  son  of  Dr.  Louis  M.  Klingner,  was  born  at 
Toronto,  Ont.,  Canada,  on  June  10,  188G.  He  received  his  engineering 
education  at  the  University  of  Toronto  from  which  he  was  graduated  in  1907. 
This  was  followed  by  post-graduate  work  at  Columbia  University,  New  York 
City,  during  1909-10. 

From  June  to  October,  1905,  Mr.  Klingner  served  as  Chainman  and  Kodman 
with  the  Canadian  Pacific  Railway  Company,  and  from  May  to  October,  1906, 
he  was  employed  as  Draftsman  in  the  office  of  Division  Engineer  F.  S.  Darling, 
M.  Am.  Soc.  C.  E.,  in  Toronto. 

Mr.  Klingner  was  Field  Draftsman  and  Instrumentman  on  the  Georgian 
Bay  and  Seaboard  Branch  of  the  Canadian  Pacific  Eailway  from  May,  1907, 
to  January,  1909.  While  in  this  position,  he  prepared  plans  for  the  layout  of 
docks  and  quays,  and  the  harbor  at  Port  MclSTichol,  on  the  western  terminal 
of  the  line.  He  was  also  engaged  on  the  layout  of  the  yards  and  the  first 
unit  of  grain  elevators. 

From  January  to  May,  1909,  he  was  employed  on  the  preparation  of  plans 
for  the  Toronto-Sudbury  Branch,  and  the  Georgian  Bay  and  Seaboard  Rail- 
way, of  the  Canadian  Pacific  System,  in  the  offices  of  the  Division  Engineer. 

From  July  to  November,  1909,  Mr.  Klingner  was  with  G.  A.  Just  and 
Company,  in  Long  Island  City,  N.  Y.,  as  Detailer  on  structural  steel,  and 
from  November,  1909,  to  July,  1910,  he  was  employed  by  the  New  York  Central 
Railroad  Company  as  Designer  on  masonry  and  reinforced  concrete  for  the 
Grand  Central  Terminal,  New  York  City. 

From  July,  1910,  to  February,  1911,  he  was  with  the  Foundation  Company, 
Limited,  of  Montreal,  Que.,  Canada,  in  the  following  capacities :  Superintend- 
ent of  Construction  on  reinforced  concrete  oil  tanks,  built  for  the  Queen  City 
Oil  Company  at  Toronto,  from  July  to  December,  1910,  and  as  Assistant 
Superintendent  on  the  Dominion  Express  Building  foundations  in  Montreal, 
from  December,  1910,  to  February,  1911. 

From  February,  1911,  to  March,  1912,  Mr.  Klingner  served  as  Resident 
Engineer  on  double  track  from  Smiths  Falls,  west,  to  Glen  Tay,  Ont.,  in 
charge  of  all  grading,  bridges,  culverts,  etc.,  for  the  Canadian  Pacific  Railway, 
and  from  March  to  May,  1912,  he  was  in  charge  of  a  party  revising  location 
on  the  Campbellford,  Lake  Ontario,  and  Western  Railway,  a  branch  of  the 
Canadian  Pacific  Railway.  In  May,  1912,  he  was  appointed  Resident  Engineer 
on  Section  No.  3  of  the  same  road,  in  charfe:e  of  all  grading,  laying  out  of 
bridges  and  culverts,  and  preparing  plans  for  bridges,  trestles,  etc.,  which 
position  he  retained  until  August,  1913. 

During  the  latter  part  of  1913  and  in  1914,  Mr.  Klingner  was  employed 
as  Company  Engineer  with  the  Dominion  Construction  Company,  at  Toronto. 
At  the  outbreak  of  the  World  War,  he  enlisted  as  a  Lieutenant  with  the  2d 

•  Memoir  compiled  from  information  supplied  by  Fraser  S.  Keith,  Secretary,  Bng. 
Jps|t,  of  Canada,  and  on  file  at  the  Headquarters  of  the  Society. 
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Field  Company,  Canadian  Engineers,  and  was  engaged  at  first  in  instructing 
and  training  infantry  in  field  works  and  military  engineering  at  Toronto. 

From  April  to  December,  1915,  he  was  in  charge  of  construction  work  at 
Niagara  Camp,  and  from  December,  1915,  to  March,  191G,  he  was  with  0.  C. 
Depot  Company  at  the  Engineers'  Training  Depot,  at  Ottawa,  Ont.  From 
March  to  July,  1916,  he  served  with  the  8th  and  10th  Field  Companies, 
Canadian  Engineers,  in  England,  and  from  August,  1916,  to  May,  1918,  he 
was  Lieutenant  in  the  10th  Field  Company,  Canadian  Engineers,  in  France. 
From  May  to  August,  1918,  he  served  as  Captain  of  the  10th  Battalion, 
Canadian  Engineers,  and  from  August,  1918,  to  July,  1919,  as  Staff  Captain, 
4th  Brigade,  Canadian  Engineers. 

Captain  Klingner  was  awarded  the  Military  Cross  on  November  16,  1916, 
for  exceptional  courage  in  bringing  in,  under  enemy  fire,  a  wounded  Canadian 
officer  at  the  Somme,  risking  his  life  for  a  comparative  stranger.  He  was 
demobilized  on  July  6,  1919. 

On  his  return  to  Canada,  he  accepted  the  position  of  Company  Engineer 
and  Comptroller  of  the  International  Corporation  of  Canada,  at  Montreal, 
and,  in  1920,  he  was  appointed  District  Irrigation  Officer  in  charge  of  all  irriga- 
tion surveys  in  Mesopotamia,  with  the  Irrigation  Directorate,  Bagdad,  Meso- 
potamia, having  under  his  control  eighty-four  local  officers,  with  parties  in 
the  field. 

On  April  2,  1922,  while  making  a  trip  along  the  Tigris  River  from  Bagdad 
to  his  Serrai  headquarters,  his  motor  launch  was  swept  against  a  bridge  pier 
with  such  force  that  it  was  crushed  and  sunk  within  20  sec.  and  Capt.  Klingner 
was  drowned. 

He  was  a  man  of  generous  nature,  sterling  character,  and  high  ideals,  and 
his  loss  is  irreparable. 

Captain  Klingner  was  elected  a  Junior  of  the  American  Society  of  Civil 
Engineers  on  October  31,  1911,  and  an  Associate  Member  on  June  24, 
1914.    He  was  also  a  Member  of  the  Engineering  Institute  of  Canada. 
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WILLIAM  ARTHUR  LAFLER,  Assoc.  M.  Am.  Soc.  C.  E* 


Died  January  19,  1922. 


William  Arthur  Lafler,  the  second  son  of  William  Arthur  and  Ida  Anderson 
Lafler,  was  born  at  Gaines,  'N.  Y.,  on  October  22,  1879.  He  received  his 
college  education  at  the  University  of  Michigan,  from  which  he  was  graduated 
in  1903  with  the  degree  of  Bachelor  of  Science  in  Civil  Engineering. 

In  July,  1903,  Mr.  Lafler  became  Junior  Engineer  in  the  United  States 
Engineer  Department,  on  surveys,  maps,  estimates,  etc.,  for  a  deep  waterway 
from  Chicago,  111.,  to  St.  Louis,  Mo.,  and  remained  on  this  work  until  March, 
1906,  when  he  went  to  Monterey,  Mexico,  as  Designing  and  Constructing 
Engineer  for  water-works  and  sewers.  In  September,  1906,  he  entered  the 
Department  of  the  New  York  State  Engineer  on  Barge  Canal  work,  in  charge 
of  surveys  and  estimates  of  cost  in  the  vicinity  of  Rome,  N.  Y.,  and,  later, 
as  Engineer  in  Charge  of  Barge  Canal  Contract  No.  42,  in  the  vicinity  of 
Utica,  N.  Y. 

After  leaving  the  New  York  State  Engineer's  Department,  Mr.  Lafler 
opened  an  ofiice  in  Rochester,  N.  Y.,  and  did  a  great  deal  of  work  along 
hydraulic  lines.  At  the  time  of  his  death,  he  was  particularly  interested  in  the 
reclamation  of  various  parts  of  the  Tonawanda  Swamp  in  the  western  part  of 
New  York  State. 

Mr.  Lafler  was  a  man  of  sterling  integrity  of  character  and  a  high-class 
engineer.  Those  of  his  friends  who  knew  him  best  were  convinced  that,  had  he 
been  granted  the  usual  span  of  life,  he  would  have  made  his  mark  in  the 
engineering  field. 

He  was  married  on  June  11,  1919,  to  Miss  D.  Virginia  Heath  who,  with 
one  daughter,  Lois  Virginia,  survives  him.  He  is  also  survived  by  his  mother 
and  two  brothers. 

He  was  a  member  of  Oriental  Lodge  No.  224,  F.  and  A.  M.,  of  Utica,  N,  Y., 
and  of  the  Ad.  Club  of  Rochester,  N.  Y. 

Mr.  Lafler  was  elected  an  Associate  Member  of  the  American  Society  of 
Civil  Engineers  on  May  4,  1909.  He  was  elected  a  Member  on  January  18, 
1922,  the  day  before  his  death,  but  failed  to  qualify. 

*  Meitioii'   prepared   by   Fred  J.  Wagner,   M.   Am.   Soc.   C.   E. 
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PERCY  MAPES  LAU,  Assoc.  M.  Am.  Soc.  C.  E* 


Died  September  13,  1922. 


Percy  Mapes  Lau  was  born  at  Ortonville,  Oakland  County,  Mich.,  on 
December  15,  1883. 

He  was  educated  in  the  public  schools  of  Detroit,  Mich.,  and  at  Pierce 
Business  College,  Philadelphia,  Pa.  He  also  studied  Civil  Engineering  at 
the  University  of  Michigan  from  September,  1904,  to  June,  1907.  During 
1903,  Mr.  Lau  was  employed  as  a  Stenographer  for  the  International  Mer- 
cantile Marine  Company  of  Philadelphia. 

From  September,  1907,  to  December,  1909,  he  held  field  and  office  posi- 
tions on  preliminary  location  and  construction  work  with  the  San  Diego  and 
Arizona  Railroad  of  San  Diego,  Calif.  Prom  December,  1909,  to  May,  1910, 
he  was  employed  as  Levelman  and  Draftsman  on  highway  work  with  the  San 
Diego  County  Highway  Commission. 

Prom  May,  1910,  to  January,  1911,  Mr.  Lau  served  as  Locating  Engineer 
with  the  Detroit,  Lansing  and  Grand  Rapids  Railway  Company,  of  Detroit, 
Mich.,  and  from  January,  1911,  to  February,  1912,  he  was  employed  as 
Inspector  and  Bridge  Engineer  on  highway  construction  with  the  San  Joaquin 
County  Highway  Commission,  at  Stockton,  Calif. 

In  February,  1912,  Mr.  Lau  was  appointed  Chief  Draftsman  and  Resident 
Engineer  of  Division  II  of  the  California  Highway  Commission,  and  held  this 
position  until  May,  1915.  During  this  time,  for  a  period  of  six  months,  he 
was  on  temporary  leave  of  absence,  acting  as  Chief  Draftsman  and  Field 
Engineer  for  the  San  Mateo  County  Highway  Commission,  of  Redwood  City, 
Calif.  From  May  to  October,  1915,  he  also  served  as  City  Engineer  of 
Dunsmuir,  Calif.,  during  the  construction  of  the  concrete  State  highway 
through  the  corporate  limits  of  the  city. 

In  October,  1915,  Mr.  Lau  was  appointed  Chief  Engineer  of  the  Detroit 
Construction  Company,  Limited,  in  charge  of  the  location  and  construction 
of  the  Detroit,  Pontiac  and  Owosso  Electric  Railway,  extending  from  Detroit 
to  Owosso,  Mich.,  a  distance  of  fifty-four  miles.  It  became  necessary  to 
abandon  this  work  owing  to  conditions  prevailing  at  the  time  of  the  World 
War. 

From  1917  to  1919,  Mr.  Lau  was  in  charge  of  highway  construction  approxi- 
mating $1  000  000  per  year  in  Oakland  County,  Michigan,  and  from  1919  to 
1922,  he  was  engaged  in  the  contracting  business,  during  which  time  he  con- 
structed reinforced  concrete  bridges  and  approximately  forty  miles  of  concrete 
and  gravel  highways  in  Oakland  and  the  neighboring  counties. 

He  was  killed  in  an  automobile  accident  which  occurred  just  north  of 
Pontiac,  Mich.,  on  September  13,  1922. 

Mr.  Lau  was  elected  an  Associate  Member  of  the  American  Society  of  Civil 
Engineers  on  September  12,  1916. 

*  Memoir  compiled  from  information  supplied  by  N.  W.  Strait,  Assoc.  M.  Am.  Soc.  C.  E., 
and  on   file   at  the   Headquarters   of  the   Society. 
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EMERET  CLAUDE  NEUDECKER,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  June  8,  1921. 


Emeret  Claude  Neudecker,  the  son  of  Frank  and  Lavina  (Powers)  Neu- 
decker,  was  born  at  Madison,  N.  Y.,  on  June  8,  1885.  His  early  education 
was  obtained  at  Oriskany  Falls  Union,  New  York,  and  at  Colgate  Academy, 
from  which  he  was  graduated  in  June,  1906.  He  received  his  technical  educa- 
tion at  the  Clarkson  College  of  Technology,  from  which  he  was  graduated 
in  the  Class  of  1911. 

From  July,  1911,  to  February,  1918,  Mr.  Neudecker  was  with  the  New 
York  State  Engineer  at  Albany,  N.  Y.  Starting  as  Chainman,  he  was  pro- 
moted through  the  grades  of  Rodman,  Leveler,  Timekeeper,  Transitman,  In- 
spector, and  Junior  Engineer,  and  on  April  1,  1917,  reached  the  grade  of 
Junior  Assistant  Engineer. 

From  March  1  to  December  22,  1918,  he  was  employed  as  Chief  of  Party 
for  the  Mellon-Stuart  Company,  his  work  consisting  of  giving  grades  and 
locations  for  the  construction  of  a  permanent  hospital  unit  at  Edgewood 
Arsenal,  Edgewood,  Md. 

From  December  22,  1918,  to  March  22,  1920,  Mr.  ISTeudecker  was  with 
the  Shipbuilding  Realty  Corporation,  at  Newport  News,  Va.,  as  Chief  of 
Party.  As  such,  his  work  consisted  of  giving  grades  and  locations  for  all 
main  sewers,  sewage  disposal  plant,  storm  drains,  walks,  curbs,  and  gutters 
for  the  Hilton  Village  Housing  Project.  Later,  he  assisted  in  making  the 
final  record  maps  of  this  work. 

Mr.  Neudecker  began  his  work  for  the  Iowa  Highway  Commission  on 
June  1,  1920,  as  Instrumentman  on  surveys.  He  continued  with  the  Com- 
mission on  various  work,  until  his  death  on  June  8,  1921.  On  December 
9,  1920,  he  was  transferred  to  District  Headquarters  at  Storm  Lake,  Iowa, 
where  he  was  engaged  in  preparing  plans  for  road  construction  for  the  State. 
On  April  1,  1921,  he  was  transferred  to  Humboldt,  Iowa,  as  Resident  Engineer 
on  grading  and  paving,  and  he  was  located  at  Humboldt  at  the  time  of 
his  death. 

On  July  15,  1913,  Mr.  Neudeeker  was  married  to  Sarah  E.,  daughter 
of  Willard  Bruce  and  Lephe  L.  Sprague,  of  Canton,  N.  Y.,  who  died  in 
May,  1918.    A  daughter,  Sarah  Frances,  survives  him. 

Mr.  Neudecker  was  a  man  of  the  conservative  type.  He  was  one  of  the 
few  men  who  actually  have  more  ability  than  they  themselves  realize.  While 
in  Iowa,  he  established  a  reputation  as  a  careful,  accurate  engineer,  in 
recognition  of  which  he  was  given  the  important  assignment  at  Humboldt. 
He  numbered  among  his  friends  all  his  associates  in  the  highway  work,  and 
his  sudden  death  was  a  shock  to  his  friends  in  Iowa  and  his  relatives  in  New 
York  State. 

Mr.  Neudecker  was  elected  an  Associate  Member  of  the  American  Society 
of  Civil  Engineers  on  April  19,  1920. 

*  Memoir  prepared  by  J.  F.   Reynolds,  Assoc.  M.  Am.  Soc.  C.   E. 
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SPENCER  BAIRD  NEWBERRY,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  No^^mber  28,  1922. 


Spencer  Baird  Newberry,  the  third  son  of  Professor  John  Strong  Newberry, 
sometime  State  Geologist  of  Ohio  and,  for  many  years,  Professor  of  Geology  at 
Columbia  University,  New  York  City,  was  born  in  Cleveland,  Ohio,  on  May 
11,  1857,  and  was  graduated  at  the  School  of  Mines,  Columbia  University, 
in  1878,  taking  his  doctor's  degree  there  one  year  later.  He  studied  in  Berlin, 
Germany,  and  Paris,  France,  for  two  years,  and,  from  1881  to  1892,  was  Acting 
Professor  of  Chemistry  at  Cornell  University,  Ithaca,  N.  Y.  In  1889,  he  was 
sent  by  the  Government  as  Expert  Commissioner  to  the  Paris  Exposition,  and, 
in  1893,  he  was  a  member  of  the  Jury  of  Awards  at  the  World's  Fair  at 
Chicago,  111. 

While  at  Cornell  University,  Dr.  Newberry  became  interested  in  the  manu- 
facture of  Portland  cement,  then  in  its  infancy  in  the  United  States.  Recog- 
nizing the  possibilities  for  the  future  development  of  the  cement  industry,  he 
left  Cornell  and  founded  the  Sandusky  Portland  Cement  Company  with  its 
first  plant  at  Bay  Bridge,  near  Sandusky,  Ohio,  built  in  1892.  He  was  Gen- 
eral Manager  of  this  Company  until  1912,  when  he  became  President,  which 
position  he  occupied  until  his  death.  The  business  developed  rapidly  and 
other  plants  were  built  in  Syracuse,  Ind.,  Dixon,  111.,  and  York,  Pa.,  which 
have  been  successfully  operated  for  many  years.  During  the  last  year  of  his 
life.  Dr.  Newberry's  energies  were  devoted  to  the  planning  and  erection  of  a 
new  plant  near  Toledo,  Ohio,  on  a  valuable  and  unique  deposit  of  limestone 
discovered  through  a  paragraph  in  his  father's  first  report  on  the  Geological 
Survey  of  Ohio  in  1874,  and  the  plant,  incorporating  as  it  does  the  results  of 
his  wide  experience  in  the  art,  is  expected  to  be  the  last  word  in  modern  cement 
practice.  Although  he  did  not  live  to  see  it  in  operation,  he  took  the  greatest 
satisfaction  in  its  construction. 

Dr.  Newberry  was  the  first  to  demonstrate  that  white  Portland  cement 
could  be  made  successfully,  and  the  factory  at  York,  Pa.,  is  devoted  to  the 
manufacture  of  this  product  alone,  which  has  found  wide  use  in  ornamental 
architectural  work.  He  was  also  successful  in  inventing  and  manufacturing 
an  integral  water-proofing  compound  for  concrete,  and  had  taken  out  many 
patents  on  chemical  processes  in  the  cement  and  other  industries.  His  early 
investigations  into  the  chemical  constitution  of  cement  and  the  determination 
of  a  theoretical  formula  for  proportioning  the  raw  materials  have  been  recog- 
nized as  having  marked  an  epoch  in  the  industry,  and  he  was  conceded  to  be 
one  of  the  foremost  authorities  on  the  chemistry  of  cement  as  well  as  on  the 
mechanical  processes  of  its  manufacture.  He  was  also  the  author  of  many 
articles  and  monographs  on  the  art,  which  are  considered  highly  important 
and  valuable  contributions  to  the  knowledge  of  this  industry. 


•  Memoir  prepared  by  W.  B.  Newberry,  Esq.,  Cleveland,  Ohio. 
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Dr.  Newberry  was  married  at  Ithaca,  N.  Y.,  in  1882,  to  Clara,  daughter  of 
the  Hon.  Andrew  D.  White,  then  President  of  Cornell  University.  She  died 
in  1907,  leaving  two  sons,  Andrew  W.  and  Arthur  C.  Newberry,  both  of 
whom  survive  their  father.  In  1908,  he  was  married  to  Helene  Printy,  of 
Vickery,  Ohio,  who  also  survives  him. 

Dr.  Newberry  was  elected  an  Associate  Member  of  the  American  Society 
of  Civil  Engineers  on  January  6,  1897. 
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ABRAHAM  JOHN  RUTH,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  November  3,  1921. 


Abraham  John  Ruth,  the  son  of  Daniel  and  Anna  Ruth,  was  born  in 
St.  Clair  County,  Dlinois,  on  April  6,  1874.  He  was  educated  at  the  Uni- 
versity of  Kansas,  from  which  he  was  graduated  in  1901,  with  the  degree  of 
Bachelor  of  Science  in  Civil  Engineering. 

During  his  s\immer  vacation  in  1900,  Mr.  Ruth  served  as  Topographer  on 
a  railway  survey  in  Arkansas.  After  his  graduation,  in  June,  1901,  he  entered 
the  employ  of  the  American  Bridge  Company,  at  Trenton,  N.  J.,  as  Draftsman 
on  the  detailing  of  steelwork,  but  he  resigned  in  April,  1902,  to  accept  a 
position  as  Draftsman  in  the  Bridge  and  Building  Department  of  the  Chicago, 
Milwaukee,  and  St.  Paul  Railway  Company,  at  Chicago,  111.  In  this  capacity, 
he  was  engaged  on  the  design  and  detailing  of  steel  and  masonry  work,  having 
had  charge  for  one  year  of  masonry  design  for  the  Department. 

In  August,  1904,  Mr.  Ruth  went  to  the  Pacific  Coast,  and  entered  the 
service  of  the  Southern  Pacific  Company,  having  been  engaged  on  main- 
tenance-of-way  and  office  work  on  the  Los  Angeles  Division. 

In  July,  1905,  he  was  appointed  Assistant  Engineer  and  Chief  Draftsman 
in  the  Railway  Department  of  the  Cananea  (Mexico)  Consolidated  Copper 
Company,  and  was  engaged  on  the  design  of  bridges,  structures,  machines, 
etc.,  and  also  assisted  in  superintending  their  construction.  In  February, 
1911,  he  was  also  given  charge  of  the  Mechanical  Drafting  Room  of  the 
Company,  and  from  June,  1912,  to  1913,  he  served  as  Chief  Engineer  in 
charge  of  engineering  and  construction  work.  In  1913,  Mr.  Ruth  entered  the 
service  of  the  Arizona  Copper  Company,  with  which  Company  he  remained 
for  several  years.  He  was  also  engaged  in  the  automobile  business  for  a 
number  of  years. 

On  January  1,  1921,  he  went  to  Tampico,  Tamps.,  Mexico,  "in  the  employ 
of  the  Huasteca  Petroleum  Company,  with  which  Company  he  served  until 
his  death  on  November  3,  1921. 

He  was  married  on  December  25,  1902,  to  Emma  C.  Eymann,  who,  with 
three  daughters  and  one  son,  survives  him.  He  is  also  survived  by  his  father, 
eight  brothers,  and  three  sisters. 

Mr.  Ruth  was  elected  an  Associate  Member  of  the  American  Society  of 
Civil  Engineers  on  March  4,  1913.  He  had  also  been  a  member  of  the 
Western  Society  of  Engineers. 

*  Memoir  prepared  from  information  furnished  by  M.  H.  Willis,  Assoc.  M.  Am.  Stje. 
C.  B.,  and  on  file  at  the  Headquarters  of  the  Society. 
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HUGO  JULIUS  SCHEUERMANN,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  July  20,  1921. 


Hugo  Julius  Scheuermann  was  born  at  Suvalki,  Russia,  on  February  11, 
1873.  After  completing  his  elementary  education,  he  attended  High  School 
from  1885  to  1889,  taking  a  preparatory  course  for  Engineering  Science  at 
the  Standard  Government  School,  at  Petrograd,  from  which  he  was  graduated 
in  1892,  with  the  degree  of  Civil  Engineer. 

After  his  graduation,  Mr.  Scheuermann  was  appointed  Assistant  Engineer 
with  the  Department  of  Railroads,  Petrograd,  with  headquarters  at  Bialy- 
stock.  He  came  to  the  United  States  early  in  1894,  and,  for  two  years,  was 
employed  with  the  Southern  Pacific  Railroad  Company  on  track  relocation. 

From.  1896  to  1904,  he  was  active  in  the  design  and  construction  of  struc 
tural  steel  with  the  American  Bridge  Company,  Hitchens  and  Company,  and 
Milliken  Brothers.  In  1904,  he  was  appointed  Bridge  Designer  in  the  office 
of  the  State  Engineer  and  Surveyor  of  New  York  State,  and  held  this  posi- 
tion until  the  time  of  his  death,  at  his  home  in  Albany,  N.  Y.,  on  July 
20,  1921. 

Mr.  Scheuermann  became  a  citizen  of  the  United  States  and  married  here. 
He  is  survived  by  three  children,  his  wife  having  died  several  years  ago. 

Of  a  quiet  and  unassuming  personality,  he  was  a  conscientious  and 
thorough  workman,  and  was  devoted  to  his  family. 

Mr.  Scheuermann  was  elected  an  Associate  Member  of  the  American 
Society  of  Civil  Engineers  on  December  7,  1904. 

♦  Memoir   prepared  by   William  Russell   Davis,   Assoc.   M.   Am.    Soc.   C.   E. 
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JOHN  EARL  SHOEMAKER,  Assoc.  M.  Am.  Soc.  C.  E* 


Died  June  22,   1922. 


John  Earl  Shoemaker  was  born  in  Charleston,  111.,  on  September  26,  1881. 
He  was  educated  at  the  University  of  Illinois,  was  graduated  with  the  highest 
honors  of  his  class,  and  received  his  Bachelor  of  Arts  degree  in  1903. 

His  first  engineering  work  was  with  the  Wisconsin  Bridge  and  Iron  Com- 
pany. From  1905  to  1907,  he  was  connected  with  the  U.  S.  Reclamation 
Service  on  various  projects.  From  1907  to  1909,  he  was  with  the  Departamento 
de  Obras  Publicas,  Cuba,  and  had  charge  of  designing  and  constructing  several 
large  water-supply  systems.  From  1909  to  1912,  he  was  employed  as  Design- 
ing and  Construction  Engineer  for  various  irrigation  projects  in  Colorado, 
Wyoming,  and  Montana. 

Mr.  Shoemaker  came  to  Seattle,  Wash.,  in  November,  1912,  and  in  January, 
1913,  accepted  the  position  of  Assistant  Engineer  with  the  Port  of  Seattle  in 
charge  of  outside  construction.  In  April,  1915,  he  was  made  Assistant  Chief 
Engineer,  and  remained  in  that  capacity  until  March,  1916,  at  which  time  he 
resigned  to  form  a  partnership  with  Peter  Swensson,  under  the  firm  name  of 
Swensson  and  Company,  General  Contractors.  This  partnership  lasted  six 
years,  during  which  time  work  on  many  important  contracts  was  done.  He 
occupied  the  positions  of  President  and  Secretary,  respectively,  of  the  Seattle 
Master  Builders'  Association. 

In  the  spring  of  1922,  after  refusing  a  responsible  position  with  the  Asia 
Development  Company,  of  Shanghai,  China,  Mr.  Shoemaker  accepted  a  posi- 
tion as  Chief  Engineer  of  a  large  coal  mining  company  at  Herrin,  111.  He 
was  the  first  man  killed  in  the  cowardly  and  disgraceful  riot  at  that  place  on 
June  22,  1922,  while  defending  the  Superintendent  of  the  mine,  a  cripple,  who 
was  being  mistreated  by  the  strikers.  He  is  survived  by  his  widow  and  three 
small  sons. 

Mr.  Shoemaker  was  a  man  of  sterling  qualities  and  charming  disposition, 
and  commanded  the  respect  and  esteem  of  all  who  knew  him.  He  was  an  able 
engineer,  noted  for  his  tact  and  ability  in  handling  men,  and  was  an  expert 
mathematician. 

Mr.  Shoemaker  was  elected  an  Associate  Member  of  the  American  Society 

of  Civil  Engineers  on  June  6,  1911. 

, « ■ — ■  ~  ' 

•  Memoir  prepared  by  G.   F.   Nicholson,  M.   Am.  Soc.  C.  E. 
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HILMAR  FREDERICK  SiMITH,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  January  6, 1923. 


Hilmar  Frederick  Smith  was  born  at  New  Brunswick,  N.  J.,  on  January 
13,  1892,  his  parents  being  the  late  Dr.  John  B.  Smith,  formerly  Professor 
of  Entomology  in  Rutgers  College  and  State  Entomologist  of  New  Jersey, 
and  Marie  Ton  Meske  Smith.  He  was  educated  at  Rutgers  College,  New 
Brunswick,  N.  J.,  receiving  the  degree  of  Bachelor  of  Science  in  1913,  the 
degree  of  Electrical  Engineer  in  1920,  and  the  degree  of  Civil  Engineer  in  1922. 

Mr.  Smith  first  began  practicing  his  profession  as  a  Student  Apprentice 
with  the  General  Electric  Company,  at  Schenectady,  N.  Y.,  with  which  com- 
pany he  was  engaged  on  the  testing  of  electrical  apparatus  from  September, 
1913,  to  March,  1915.  From  March,  1915,  to  July,  1916,  he  was  engaged  as 
Assistant  Engineer  and  later  as  Construction  Superintendent  with  the  Nixon 
Nitration  Works,  Millville,  N.  J.,  in  connection  with  the  construction  of  a 
$1  000  000  guncotton  plant.  From  July,  1916,  to  March,  1917,  he  was  employed 
by  Somerset  County,  New  Jersey,  as  a  Surveyor  and  Road  Superintendent  on 
macadam  road  construction.  From  March,  1917,  to  April,  1918,  he  was  em- 
ployed by  the  Pennsylvania  Railroad  on  the  New  York  Division  as  Transitman, 
on  yard  construction  work  at  Princeton,  N.  J. 

He  entered  the  Government  service  in  April,  1918,  at  U.  S.  Nitrate  Plant 
No.  2,  Muscle  Shoals,  Ala.,  holding  at  that  plant  the  position  of  Inspector 
of  Construction  and  Mechanical  Superintendent,  also  acting  as  Technical 
Assistant  to  the  Commanding  Officer.  In  July,  1920,  he  was  transferred  from 
the  Ordnance  Department  to  the  Construction  Service,  Quartermaster  Corps, 
as  Assistant  Supervising  Engineer,  in  charge  of  the  Waco  Quarry  Project, 
Russellville,  Ala.,  during  which  assignment  he  was  in  responsible  charge  of 
work  amounting  to  $535  000.  In  September,  1921,  he  was  transferred  to 
Scott  Field,  Belleville,  111.,  as  Supervising  Engineer  for  the  Construction 
Service  of  the  Quartermaster  Corps  of  the  Army,  at  which  station  he  was  in 
responsible  charge  of  the  engineering  and  inspection  incident  to  the  construc- 
tion of  a  $1  300  000  airship  hangar. 

The  work  entrusted  to  Mr.  Smith's  supervision  during  his  service  with 
the  Government  was  of  considerably  greater  responsibility  than  that  usually 
assigned  to  a  man  of  his  age,  but  his  unusual  ability  along  both  theoretical  and 
practical  engineering  lines,  coupled  with  his  exceptional  devotion  to  his 
profession,  enabled  him  to  discharge  his  duties  at  all  times  in  a  manner  highly 
satisfactory,  and  such  as  would  have  been  a. credit  to  a  much  older  man  than 
himself.  As  a  man  he  possessed  none  but  the  most  sterling  characteristics, 
and  was  universally  respected  and  admired  by  all  his  associates.  His  death 
is  a  distinct  loss  to  the  Engineering  Profession,  in  which  he  was  taking  a 
foremost  place  for  a  man  of  his  years,  not  only  by  carrying  on  successfully 
the  important  work  on  which  he  was  engaged,  but  as  a  frequent  contributor 
to  the  technical  press. 

Mr.  Smith  was  elected  an  Associate  Member  of  the  American  Society  of 
Civil  Engineers  on  November  25,  1918. 

•  Memoir  prepared  by  B.  F.  Vandervoort,  Assoc.  M.  Am.  Soc.  C.  E. 
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EDMUND  ABIEL  THORNTON,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  January  9,  1922. 


Edmund  Abiel  Thornton,  the  only  son  of  Thomas  M.  and  the  late  Flora 
(Thorne)  Thornton,  was  born  at  Stoneham.  Mass.,  on  September  13,  1883. 
While  still  a  boy  in  the  Grammar  School,  the  long  and  serious  illness  of  his 
father  brought  him  early  responsibility  and  served  to  develop  the  strong 
traits  of  industry  and  perseverance  that  persisted  in  his  character  during  the 
remainder  of  his  life.  In  these  earlier  school  days,  he  ranked  high  as  a  scholar, 
and,  to  an  unusual  degree,  sought  to  apply  the  knowledge  gained  from  his 
studies  in  the  problems  of  his  daily  life.  He  was  graduated  from  the  Stone- 
ham  High  School  in  1903  as  Valedictorian  of  his  class. 

After  his  graduation  from  High  School,  Mr.  Thornton  passed  the  entrance 
examinations  for  the  Massachusetts  Institute  of  Technology,  winning  a  scholar- 
ship. He  selected  the  course  in  Civil  Engineering,  and  close  application  to 
his  studies  won  him  other  scholarships  which,  together  with  field  work  in 
his  profession  during  summer  vacations,  enabled  him  to  pay  his  expenses 
through  the  four  years  required  for  the  completion  of  the  course.  He  was 
graduated  in  1907  with  the  degree  of  Bachelor  of  Science. 

In  July,  1907,  Mr.  Thornton  entered  the  employ  of  the  Randolph  Lines 
(Southern  Pacific  of  Mexico),  as  Assistant  to  the  OflBce  Engineer  in  Tucson, 
Ariz.  He  remained  in  this  position  until  April,  1909,  when  he  resigned  to 
enter  the  employ  of  the  Ray  Consolidated  Copper  Company  at  Ray,  Ariz., 
as  Draftsman. 

When  he  had  been  for  about  one  year  with  the  Ray  Consolidated  Copper 
Company,  he  was  appointed  Engineer  on  development  work  at  I^o.  2  Mine, 
which  is  now  the  principal  producing  unit  of  the  Company.  While  holding 
this  position,  Mr.  Thornton  made  many  important  surveys,  and  detailed  the 
timbering  and  track  work  for  all  the  main  haulage  drifts  in  the  mine.  The 
exceptional  accuracy  and  keen  perception  which  he  displayed  in  attacking  the 
many  difficult  problems  that  came  to  him  for  solution  during  this  period, 
could  not  fail  to  win  the  appreciation  of  his  superiors,  and,  in  January,  1914, 
he  was  placed  in  charge  of  all  the  surface  engineering  at  the  mines  as  well 
as  of  maintenance  of  way  of  the  Ray  and  Gila  Valley  Railroad. 

During  1914  and  1915,  he  planned  and  carried  out  numerous  important 
surface  improvements  which  the  expanding  plant  and  the  rapidly  growing 
community  made  necessary.  It  was,  also,  during  this  period,  that  he  made 
preliminary  surveys  and  studies  for  the  flood  control  and  diversion  of  Mineral 
Creek,  and  the  result  of  these  studies  was  an  effective  solution  of  what  had 
previously  been  a  serious  problem  to  both  the  mines  and  the  railroad. 

On  May  1,  1916,  Mr.  Thornton  was  appointed  to  the  position  of  Chief 
Engineer,  and  this  well-deserved  promotion  gave  him  broader  scope  in  which  to 
demonstrate  his  unusual  ability.  At  that  time,  the  Ray  Consolidated  Copper 
Company,  as  well  as  all  the  copper  mines,  was  forcing  production  to  the 
utmost  in  order  to  meet  the  tremendous  demand  for  copper  created  by  the 

*  Memoir  prepared  by  Moses  Brown,  Jr.,  Esq.,  Ray,  Ariz. 
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World  War.  With  the  entrance  of  the  United  States  into  the  conflict,  came 
the  necessity  of  still  further  increase  in  production  at  the  time  when  the 
draft  was  taking  away  from  the  working  force  many  of  the  trained  men  who 
could  not  easily  be  spared.  That  the  Ray  Consolidated  Copper  Company  was 
able  to  meet  this  emergency  successfully,  was  due,  in  no  small  measure,  to  the 
efficient  manner  in  which  Mr.  Thornton  directed  the  work  of  his  Department. 
His  fitness  for  a  still  higher  position  was  recognized  and,  on  February  1, 
1918,  he  was  appointed  Assistant  Superintendent  of  Mines,  which  position  he 
still  held  when  his  career  was  brought  to  an  untimely  end  on  January 
9,  1922. 

During  the  last  year  of  his  life,  Mr.  Thornton  suffered  from  an  illness  which 
he  bore  with  great  fortitude  and  which,  with  characteristic  bravery,  he  con- 
cealed even  from  his  most  intimate  associates.  Without  doubt,  persistent 
application  to  his  work'  at  this  time  had  much  to  do  with  hastening  his  death. 
In  July,  1921,  he  returned  to  his  old  home  in  Stoneham,  Mass.,  in  the  hope 
that  a  long  rest  under  skillful  medical  treatment  would  restore  him  to  health, 
but,  unfortunately,  this  object  was  not  realized.  It  was  typical  of  the  man 
that,  up  to  the  last  day  of  his  life,  he  spent  much  of  his  time  in  study. 

In  1911,  Mr.  Thornton  was  married  to  Miss  Louise  J.  Parkhurst,  who, 
with  a  son,  William  Eandolph  Thornton,  and  his  father  and  sister,  survives  him. 

As  an  engineer,  Mr.  Thornton  was  a  man  of  exceptional  ability,  and  a 
close  student  of  all  that  pertained  to  his  profession.  He  was  far-seeing,  yet 
practical.  In  everything  he  attempted,  he  showed  himself  possessed  of  an 
energy  and  power  of  will  which  could  not  fail  of  ultimate  achievement. 

As  a  man  among  men,  he  was  modest  and  unassuming,  but,  whenever 
occasion  required,  he  was  a  fearless,  straightforward  fighter  for  the  cause  of 
justice  and  right.  Clean-minded  and  honorable  in  all  things,  devoted  to  his 
family,  loyal  to  his  friends  and  employers,  he  was  loved  and  respected  by  all 
who  knew  him. 

Mr.  Thornton  was  elected  an  Associate  Member  of  the  American  Society 
of  Civil  Engineers  on  November  4,  1914. 
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WINSLOW  BARNES  WATSON,  Assoc.  M.  Am.  Soc.  C.  E.* 


Died  August  6,  1922. 


Winslow  Barnes  Watson,  the  eldest  son  of  the  late  Judge  Winslow  Charles 
Watson  and  Ella  Barnes  Watson,  was  born  in  Plattsburg,  N.  Y.,  on  August  28, 
1880.  He  was  educated  in  the  Plattsburg  schools,  having  been  graduated  from  the 
High  School  in  1898.  It  was  the  desire  of  Judge  Watson  that  his  son  should 
be  a  lawyer.  For  that  reason,  he  studied  law  in  his  father's  office  during  two 
years  following  his  graduation  from  High  School.  In  the  fall  of  1900,  he 
entered  Union  College,  from  which  he  was  graduated  in  1904  with  the  degree 
of  Bachelor  of  Engineering. 

Immediately  after  finishing  college  in  1904,  Mr.  Watson  was  appointed  a 
Computer  and  Instrumentman  on  the  construction  of  the  ISTew  York  State 
Barge  Canal.  He  remained  in  the  employ  of  the  State  of  New  York  until 
190Y,  when  he  went  to  Panama  where  he  was  engaged  on  the  construction  of 
the  Canal,  and  where  he  remained  until  1908.  At  this  stage  of  the  construc- 
tion of  the  Panama  Canal,  the  sanitary  conditions  were  not  all  that  could  be 
desired,  and,  in  1908,  he  again  returned  to  the  construction  of  the  New  York 
State  Barge  Canal. 

From  1909  to  1912,  Mr.  Watson  was  in  charge  of  Barge  Canal  Construction 
Contract  No.  25,  which  represented  one  of  the  largest  contracts  in  the  State, 
and  covered  a  distance  of  13  miles  of  prism  excavation,  one  lock,  three  dams, 
six  bridges,  and  many  miscellaneous  structures,  aproximating  in  cost  nearly 
$2  000  000.  In  1913  and  1914,  he  was  in  charge  of  all  final  estimates  and  final 
accounts  for  the  work  under  contract  on  the  Barge  Canal,  covering  the  entire 
Eastern  Division.  Also,  at  this  time,  the  surveys,  designs,  and  estimates  for 
the  proposed  Barge  Canal  Extension  of  the  Glens  Falls  Feeder  on  the 
Champlain  Canal  were  under  his  supervision,  as  well  as  practically  all  the 
miscellaneous  surveys,  designs,  and  constructions  in  the  State  Engineer's 
Department. 

In  1915,  Mr.  Watson  became  associated  with  O'Connor  and  Chapman,  Con- 
sulting Engineers,  of  Albany,  N.  Y.  He  remained  with  this  firm  imtil  1917, 
when  he  accepted  the  position  of  Engineer  for  the  Holler,  LaDu  Corporation, 
of  Fort  Edward,  N.  Y. 

Before  the  troops  were  called  into  service  for  the  expedition  against  Mexico, 
in  1916,  he  had  joined  the  10th  Regiment  of  the  New  York  National  Guard, 
and  he  went  with  that  regiment  as  a  Second  Lieutenant.  When  the  National 
Guard  was  mustered  into  Federal  Service  in  1917,  as  a  component  of  the  106th 
Infantry,  he  was  commissioned  as  First  Lieutenant.  He  won  his  captaincy  in 
France.  That  his  military  record  in  the  World  War  was  one  to  be  proud  of, 
can  be  easily  seen  by  the  following  brief  resume:  East  Poperinghe  Line,  July 
9  to  August  20,  1918;  Dickebusche  Sector,  August  30,  1918;  LaSalle  River, 
October  17,  1918;  DeMar  Ridge,  October  18,  1918;  and  St.  Maurice  River, 
•  Memoir  prepared  by  B.  W.  Wendell,  Assoc.  M.  Am.   Soc.   C.  E. 
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October  19,   1918,   which  locations,  and  those  dates,  bring  to  the  mind  the 
fiercest  fighting. 

Captain  Watson's  service  chevrons  were  authorized  on  ISTovember  23,  1918, 
in  Special  Order  329,  Headquarters  106th  Infantry.  His  wound  chevron  was 
authorized  on  December  11,  1918,  by  S.  O.  106,  Hdq.  106th  Inf.,  Special  Order 
No.  31,  which  reads  as  follows : 

"Hdq.    27th    Div.    U.    S.    A. 
"American  E.  F.  France. 
"Jan.  31,  1919. 
"Capt.  Winslow  B.  Watson, 

"106  Infantry. 
"Citation : 

"For  courage  and  determination  in  making  personal  reconnaissance  under 
heavy  enemy  fire;  this  near  St.  Maurice  Eiver,  October  20,  1918." 

On  his  return  from  France,  and  as  soon  as  the  27th  Division  was  mustered 
out  of  service.  Captain  Watson  again  associated  himself  with  the  Holler,  LaDu 
Corporation,  at  Fort  Edward,  N.  Y.,  and  remained  with  this  Corporation  until 
1920. 

In  1920  and  1921,  he  had  charge  of  a  number  of  special  departmental  con- 
structions in  the  Department  of  Public  Works  of  the  State  of  New  York.  In 
1922,  he  was  placed  in  charge  of  the  construction  of  the  new  water  supply 
project  for  the  City  of  Plattsburg,  in  the  capacity  of  Superintendent  in  Charge 
and  Manager  for  Construction,  and  served  in  this  capacity  until  his  accidental 
death  from  drowning  on  August  6,  1922. 

Captain  Watson's  engineering  experience  extended  over  such  a  wide  variety 
of  work  that  his  knowledge  of  construction  was  extensive,  and  he  had  just 
reached  an  age  when  all  this  experience  and  knowledge  could  be  utilized  to  its 
fullest  extent. 

He  is  survived  by  his  wife,  who  before  their  marriage  in  1907  was  Miss 
Irene  Signor,  his  daughters,  Mary  and  Emily,  his  mother,  Mrs.  W.  C.  Watson, 
a  sister.  Miss  Ellen  Watson,  and  two  brothers,  Richard  P.  Watson  and  Mark 
S.  Watson. 

Captain  Watson  was  elected  an  Associate  Member  of  the  American  Society 
of  Civil  Engineers  September  12,  1916. 
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JOHN  ALEXANDER  DAILEY,  Affiliate,  Am.  Soc.  C.  E.* 


Died  February  9,  1922. 


John  Alexander  Dailey,  the  son  of  Nicholas  A.  Dailey,  was  born  in  Ken- 
sington, London,  England,  on  August  13,  1839.  His  parents  came  to  the 
United  States  when  he  was  nine  years  old,  and  settled  in  Covington,  Ky., 
where  he  was  educated. 

At  the  outbreak  of  the  Civil  War,  Mr.  Dailey  who  was  located  at  Evansville, 
Ind.,  enlisted  (April  19,  1861)  in  Company  E,  14th  Indiana  Infantry.  He 
served  with  this  regiment  for  3  years  and  3  months,  and  fought  in  the  battles 
at  Green  Bar,  Second  Bull  Run,  Winchester,  Antietam,  and  Chancellorsville. 
He  was  taken  prisoner  by  the  Confederates,  but  was  afterward  paroled  and 
honorably  discharged  in  1864. 

From  1865  to  1872,  Mr.  Dailey  was  employed  with  Mr.  R.  C.  Phillips,  Sur- 
veyor and  Civil  Engineer,  of  Cincinnati,  Ohio,  and  from  1872  to  1880,  he 
was  engaged  in  the  Engineering  Department  of  the  Cincinnati  Southern 
Railway  Company. 

Mr.  Dailey  then  went  West,  and  from  April,  1880,  until  his  retirement  in 
1904,  he  was  connected  with  the  Atchison,  Topeka  and  Santa  Fe  Railway 
Company  in  various  capacities.  During  the  early  construction  of  the  Com- 
pany's lines,  he  served  under  the  late  A.  A.  Robinson,  M.  Am.  Soc.  C.  E., 
then  Chief  Engineer,  at  Pueblo,  Colo.,  and  at  Las  Vegas,  'N.  Mex.  In  October, 
1881,  he  was  appointed  Office  Engineer  at  Topeka,  Kans.,  and  afterward  was 
engaged  with  the  late  Lewis  Kingman,  M.  Am.  Soc.  C.  E.,  on  the  construction 
of  the  Chicago,  Kansas  and  Western  and  the  Southern  Kansas  Lines  of  the 
Company.  Mr.  Dailey  then  served  as  Assistant  Engineer  on  Maintenance  at 
various  places  in  Colorado,  Missouri,  and  Illinois,  until  1887,  when  he  was 
transferred  to  the  office  of  the  Chief  Engineer  at  Topeka,  where  he  remained 
until  May  15,  1904,  when  he  was  given  a  leave  of  absence  on  account  of  ill 
health. 

He  was  the  first  person  to  receive  a  pension  from  the  Atchison,  Topeka  and 
Santa  Fe  Railway  Company  on  account  of  faithful  and  efficient  service.  He 
had  previously  declined  a  pension  from  the  Government  for  which  he  had  applied, 
in  order  to  refute  the  allusion  that  possibly  his  views  regarding  pensions,  that 
an  able-bodied  man  should  not  draw  a  pension,  were  prompted  by  a  non-pen- 
sionable record.  He  refused  to  acknowledge  that  he  was  disabled  as  long  as 
he  was  earning  a  living  and  claimed  that  the  chronic  rheumatism  which  had 
incapacitated  him — contracted  while  in  the  service— was  a  badge  of  honor. 

Mr.  Dailey  was  a  man  of  strong  individuality  and  unimpeachable  integrity, 
hospitable,  and  kindly.  In  Topeka,  he  had  been  familiarly  known  as  "Diagonal 
Dailey",  due  to  the  fact  that  he  had  forced  the  State  to  construct  diagonal 
walks  through  the  State  House  grounds  which  are  in  the  heart  of  the  city  and 
cover  two  square  blocks.     In  1906,  he  had  removed  to  East  Orange,  N.  J., 

*  Memoir  compiled  from  information  supplied  by  E.  S.  Rice,  Asst.  Engr.,  A.  T.  &  S.  F. 
Ry.  Co.,  Chicago,   111.,  and  on  file  at  the  Headquarters  of  the  Society. 
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where  he  died  on  February  9,  1922.  He  is  survived  by  his  wife,  four  sons, 
and  one  daughter. 

Mr.  Dailey  was  a  member  of  Lincoln  Post  Xo.  1,  G.  A.  R.,  of  Topeka,  Kans. 
As  a  Thirty-second  Degree  Mason,  he  was  a  member  of  Siloam  Lodge  No.  225, 
of  Topeka,  and  he  was  also  a  member  of  the  First  Unitarian  Church  of 
Orange,  N.  J. 

Mr.  Dailey  was  elected  an  Affiliate  of  the  American  Society  of  Civil  Engi- 
neers on  September  7,  1904. 
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